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A B S T R A C T   

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.   

1. Introduction 

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 constitute the main 
conduits for shelf-to-basin sediment transport (Shepard, 1981; Canals 
et al., 2004; Piper and Normark, 2009; Puig et al., 2014; Fisher et al., 
2021). Sea-level changes play an important role in the evolution of 
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submarine canyons. 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 
(Mitchum Jr, 1985; Vail, 1987; Posamentier and Vail, 1988). Following 
this assumption, submarine canyons were regarded as essentially inac
tive during sea-level highstands. There is now strong evidence, however, 
that many submarine canyons were active during the Holocene high
stand, when flows capable of transporting sediments modified canyon 
axial channels (e.g., Canals et al., 2006; Xu et al., 2008). Shelf width and 
steepness are major factors determining canyon activity during high
stand periods. Canyon-head connectivity, being facilitated by steep and 
narrow shelves (Bernhardt and Schwanghart, 2021), controls the 
quantity and calibre of sediments transferred from coastal to deep-water 
environments, the nature of infill, and depositional processes at canyon 
heads (Gamberi et al., 2017). 

The degree of canyon shelf incision essentially determines the 
amount of sediments deposited in shallow water that may be captured 
by the canyons (Mullenbach and Nittrouer, 2000; Puig et al., 2014, 
2017; Sweet and Blum, 2016). Because shelf-incised canyons appear to 
be especially affected by erosive turbidity flows, they produce high rates 
of sediment export (Harris and Whiteway, 2011). Canyons that show 
evidence of recent activity tend to have their heads located a few kilo
meters (< 5–6) from the nearby shorelines, where canyon heads could 
be mantled by coarse-grained sediments (e.g., Lewis and Barnes, 1999; 
Mullenbach and Nittrouer, 2000; Normandeau et al., 2015; Sweet and 
Blum, 2016). In contrast, submarine canyons (whose heads are remote 
to the shoreline) are generally inactive and characterized by muddy 
sediments (Harris and Whiteway, 2011; Sweet and Blum, 2016). Shelf- 
incised canyon activity is also decisively influenced by the location of 
the canyon head with respect to the principal sedimentary source 
(Bernhardt and Schwanghart, 2021): longshore-drift-, river- or delta-fed 
(Sweet and Blum, 2016). The highest activity is usually related to a 
direct connection to terrestrial drainage systems (Babonneau et al., 
2002; Brothers et al., 2013), which results in the channeling of hyper
pycnal flows (Puig et al., 2017). Such a connection is particularly 
frequent in active margins characterized by high river discharges (Harris 
and Whiteway, 2011; Bernhardt and Schwanghart, 2021). Alternatively, 
sediments transported by shelf processes can be captured, depending on 
the strength and location of littoral cells or the occurrence of muddy 
depocenters (Sweet and Blum, 2016). 

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 found (Arzola 
et al., 2008; Lastras et al., 2009). This along-canyon trend is also seen in 
thalweg longitudinal downslope profiles, mainly having very concave 
shapes owing to continuous supply of coarse-grained sediments, 
regardless of the sea-level stand (Covault et al., 2011). Other charac
teristic features of shelf-incised canyons include deeply entrenched 
channels flanked by terraces and/or gullies, and highly variable alter
nates of erosional and depositional features in lower reaches (Arzola 
et al., 2008; Gamberi et al., 2017). Ultimately, the balance between 
erosive flows and hemipelagic deposition in a given canyon domain will 
determine the functioning of the system as a sediment conduit or sedi
ment trap during highstand conditions (Drexler et al., 2006; Arzola 
et al., 2008; DeGeest et al., 2008). 

Mediterranean submarine canyons constitute a distinctive popula
tion in oceanic regions. They display the smallest mean lengths, depths 
of incision, average areas, and canyon spacing (Harris and Whiteway, 
2011; Amblas et al., 2018). Their distinctiveness stems from the fact that 
the canyon genesis was dictated by a pronounced sea-level lowering and 
desiccation during the Messinian Salinity Crisis (Harris and Whiteway, 
2011). Shelf-incised canyons are therefore remarkable in the Mediter
ranean 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). 

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 
(Vázquez et al., 2015). In this study, we present a detailed report of the 
morphology and recent sedimentary processes in two nearby shelf- 
incised submarine canyons. The shelf-incised, sinuous Motril Canyon 
is located 2 km off the shoreline, whereas the straight Carchuna Canyon 
dissects the entire shelf. In spite of their proximity and sharing the same 
margin, the studied canyons exhibit great geomorphologic and sedi
mentary differences. How each canyon acts depends on several complex 
factors that vary laterally within just a few kilometers and can control 
the evolution of the submarine canyons over time. 

We aim to highlight geomorphological and sedimentary differences 
between these two nearby canyons and elucidate their respective roles 
in recent patterns of sediment transport and accumulation. Conse
quently, the specific objectives of this study are: (1) to discern the 
relation between sedimentary processes and canyon morphology; (2) to 
establish the driving factors of recent activity in both submarine 
canyons. 

2. Study area 

2.1. Geological setting 

The Alboran Basin is a narrow, elongated basin located in the 
westernmost part of the Mediterranean Sea (Fig. 1A and B). A conjugate 
system of strike–slip and normal faults developed in the wake of the 
compressive setting since the late Oligocene (Fig. 1C) (Comas et al., 
1999; Ballesteros et al., 2008). Moreover, the basin has been progres
sively restricted due to uplift of the adjacent mountainous reliefs 
composing the Gibraltar Arc (Platt and Vissers, 1986; Comas et al., 1992; 
García-Dueñas et al., 1992; Estrada et al., 1997; Platt et al., 2003). The 
Messinian Salinity Crisis produced an important sea-level lowering and 
desiccation of the Mediterranean Sea in the late Miocene that exposed 
most of the basin margins favoring the fluvial subaerial erosion and 
creating incipient canyons that were further developed by submarine 
erosional processes (Ryan et al., 1973; Frey-Martinez et al., 2004; 
Maillard et al., 2006; Juan et al., 2016; Gómez de la Peña et al., 2021). 

