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shelf of the Alboran Sea: the effects of hydrodynamic 

forcing and supply of sediment by rivers
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the eastern shelf of the northern Alboran Sea margin. This study highlights the high spatial variability of sedimentary processes in a 
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sediments with backscatter distributions extracted from multibeam echo sounder data; in addition, a wind-forced tidal hydrody-
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ter intensities appear to be controlled at large by a major physiographic feature (the Carchuna Canyon) which separates a western 
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1. Introduction

Since the inception of multibeam echo sounders 
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and exploration of shallow environments, the analysis of 
backscatter strengths has been a valuable tool for obtain-
������
�����	������
�
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����
�������������-
tribution, composition and geological processes (Glynn 
et al., 2008; Medialdea et al., 2008). By extension, it ena-
bles the determination of benthic habitats, the monitoring 
of natural and/or anthropogenic changes and the interpre-
tation of dynamic characteristics of water masses (e.g., 
Kostylev et al., 2001; Glynn et al., 2008). 

Backscatter intensity is modulated by the interaction of 
several parameters (Jackson et al., 1986; Gadner et al. 
1991) such as surface and volume scattering, the angle of 
��������������������������
��	������
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�
and the acoustic impedance contrast of the sub bottom 
sediment interfaces. The effect of the referred parameters 
on the backscatter data in order to obtain quantitative in-
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a number of authors (Jackson et al., 1986; Gadner et al., 
1991; Mitchell, 1991, 1993; 1995). Within those factors,  
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data, as it is mainly dependant on surface roughness, 

which may be produced by a number of sedimentologi-
cal, physiographic and biological properties (Collier and 
Brown, 2005). Sediment-related factors would include 
grain size, density, composition and sediment structures 
(Collier and Brown, 2005; De Falco et al., 2010). Physi-
��
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by rock outcrops or small-scale bedforms (Glynn et al., 
2008). Biological factors comprise bioturbation and the 
presence of benthic organisms (De Falco et al., 2010).

Grain size distributions on continental shelves consti-
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imaging (Hamilton and Bachman, 1982), as in general 
grain size distributions show positive correlations with 
mean backscatter intensities (Kostylev et al., 2001; Col-
lier and Brown, 2005; Lathrop et al., 2006; De Falco 
et al., 2010). Thus, rocks and coarse sediments tend to 
produce high scatter (Mitchell and Hughes Clarke, 1994; 
Goff et al., 2000; Glynn et al., 2008). Medium to low 
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muddy sediments (Mitchell and Hughes Clarke, 1994), 
due to low density and sound velocity (Ferrini and Flood, 
2006). In addition, sediment-controlled distributions are 
correlated with physiography-induced surface roughness, 
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rock outcrops, whereas muddy sediments tend to gener-
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�� +O���� et al., 2008). This correla-
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viales lateralmente variables, se ha llevado a cabo en la plataforma continental del margen norte del Mar de Alborán. Este trabajo 
pretende resaltar la elevada variabilidad lateral de dichos procesos en un área relativamente reducida, caracterizada por una abrupta 
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proporciona datos de velocidad media de la corriente e indirectamente de tensión tangencial en el fondo bajo diferentes condiciones 
de vientos.

En el área de estudio, los contenidos en grava y fango en un substrato principalmente arenoso, parecen controlar los valores super-
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tangencial en el fondo, tanto bajo condiciones de vientos de poniente como de levante. La distribución de los ambientes mixtos y 
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the underlying substrate (De Falco et al., 2010). How-
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of muds (Mitchell, 1993).

Shallow shelves represent one of the environments 
where backscatter variability can be more directly linked 
to grain size, due to their low bathymetric changes. As 
thus, most of the approaches acknowledge that seabed 
properties can be extracted from digital backscatter/side 
scan sonar data, while accompanied by ground-truth data 

tion has been found to be particularly robust in the case 
of well-sorted sediments, as poorly-sorted sediments 
show more variable backscatter responses (Goff et al., 
2000; Collier and Brown, 2005). Disturbing effects on 
the expected grain size-backscatter correlation may be 
caused by a number of physiographic and biological fac-
tors. For example, the presence of small-scale bedforms 
and bioturbation may increase surface roughness (Glynn 
et al.!� `{{|6[� 
��
������Q	����!������

�����

�
���
��
be characterized with high backscatter (Urgeles et al., 
2002). The presence of benthic organism may also be 

Fig.1.- Geographical location of the study area: (a) emplacement of the Alboran Sea, the westernmost sector of the western Medite-
rranean Basin, between the Iberian Peninsula and Africa (image generated from ETOPO database); (b) the study area is located in 
the northern margin of the Alboran Sea, off the Betic Ranges (the onland physiography is extracted from the Digital Terrain Model 
of the “Junta de Andalucía” and the submarine bathymetry is extracted from the Alboran Sea submarine database of the “Secretaría 
O���
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(5), Verde (6), Guadalfeo (7) and Adra (12), and streams such as Gualchos (8), Haza de Trigo (9), Albuñol (10) and Huarea (11). 
CC stands for Carchuna Canyon. 
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nea occidental, entre la Península Ibérica y África (imagen generada de la base de datos ETOPO). (b) Concretamente, el área de 
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del Modelo Digital del Terreno de la Junta de Andalucía y la batimetría submarina del Mar de Alborán pertenece a la base de datos 
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(1-7 y 12): Ríos Güí, Torrox, Chillar, Jate, Seco, Verde, Guadalfeo y Adra, y (8-11): Ramblas de Gualchos, Haza de Trigo, Albuñol 
y Huarea. CC: Cañón de Carchuna. 
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������+�������� et al., 2001; 
Lathrop et al., 2006; Glynn et al., 2008; Brown et al., 
2011). In addition, sediment dynamics and bottom sedi-
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���	��������������
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mentary processes in a sector of the northern Alboran Sea 
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ing winds. To accomplish that main goal, a correlation 
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backscatter with the relative percentages of gravel, sand 