The study area is located in the central sector of the northern Alboran 
Sea margin, between the towns of Motril and Calahonda (Fig. 1B-D). 
This sector comprises the narrowest shelf (3 km wide) of the entire 
northern Alboran Sea margin, which is deeply incised by the Motril and 
Carchuna canyons (Fig. 1C and D). The geological basement of the study 
area is composed of Paleozoic schists, Permo-Triassic phyllites, and 
Triassic marbles (Aldaya et al., 1979; Aldaya, 1981). 

2.2. Coastal to shallow-water depositional systems 

Sediment supply to coastline along the northern margin of the 
Alboran Sea has mainly been provided via relatively short, mountainous 
rivers (Liquete et al., 2005) that feed different shelf deltaic systems. 
Laterally, deltaic deposits are substituted by beach ridges, spit bars, and 
infralittoral prograding wedges (IPWs) (Ercilla et al., 1994; Hernández- 
Molina et al., 1994). 

In the study area, the coastal sedimentary record contains Upper 
Pleistocene to Middle Holocene alluvial fans composed of conglomer
ates, and sandy Holocene deposits such as spit bars and IPWs (Lario 
et al., 1999; Fernández-Salas et al., 2009; Bárcenas et al., 2011; Ortega- 
Sánchez et al., 2014). Specifically, 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 (Fig. 1C) 
(Fernández-Salas et al., 2009; Ortega-Sánchez et al., 2014). A submarine 
prodeltaic system off the Guadalfeo River is located west of the Motril 
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Canyon head over the shelf (Jabaloy-Sánchez et al., 2014; Lobo et al., 
2015). 

2.3. Submarine valleys and deep-water depositional systems 

The northern margin of the Alboran Sea contains several deep-water 
turbidite systems (Ercilla et al., 1992, 1994; Alonso and Ercilla, 2002a), 
contourite drifts, and mass-transport deposits (Ercilla et al., 2016, 
2019). Turbidite systems formed by shelf-incised or shelf-edge canyons 
with channel-levee complexes and deep-water fans, and turbidite ramp 
systems with small-sized straight canyons and gullies eroding the slope 
that feed fan lobes are grouped into three different sectors (Fig. 1B): 
western, middle, and eastern (Vázquez et al., 2015). 

The study area is located in the middle sector off the coast of Granada 
province and has several deep-water turbidite systems (Fig. 1C). The 
Sacratif Turbidite System includes the Motril and Carchuna canyons 
(Fig. 1C and D; Cerrillo-Escoriza et al., 2023). Motril Canyon is located 5 
km east of the Guadalfeo River mouth, its main valley exhibiting a 
sinuous morphology on the slope. The rather straight Carchuna Canyon 
crosses the entire shelf and is located 200 m offshore Cape Sacratif. Both 
systems debouch into large lobes fed by distributary channels (Pérez- 
Belzuz and Alonso, 2000; Pérez-Belzuz et al., 2000) having super
imposed sediment wave fields (Muñoz et al., 2017). 

2.4. Oceanographic regime 

The northern Alboran Sea is a microtidal, low energy wave setting 
(Parrilla and Kinder, 1987). Easterly winds are more common than 
westerly ones, although waves from the west-southwest are somewhat 
more energetic (Jabaloy-Sánchez et al., 2014). Littoral drift shows 
substantial variability due to the local coastal morphology and meteo
rological conditions (e.g., Stanley et al., 1975; Bárcenas, 2013). 

The vertical water mass structure exhibits four main layers: Surface 
Atlantic Water (SAW), Western Intermediate Water (WIW), Levantine 
Intermediate Water (LIW), and Western Mediterranean Deep Water 
(WMDW) (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− 1) triggering two anticyclonic gyres and one 
cyclonic gyre in the Alboran Sea (Tintoré et al., 1988; Perkins et al., 
1990; García-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). 

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- 
Sánchez et al., 2014). The Carchuna Canyon head influences the coastal 
swell and storm-related processes as it increases nearshore wave heights, 
particularly of western waves, favoring long-term coastal erosion owing 
to energy concentration (Ortega-Sánchez et al., 2014). In addition, a 
bottom flow distinct to the wind-driven surface flow has been detected 

Fig. 1. (A) Geographic location of the Alboran Sea in the southern Iberian Peninsula. (B) Overview map of the Alboran Sea indicating the study area in the northern 
margin and the main turbiditic systems. (C) Location of the study area covered by the oceanographic survey ALSSOMAR 2019. A 50 m resolution bathymetric grid 
(Ministerio de Pesca, Agricultura y Alimentación, 2002) shows two turbiditic ramp systems (Salobreña and Calahonda), the Sacratif Turbidite System comprising the 
Motril and Carchuna canyons, and normal faults cutting the studied canyons (after Rodriguez et al., 2017). The site of Remote Operating Vehicle (ROV) dives is also 
marked. Aerial continental photography shows major rivers and towns. IPW: Infralittoral Prograding Wedge. (D) Location of push and box cores and suction samples 
over a 10 m resolution bathymetric grid acquired during the oceanographic survey ALSSOMAR 2019. The names of the sediment cores used for foraminifera 
identification and sedimentation rates are indicated. Bathymetric contours in meters. 
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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− 1 (Serrano et al., 2020). 

2.5. Recent to modern sedimentary processes 

Different sedimentary processes driven by postglacial climatic con
ditions took place in the Alboran Sea during the Quaternary. A first 
phase of turbiditic activity in submarine canyons was marked by an 
increase of fine-grained detritus due to either local ice melting or 
increased storminess during the Bølling-Allerød (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). Along submarine canyons, particle fluxes in nepheloid layers 
have been related to river floods (Palanques et al., 2005) or to the 
interaction of internal waves with the submarine morphology (Puig 
et al., 2004). 

3. Materials and methods 

Datasets used for this study were mostly collected during the 
ALSSOMAR-S2S multidisciplinary expedition carried out in 
August–September 2019 aboard the RV “Sarmiento de Gamboa”. 

3.1. Datasets 

3.1.1. 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. These data were combined with background bathymetric data 
from the shelf (5 m resolution grid) as well as with an Alboran Sea 
bathymetric mosaic of 50 m resolution (Ministerio de Pesca, Agricultura 
y Alimentación, 2002) (Fig. 1C and D). 

3.1.2. Seafloor imagery 
High- and low-resolution photos and video footage were acquired in 

eleven dives by means of a standard definition video camera mounted on 
the Remote Operating Vehicle–ROV Luso (EMEPC—Portuguese Task 
Group for the Extension of the Continental Shelf). The ROV Luso was 
equipped with laser pointers with a laser beam spacing of 62 cm to 
provide references for scale, and an ultra-short baseline positioning 
system to ensure detailed records of the ROV tracks. 

Video dives encompassed (Fig. 1C): (a) the upper segment of the 
Motril Canyon along two 5 km long continuous dives from the canyon 
thalweg (Dive 01) to 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), 
with 9 km in total length; and (c) the upper segment of a canyon of the 
Calahonda Turbidite System along 3 km long dives (Dives 7 and 8). 

3.1.3. 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 (Fig. 1D). Up to 30 cm long sediment cores were 
collected with a push corer also mounted on the ROV, and handled by 
the plier arm (Fig. 1D). Up to 50 cm long sediment cores were collected 
by deploying a box corer from the ship (Fig. 1D). Sediment cores were 
initially split and the visual description of sedimentary facies was 

undertaken. The top first centimeters of these short sediment cores were 
subsequently sampled for grain-size analysis, determination of organic 
matter and carbonate contents, and foraminifera identification. Three 
sediment cores were sampled for the determination of sedimentation 
rates using 210Pb and 137Cs radioactivity measurements. 

3.1.3.1. Grain size. Surficial sediment samples were dried in the oven at 
60 ◦C to reach constant weight. Organic matter oxidation with hydrogen 
peroxide (H2O2 33 %) was carried out; later, approximately 10–15 g of 
sample were weighed. The samples were mixed with pyrophosphate 2 % 
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, then weighed and labeled for storage. The 
fraction <2 mm was analyzed with a particle size analyzer by laser 
diffraction (MasterSizer 3000, Malvern®). 

The grain size distribution was estimated according to the logarith
mic 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). 

3.1.3.2. Geochemical analysis. Geochemical analysis entailed using the 
loss on ignition (LOI) method (Dean Jr, 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. After oven sediment drying to constant 
weight and determination of the water content (usually 12–24 h at 100 
◦C), organic matter was combusted to ash and carbon dioxide at 
500–550 ◦C during 4 h. 

In a second knickpoint, carbon dioxide was detached from carbonate 
(leaving oxide) by heating the samples to 900–1000 ◦C during 2 h. 
Assuming a weight of 44 g⋅mol− 1 for carbon dioxide and 60 g⋅mol− 1 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. 

3.1.3.3. Sedimentation rates. The analyses of sedimentation rates were 
performed along three short sediment cores located at the same latitude 
but 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) (Fig. 1D), were sampled each 
centimeter, and the samples were freeze-dried during 48–72 h to esti
mate the water content. 

The samples were subsequently studied to assess the activity of 
210Pb, 226Ra, and 137Cs via gamma spectrometry at the Gamma Dating 
Center, Department of Geosciences and Natural Management, Univer
sity of Copenhagen, Denmark. Measurements were carried out on a 
Canberra ultralow-background Ge-detector. 210Pb was measured via its 
gamma-peak at 46.5 keV, 226Ra via the granddaughter 214Pb (peaks at 
295 and 352 keV), and 137Cs via its peak at 661 keV. Chronologies were 
calculated using the CRS-model by Appleby and Oldfield (1978). Ac
tivities in the lower part of the cores were calculated based on re
gressions of unsupported Pb-210 versus cumulated mass depth following 
the procedures described by Appleby (2001) and Andersen (2017). 

3.1.3.4. 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_C05) and Carchuna canyons (Bc24, Bc28, Bc31, and 
Dv09_C02) (Fig. 1D) were used for benthic and planktonic foraminifera 
identification. 

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 μm. Relative abundances (%) were 
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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 (Fig. 1D). Two samples are from the upper part of the eastern 
wall (S01 and S04; Fig. 1D) and two samples pertain to the canyon 
thalweg of the lower segment (S02 and S03; Fig. 1D). 

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)] x 100, where P 
are planktonic foraminifera and B are benthic foraminifera. 

3.2. Interpretation procedure 

3.2.1. Bathymetric data 
The bathymetric grids were imported into ArcGIS™ geographic in

formation software and geo-spatial QPS Fledermaus™ software for 
geomorphological interpretations and detailed morphometric analysis 
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. The terminology defined by Paull et al. 
(2013) is used to describe the major geomorphological features of the 
studied submarine canyons. Geomorphological segments were defined 
in the Motril and Carchuna canyons according to the orientation of the 
axial channel and the slope gradient of the flanks. 

3.2.2. Morphometrics 
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. 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 so as to compare the type and canyon morphology in the 
study area (Table 1). The following parameters were measured: mini
mum and maximum water depth, total and straight canyon length, 
canyon sinuosity, canyon and canyon floor width, canyon incision, 
canyon area, canyon gradient, gradient of the canyon flanks, number of 
gullies that erode the canyon walls, and north azimuth. Canyon relief 
was quantified after Goff (2001) and Green et al. (2007). The average 
canyon relief was estimated by the RMS relief, which determines the 
square root of the profile variance between the canyon thalweg and 
adjacent interfluves. 

3.2.3. Seafloor imaging 
The images were placed geographically in an ArcGIS environment to 

aid in the characterization of submarine canyon seafloor features, in 
terms of grain size, overall lithology, and small-scale bedforms, and to 
aid in sedimentary facies analysis. 

3.2.4. Sediment samples 
Grain size and geochemical analysis served as ground truth of sea

floor 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. 
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4. Results 

4.1. Geomorphology 

4.1.1. 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 (Figs. 1 and 2). 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 (Fig. 2). 

4.1.1.1. 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 (Figs. 1C and 2A). 
Three geomorphological segments can be discerned in the Motril 
Canyon (Fig. 2; Table 2). 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 (Fig. 2B; Table 2). 
The amphitheater-like canyon head is excavated in the outer shelf and 
upper slope down to 275 m water depth that includes two large tributary 
channels on the eastern flank, and one tributary channel and wide 
terrace in the western flank (Table 2). 

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 (Fig. 2B; Table 2). 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 2). Away from the axial channel, 
lateral levees with superimposed bedforms are observed in the eastern 
flank (Fig. 2A). Downslope of the channel mouth (up to 900 m water 
depth), a lobate morphology is observed (Fig. 2A). 

4.1.1.2. Carchuna Canyon. Two geomorphological segments were 

distinguished in the Carchuna Canyon (Fig. 2; Table 2). 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 (Figs. 2B and 3). 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 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 (Fig. 3). The eastern 
flank in the shelf-incised section harbors three tributary channels, whose 
heads are incised into shelf infralittoral prograding wedges (Fig. 3; 
Table 2). 

Downslope, the eastern flank becomes steeper (ca. 35◦), with short 
terraces (Fig. 2B; Table 2). The western flank in the uppermost shelf- 
incised section is even steeper (ca. 40◦) and contains several gullies, 
plus two tributary channels (Fig. 3; Table 2). This flank becomes 
smoother downslope, having elongated and narrow terraces limited by 
steep walls (ca. 20◦) (Fig. 2B; Table 2). 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 (Fig. 2). 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 2). At 620 m water depth, the orientation of the axial 
channel shifts to the NNE-SSW. Superimposed undulations are identified 
over the eastern levee (Fig. 2A; Table 2). The axial channel exhibits a 
sinuous path between 645 and 730 m water depth (Table 2). Downward 
from the channel mouth, a lobe, merged with the equivalent feature of 
the Motril Canyon, extends to 900 m water depth (Fig. 2A). 

4.1.2. 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). 

4.1.2.1. Motril Canyon. The Motril Canyon is almost 27 km long and 

Fig. 2. (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. 
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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 1). The longitudinal profile of the Motril Canyon thalweg is 
slightly concave (Fig. 4A). The thalweg profile exhibits four knickpoints 
located at 110, 210, 450, and 670 m water depths (Fig. 4A). The axial 
channel is U-shaped, and the flanks locally exhibit terraced features 
dipping outward from the axial channel (Fig. 4A). In the lower segment, 
the narrow channel is limited by wide levees (Fig. 4A). 

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 (Fig. 4B and D). The relief in the canyon head regarding 
intercanyon depth exhibits high values between 130 and 225 m water 
depth (Fig. 4B). The canyon gradient has a maximum value of 10◦ at the 
shelf edge (Fig. 4B, and D). 

Altogether, the values of canyon width, incision, and area decrease 
from the upper to the lower segment, although canyon width and inci
sion have high values at ca. 2100, 8000, and 11,800 m from the canyon 
head (Fig. 4C) that correspond to 260, 460, and 610 m water depths, 
respectively (Fig. 4D). The canyon cross-section area decreases down
canyon, 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 (Fig. 4C and D). 

4.1.2.2. Carchuna Canyon. The Carchuna Canyon, some 20 km long, 

Table 2 
Main morphological and sedimentological differences between Motril and Carchuna canyons.    

Motril Canyon Carchuna Canyon 

Longitudinal profile Slightly concave Very concave 

Upper 
segment 

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 2 channels up to 700 m long and 50 m wide. 

Several 300 m long gullies 
Tributary channels EF 2 channels up to 2.5 km long and up to 200 m wide 3 channels up to 1 km long and 125 m wide. Heads cut IPW. 

Several 500 m long gullies 
Axial channel Straight Straight with bedforms 
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 Very fine in canyon head. Coarse silts in AC. Fine sands in WF; Very 

fine sands in EF 
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⋅m2⋅yr− 1; 1.45 cm⋅yr− 1 5.40 kg⋅m2⋅yr− 1; 0.49 cm⋅yr− 1 

Surficial foraminifera Lack of reworked foraminifera downcanyon Decrease of values of foraminiferal fragments and reworked 
Middle 

segment 
Axial channel Sinuous  
Terraces WF 2 terraces up to 1.5 km2 (3.5◦ slope gradient)  
Terraces EF Excavated areas disconnected from the AC (17◦ slope 

gradient)  
Lower 

segment 
Axial channel Meandering, from 900 to 300 m wide Straight, from 430 to 150 m wide 
Levees Wide Narrow 
Superimposed undulations over 
levee 

Yes, NW-SE orientation of the crests Yes, NW-SE orientation of the crests. Area of 25 km2 

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) 

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

Fig. 3. (A) Shaded relief from a 5 m resolution bathymetric grid (Ministerio de Pesca, Agricultura y Alimentación, 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. 
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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 1). 

The longitudinal profile of the Carchuna Canyon thalweg is charac
terized by a concave up shape (Fig. 4E). 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 
(Fig. 4E and H). Transversal depth profiles of the Carchuna Canyon show 
V shapes in the upper segment and U shapes along the lower segment, 
having narrower levees (Fig. 4E). 

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 toward the lower segment, with a peak value of 32 m at 
the abrupt transition between the upper and lower segments (Fig. 4F and 
H). 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 (Fig. 4E). High canyon gradient values are situated along the 
Carchuna Canyon head (up to 100 m water depth). Although gradient 
values decrease steadily toward 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 (Fig. 4F). 

Overall, canyon width, incision, and cross-section values for the 
Carchuna Canyon decrease with parallel trends from the upper to the 
lower segment (Fig. 4G and H). 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 (Fig. 4G and H). 

Fig. 4. Bathymetric profiles of the Motril and Carchuna canyons, showing the relationships between selected morphologic parameters. (A, E) Depth profiles along the 
Motril and Carchuna canyonś 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, F) 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, G) Downslope changes in canyon width (orange line), incision (black line) and cross-sectional area (yellow line) along the Motril and Carchuna canyons. (D, 
H) Bathymetric grid of the study area showing the canyon thalweg (in white), the intercanyon (in black), and the cross-sections (in blue) used in the Motril and 
Carchuna canyons (highlighted in green); bathymetric contours in meters. The black dotted line in figs. A-G mark the boundary between the upper (Us), the middle 
(Ms), and the lower segments (Ls) of the Motril and Carchuna canyons. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

Fig. 5. 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. 
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4.2. Surficial sediments 

4.2.1. Sedimentary facies from seafloor imaging and grain size 
The seafloor of the upper segment of the Motril Canyon comprises 

four sedimentary facies (Fig. 5; Table 2). In the shallowest upper 
segment, the axial channel is characterized by very fine sands that 
evolve toward the shelf edge to sandy mud including scarce gravel and 
pebble bioclasts (Fig. 5B). Downcanyon, the axial channel has a homo
geneous muddy floor with medium silts and scarce bioturbation 
(Fig. 5B). Coarser sediments with sandy mud floors showing bio
turbation and bioclasts would characterize the western flank of the 
tributaries (Fig. 5B). 

Carchuna Canyon displays six sedimentary facies along its entire 
length (Fig. 6; Table 2). 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 (Fig. 6B). 
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 (Fig. 6B). 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 (Fig. 6B). The axial channel is characterized by 
muddy sediments in the transition between the upper and the lower 
segments (Fig. 6B). In the lower one, the axial channel has sandy mud 
floors: very fine sands and bioturbation (Fig. 6A). Yet lateral levees in 
the lower segment can be characterized as homogeneous muddy floors 
with coarse silts and bioturbation (Fig. 6A). 

4.2.2. 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 (Fig. 7A and B). Downcanyon, the axial channel exhibits the 
highest values of organic matter (ca. 8 %), while carbonate content 
varies between 5 % and 8 % (Fig. 7A and B; Table 2). 

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 
% (Fig. 7A and B; Table 2). 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 con
tent 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 (Fig. 7A and B; Table 2). The highest organic matter and car
bonate percentages (up to 10 %) in this segment are found in the eastern 
levee. 

4.3. Sub-surface sediments 

4.3.1. 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 (Fig. 8). The bioclasts are mostly abraded 

Fig. 6. 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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fragmented bivalve shells, whereas the lithoclasts are sub-angular peb
bles. 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. (Fig. 8; Table 2). A fining- 
upward trend, from coarse and medium sands with sub-rounded bio
clasts 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 hetero
geneous composition (Fig. 8; Table 2). 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 bio
clasts formed by sub-angular disarticulated shells, can be observed 
(Fig. 8). 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 (Fig. 8). 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 (Fig. 8). 

4.3.2. Mass accumulation rates 
The highest mass accumulation rate measured in the study area re

sides in the axial channel of the Motril Canyon (312 m water depth; 
Fig. 9A and B; Table 2): an average value of 15.21 kg⋅m− 2 yr− 1, where 
the sedimentation rate is 1.45 cm⋅yr− 1. In contrast, the lowest mass 
accumulation rate (5.40 kg⋅m− 2 yr− 1) occurs in the axial channel of the 
Carchuna canyon (370 m water depth; Fig. 9A and C; Table 2), at a 
sedimentation rate of 0.49 cm⋅yr− 1. The intercanyon area (230 m water 
depth; Fig. 9A and D) can be characterized by a mass accumulation rate 
of 11.13 kg⋅m− 2 yr− 1 and a sedimentation rate of 0.96 cm⋅yr− 1. 

4.3.3. 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 (Fig. 10). Meanwhile, planktonic foraminifera increase 

significantly downcanyon from 13 % to 28 % along the axial channel 
(Fig. 10). The values of foraminiferal fragments are constant (~12 %) 
along the upper segment of the Motril Canyon (Fig. 10). There is a sharp 
downslope decrease in the number of reworked foraminifera —from 14 
% to 0 %— in the upper segment (Fig. 10; Table 2). 

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 %) (Fig. 10). 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 (Fig. 10). 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 % (Fig. 10; Table 2). 

The lower segment of the Carchuna Canyon has the highest values of 
transported shelf taxa, which include Elphidium crispum, Ammonia bec
carii, Elphidium complanatum, Quinqueloculina berthelotiana, Quinquelo
culina pseudobuchiana, Elphidium advenum, Pseudotriloculina limbata, 
Neoconorbina terquemi and Asterigerinata spp. (Murray, 1991, 2006; 
Pérez-Asensio and Aguirre, 2010) (Table 3). The flanks of the upper 
segment exhibit lower values of transported shelf taxa. In turn, the 
percentage of planktonic foraminifera (%P) exhibits higher values in the 
lower segment (54.3 % and 72.3 %) than in the upper segment (6.7 % 
and 37 %) (Tables 2 and 3). 

5. Discussion 

The first detailed mapping of the Motril and Carchuna canyons re
veals substantial geomorphological and sedimentary differences be
tween 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. 

5.1. Relation between sedimentary processes and canyon morphology 

5.1.1. 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 

Fig. 7. Percentages of organic matter (A) and carbonate (B) in surficial sediment samples of the study area. Bathymetric contours in meters.  
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Fig. 8. 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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Carchuna canyons are slightly shorter, narrower, less incised, and less 
steep than Mediterranean canyons (Table 4). These differences point to a 
lower development of the studied canyons that may be linked to sedi
ment 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 

Fig. 9. Dry bulk density and 210Pb and 137Cs activities in three short sediment cores located in the study area (A): Motril Canyon (B), Carchuna Canyon (C), and 
intercanyon site (D). 

Fig. 10. (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 Carch
una Canyon. 
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discharged from the rivers is vastly smaller than Mediterranean canyons 
(Table 4). Modern canyon head connectivity with the coast has been 
proposed for the Carchuna Canyon, which likely captures littoral drift 
cells (Ortega-Sánchez 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 Gua
dalfeo River mouth (Lobo et al., 2006; Bárcenas et al., 2011). 

In addition, shelf-sourced canyons have a range of sedimentary 
features and processes that reflect downslope changes in canyon ge
ometry, signaling a transition from proximal erosive to distal deposi
tional 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 Med
iterranean 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, 2002b), but their channel-levee 
systems are longer than other Alboran Sea canyons and shorter than 
other Mediterranean canyons (Table 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 ori
entations, which is generally associated with fault control on canyon 
geometry (e.g., Popescu et al., 2004; García 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 (Fig. 2). 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 (Fig. 1C) (Comas et al., 1999; 
Pérez-Belzuz, 1999; Rodriguez et al., 2017) that may also condition the 
variations observed in canyon relief, incision, and area (Fig. 4), sug
gesting 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 can
yons (Figs. 4, 5, 6, and 8). In the segment of the axial channel having 
WNW-ESE orientation, associated with tectonic control (Figs. 1C and 
2B), the values of canyon relief and incision are high (Fig. 4B, C, F, and 
G), 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 (Fig. 4C and G) and subsequent 
sediment deposition in the lateral levees (Fig. 2A). 

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 pro
cesses upslope, including retrogressive failures (Goff, 2001; Green et al., 
2007; Li et al., 2021; Li et al., 2023). In other cases, heightened down
canyon 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 

Table 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 (11.2) 

Elphidium crispum 
(18.8) 

Lobatula lobatula 
(11.2) 

Cibicides refulgens 
(16.3) 

Cassidulina 
laevigata (10.6) 

Quinqueloculina 
seminulum (13.1) 

Cibicides refulgens 
(10.3) 

Elphidium 
complanatum 
(15.7) 

Quinqueloculina 
seminulum (7.1) 

Quinqueloculina 
berthelotiana 
(5.4) 

Cassidulina 
laevigata (10.0) 

Elphidium crispum 
(4.4) 

Ammonia 
beccarii (6.1) 

Ammonia beccarii 
(5.1) 

Elphidium 
complanatum 
(10.0) 

Cibicides spp. 
(3.1) 

Elphidium 
complanatum 
(6.1) 

Hyalinea balthica 
(5.1) 

Elphidium 
crispum (5.9) 

Ammonia beccarii 
(2.2) 

Quinqueloculina 
berthelotiana 
(5.4) 

Cibicidoides 
mundulus (4.8) 

Quinqueloculina 
seminulum (5.6) 

Quinqueloculina 
seminulum (1.9) 

Cibicides refulgens 
(5.1) 

Quinqueloculina 
pseudobuchiana 
(4.8) 

Uvigerina 
peregrina (5.0) 

Lachlanella spp. 
(1.6) 

Lobatula lobatula 
(4.5) 

Cassidulina 
laevigata (4.1) 

Nonion faba 
(4.4) 

Quinqueloculina 
berthelotiana 
(1.6) 

Bolivina 
spathulata (3.8) 

Melonis affinis 
(2.9) 

Quinqueloculina 
berthelotiana 
(3.7)  

Quinqueloculina 
spp. (3.5) 

Uvigerina peregrina 
(2.9) 

Trifarina angulosa 
(3.4)  

Elphidium 
advenum (3.2) 

Bulimina marginata 
(2.5) 

Ammonia 
beccarii (2.8)  

Bulimina gibba 
(2.2) 

Cibicides refulgens 
(2.5) 

Bulimina 
elongata (2.8)  

Cibicidoides 
mundulus (1.9) 

Elphidium 
complanatum 
(2.5) 

Bolivina 
spathulata (2.5)  

Hyalinea balthica 
(1.9) 

Lobatula lobatula 
(2.2) 

Spiroplectinella 
wrighti (2.2)  

Melonis affinis 
(1.9) 

Pseudotriloculina 
limbata (2.2) 

Asterigerinata 
mamilla (1.9)  

Neoconorbina 
terquemi (1.9) 

Hoeglundina 
elegans (1.9)   

Triloculina 
tricarinata (1.6) 

Asterigerinata 
spp. (1.6)    
Cibicidoides 
wuellerstorfi (1.6)    
Triloculina 
tricarinata (1.6)  

Total transported 
shelf taxa (%): 
5.0 

Total transported 
shelf taxa (%): 
48.7 

Total transported 
shelf taxa (%): 
45.5 

Total transported 
shelf taxa (%): 
39.3 

%P: 6.7 %P: 54.3 %P: 72.3 %P: 37.0 
Sampling depth 

(m): 149 
Sampling depth 
(m): 741 

Sampling depth 
(m): 633 

Sampling depth 
(m): 261  

Table 4 
Differences in the spatial patterns and dimensions between the studied canyons 
and the Mediterranean canyons.  

Main 
characteristics 

Motril and Carchuna 
canyons 

Mediterranean canyons (mean) 

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 

associated 
Guadalfeo River, up to ca. 24 
m3⋅s− 1 (Bárcenas et al., 
2015) 

Gulf of Lion, ca. 2000 m3⋅s− 1 (e. 
g., Palanques et al., 2012); 
Catalan Coast, ca. 400 m3⋅s− 1 

(e.g., Tubau et al., 2015) 
Channel-levee 

length 
ca. 11 km Alboran canyons, ca. 4 km e.g.,  

Ercilla et al., 2019; 
Rest of canyons, >15 km (e.g.,  
Gamberi et al., 2013)  
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canyons are concordant among themselves and decrease downcanyon 
(Fig. 4), 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 inci
sion of the Carchuna Canyon and its proximity to the coast, showing a 
high width value at 120 m water depth (Fig. 4G). In turn, the Motril 
Canyon exhibits low relief (Fig. 4B) and high width at 350 m water 
depth in the upper segment (Fig. 4C), suggesting a depositional area; and 
high relief (Fig. 4B) and low width and incision (Fig. 4C) at 500 m water 
depth, in coincidence with an abrupt change of the axial channel, in the 
middle to lower segment transition. 

5.1.2. 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 orig
inal slope shape by erosional processes in the canyon head and the de
posit 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 submarine canyons is associated 
with fine-grained sediments and wide, mature passive continental 
margins (Covault et al., 2011). Although the Motril and Carchuna can
yons are located in a narrow margin nearby high topography hinter
lands, they exhibit different grades of concave longitudinal profiles, 
hence indicative of different equilibrium states (Fig. 4). In addition, the 

longitudinal profile of the Motril Canyon is also slightly divergent from 
concave profiles of other canyons (Covault et al., 2011) (Fig. 11). 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. 

The very concave shape and occurrence of sandy muds along the 
Carchuna Canyon axial channel (Figs. 4, 6 and 8) 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 al., 2011), such as higher 
incision depths and the occurrence of knickpoints (Fig. 4). In contrast, 
the dominance of muddy sediments along the axial channel of the Motril 
Canyon (Figs. 5 and 8), and the sigmoidal shape of the intercanyon area 
(Fig. 4A) 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 (Fig. 4): low for the Motril Canyon, likely due to a 
more recent depositional setting; high for the Carchuna Canyon, indi
cating significant erosional processes. 

The two canyons exhibit different sinuosity values as well (Table 1). 
The Motril Canyon shows a meandering path downslope and distal axial 
channel narrowing (Fig. 2), an overall pattern accompanied by a low 
gradient (Fig. 4) and mantling with fine-grained sediments (Fig. 5). In 
contrast, the Carchuna Canyon is straighter, steeper and floored by 
coarser sediments (Figs. 2, 4 and 6). Yet both overlie similar features of 

Fig. 11. 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). 
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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 (Fig. 2) indicative of lateral canyon migra
tions (Clark et al., 1992; Mayall et al., 2006; Arzola et al., 2008) and 
interpreted as generated through progressive erosion, channel migra
tion, 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 (Fig. 4A), 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 
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 (Fig. 2) 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 Coak
ley, 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 toward the coastline over time. Headward erosion is also evi
denced by the high values of canyon relief (vs intercanyon depth) up
slope from the shelf edge (Fig. 4F), 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 (Figs. 2 and 3). 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, the high values of canyon 
relief (vs intercanyon depth) are recorded downcanyon of the shelf edge 
(Fig. 4B), 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 (Fig. 4A), and the finer-grained sediment 
composition. Therefore, the above would indicate minor mass move
ments from the canyon head to the axial channel (Babonneau et al., 
2004; Rebesco et al., 2009), and partial mantling by hemipelagic 
deposition. 

5.2. 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 trans
porting sediments, or deep-sea currents (e.g., Canals et al., 2006; 
Marchès et al., 2007; Xu et al., 2008). Shelf-incised canyons can addi
tionally be distinguished according to the principal sedimentary source 
supplying the canyon heads: longshore-drift-fed systems, river-fed sys
tems, 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 infra
littoral prograding wedges (Figs. 2 and 3). 

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 (Figs. 5 and 8) and high values of organic matter 
(Fig. 7A) point to fine sediment settling with low sediment remobiliza
tion 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, 2011; 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 (Fig. 10). In addition, sedimentation and 
mass accumulation rates (1.45 cm⋅yr− 1 and 15.21 kg⋅m− 2 yr− 1; Fig. 9B) 
are higher than in other western Mediterranean submarine canyons, 
where accumulation rates do not exceed 0.47 cm⋅yr− 1 (Miralles et al., 
2005; Martín et al., 2008; Puig et al., 2008; Zúñiga 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 
(Figs. 2B and 3) 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 Nit
trouer, 2000; Normandeau et al., 2015; Sweet and Blum, 2016). In the 
Carchuna Canyon, the coarse composition of surficial sediments located 
in the axial channel (Figs. 6 and 8), the lower mass sediment accumu
lation rates in comparison with the Motril Canyon and the intercanyon 
area (Fig. 9), and the high values of organic matter found in the termi
nation of the upper segment (Fig. 7A), 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 sur
ficial sediment samples (Fig. 6) and the high values of organic matter 
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(Fig. 7A) found along the axial channel suggest sediment transport, 
whereas the sediment waves superimposed over the eastern levee 
(Fig. 2) signal overflow. Similar values for carbonate contents along the 
Carchuna Canyon (Fig. 7B) 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 (Fig. 8), high values of 
organic matter (Fig. 7A), and high values of transported shelf benthic 
foraminifera (Table 3); 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 ef
ficiency 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 envis
aged, given the seasonal alternance of wind regimes. Under westerlies 
dominance, shelf currents trend toward the E-SE (Bárcenas et al., 2011; 
Fig. 12A), when the Motril Canyon head can capture laterally 

redistributed fine-grained sediments supplied by the Guadalfeo River 
(Fig. 12A and C). In the Carchuna Canyon head, energetic western waves 
mainly influence the eastern flank (Ortega-Sánchez 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, ulti
mately favoring the formation of sediment transport pulses driven by 
downcanyon bottom flows, as described in the bottom layer (Serrano 
et al., 2020; Fig. 12C). 

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-Sánchez et al., 2014). Yet canyon activity cannot be discarded 
during such conditions: W-NW directed shelf currents exhibit velocities 
above 0.1 m⋅s− 1 (Bárcenas et al., 2011; Fig. 12B), 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; Fig. 12D). In 
contrast, the Motril Canyon would essentially be inactive under 

Fig. 12. Mapping of direction and depth-averaged current speed (m⋅s-1) under westerlies dominance (A) and easterlies dominance (B) (modified from Bárcenas 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 (Bárcenas et al., 2011), bottom flow direction (Serrano et al., 2020), and 
wave concentration in the Carchuna Canyon head (Ortega-Sánchez 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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easterlies dominance, because of the trapping effect of the Carchuna 
Canyon —impeding westward-directed sediment flows— and the minor 
influence of Guadalfeo River inputs. 

6. Conclusions 

Although the Motril and Carchuna canyons share morphologic fea
tures 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 elon
gated 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 sedi
ment transport and continuous thalweg erosion driven by turbidity 
flows along the axial channel toward the channel termination. 
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Puig, P., Durán, R., Muñoz, A., Elvira, E., Guillén, J., 2017. Submarine canyon-head 
morphologies and inferred sediment transport processes in the Alías-Almanzora 
canyon system (SW Mediterranean): on the role of the sediment supply. Mar. Geol. 
393, 21–34. https://doi.org/10.1016/j.margeo.2017.02.009. 

Rebesco, M., Neagu, R.C., Cuppari, A., Muto, F., Accettella, D., Dominici, R., Cova, A., 
Romano, C., Caburlotto, A., 2009. Morphobathymetric analysis and evidence of 
submarine mass movements in the western Gulf of Taranto (Calabria margin, Ionian 
Sea). Int. J. Earth Sci. 98, 791–805. https://doi.org/10.1007/s00531-009-0429-1. 

Renault, L., Oguz, T., Pascual, A., Vizoso, G., Tintore, J., 2012. Surface circulation in the 
Alborn Sea (western Mediterranean) inferred from remotely sensed data. J. Geophys. 
Res. Ocean. 117 (8), 1–11. https://doi.org/10.1029/2011JC007659. 

Rodriguez, M., Maleuvre, C., Jollivet-Castelot, M., d’Acremont, E., Rabaute, A., 
Lafosse, M., Ercilla, G., Vázquez, J.T., Alonso, B., Ammar, A., Gorini, C., 2017. 
Tsunamigenic submarine landslides along the Xauen-Tofiño banks in the Alboran 
Sea (Western Mediterranean Sea). Geophys. J. Int. 209 (1), 266–281. https://doi. 
org/10.1093/gji/ggx028. 

Ryan, W.B.F., Hsu, K.J., Cita, M.B., Dumitricia, P., Lort, J., Maync, W., Nesteroff, W.D., 
Pautot, G., Stradner, H., Wezel, F.C., 1973. Western Alboran Basin — Site 121. Initial 
reports of the Deep Sea Drilling Project 13. U.S. Govt. Printing Office, Washington D. 
C., p. 1447 

Sarhan, T., Lafuente, J.G., Vargas, M., Vargas, J.M., Plaza, F., 2000. Upwelling 
mechanisms in the northwestern Alborán Sea. J. Mar. Syst. 23 (4), 317–331. https:// 
doi.org/10.1016/S0924-7963(99)00068-8. 

Schmiedl, G., de Bovée, F., Buscail, R., Charrière, B., Hemleben, C., Medernach, L., 
Picon, P., 2000. Trophic control of benthic foraminiferal abundance and 
microhabitat in the bathyal Gulf of Lions, western Mediterranean Sea. Mar. 
Micropaleontol. 40, 167–188. https://doi.org/10.1016/S0377-8398(00)00038-4. 

Serrano, M.A., Díez-Minguito, M., Valle-Levinson, A., Ortega-Sanchez, M., 2020. 
Circulation in a short, Microtidal Submarine Canyon in the Alborán Sea. J. Coast. 
Res. 95 (1), 1531–1535. https://doi.org/10.2112/SI95-295.1. 

Shepard, F.P., 1981. Submarine canyons: multiple causes and long-time persistence. Am. 
Assoc. Petr. Geol. B. 65 (6), 1062–1077. https://doi.org/10.1306/03B59459-16D1- 
11D7-8645000102C1865D. 

Shepard, F.P., Emery, K.O., 1941. Submarine Topography off the California Coast: 
Canyons and Tectonic Interpretation. Geol. Soc. Am. Spec. Pap. 31, 171. https://doi. 
org/10.1130/SPE31. 

Smith, M.E., Werner, S.H., Buscombe, D., Finnegan, N.J., Sumner, E.J., Mueller, E.R., 
2018. Seeking the Shore: evidence for active submarine canyon head incision due to 
coarse sediment supply and focusing of wave energy. Geophys. Res. Lett. 45 (22), 
12,403–12,413. https://doi.org/10.1029/2018GL080396. 

Soutter, E.L., Kane, I.A., Hodgson, D.M., Flint, S., 2021. The concavity of submarine 
canyon longitudinal profiles. J. Geophys. Res. 126 (10), e2021JF006185 https://doi. 
org/10.1029/2021JF006185. 

Stanley, D.J., Kelling, G., Juan-Antonio Vera, J.-A.V., Sheng, H., 1975. Sands in the 
Alboran Sea: A Model of Input in a Deep Marine Basin. Smithson. Contrib. Earth Sci. 
15, 1–51. https://doi.org/10.5479/si.00810274.15.1. 

Sweet, M.L., Blum, M.D., 2016. Connections between fluvial to shallow marine 
environments and submarine canyons: Implications for sediment transfer to deep 
water. J. Sediment. Res. 86 (10), 1147–1162. https://doi.org/10.2110/jsr.2016.64. 
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