����	������	
���
����������������
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ment properties have been compared with hydrodynamic 
parameters (i.e., depth-averaged current velocities and 
bed shear stress) derived from a mathematical model.

2. Study area

�����,�����
��������
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The study area is located in the northern margin of the 
Alboran Sea, western Mediterranean Sea, comprising the 
shelf stretch between Torre del Mar and Balerma towns 
(Fig. 1). The Alboran Basin is located along the Eurasia-
Africa plate boundary, and it is surrounded by the Betic-
Rif Arc. The Alboran Sea was structured during the the 
Oligocene-late Miocene through a number of rifting stag-
es (Comas et al., 1992). Since the Tortonian, however, the 
basin has been subjected to convergence between Eurasia 
and Africa. Most of the previous structures have been re-
activated as strike-slip faults (Campillo et al., 1992; Es-
trada et al., 1997).

The shelf of the northern Alboran Sea margin is narrow 
(several kilometers wide), although it may reach locally 
more than 20 km in width off Málaga and Almería, due to 
the sediment supply of major rivers (Muñoz et al., 2008). 
The shelf break is located at a mean water depth of 110 
��+�X$Q	�$!�`{{�6��7���������������
�������
���������
-
phologies include prodeltaic bodies in front of the main 
�	��
�����	���
������
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�����
����������������������
the outer shelf are covered either by sand ridges or by 
erosional and/or tectonic morphologies such as abrasion 
surfaces, submarine terraces and escarpments (Hernán-
dez-Molina et al., 1994, 1996; Vázquez, 2005; Lobo et 
al.!� `{{�6�� 7��� ����� �������
��� �
������ ��
�	
�� ��� ����
study area is the Carchuna Canyon head, which is located 
at less than 500 m from the coastline off Cape Sacratif 
and cuts the entire shelf with a main N-S trend, showing 
several distributaries (Lobo et al., 2006). 

�����6���
��$��L
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��

Tides are determined by the entrance of Atlantic wa-
ters across the Strait of Gibraltar with a main semidiurnal 
periodicity (Parrilla and Kinder, 1987). Dominant wind 
directions alternate from the west and from the east, gen-
erating a low-to-moderate wave climate (Puertos-del-
Estado, 2007). 

The location of the Alboran Sea to the east of the Strait 
���O��

��

��
�
�������	�������������
���

���!�
���	
-
face current patterns are controlled by the entrance of 
#��
������
��
����������������
� ����#��
�����������+#�6�
or Surface Atlantic Water (SAW) through the strait with 
an estimated speed of 1 m s-1. The AI is mixed with vari-

RIVER SYSTEM NAME G
üí

To
rr
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C
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Ja
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G
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o

G
ua

lc
ho

s

H
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de

 T
ri

go

A
lb

uñ
ol

H
ua

re
a

A
dr

a

Basin area (km2) 57.9 50 55.7 31.89 21.4 100.6 1312.2 74.7 24.2 118.1 40.8 750.7
Basin maximum elevation (m) 1427 1534 1588 1363 1069 1624 3243 1755 1378 1335 1172 2682
River length (km) 14.5 17.5 16.2 11.3 10.5 23.4 72.5 13.4 8.7 20 12.3 51.4
River slope (degree) 2.91 4.74 5.02 6 2.91 3.66 2.38 4.57 8.19 3.6 5.19 2.51
River maximum elevation (m) 749 1457 1428 1224 533 1502 2793 1080 1267 1267 1120 2277
Mean precipitacion (mm yr��) � 657.3 � � � 747.5 717.3 � � � � 445.1
Mean discharge (m3 s��) � 0.2 � � � 0.3 3.3 � � � � 1
Discharge historical maximun (m3s��) � 0.6 � � � 5.3 59.47 � � � � 24.12
Mean runoff (1km��s��) � 3.9 � � � 2.8 0.4 � � � � 1.3
Runoff historical maximum (1km��s��) � 12.2 � � � 52.2 5.3 � � � � 21.7
Mean  sediment load (kg s��) � 0.1 � � � 0.4 2.7 � � � � 4.8

Table 1: Wate
�������
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(extracted from Liquete et al. (2005)). 

7
��
��&����	��������
���


���
Y����
������
���	���
�����
��
X��
�!����
����Y
���
��
�����������

�����������
�����
����������
��
�	��
�������
��$
����������X
�
�������	����+�'�

Y��������Q	��� et al. (2005)). 
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able amounts of water masses of Mediterranean origin 
generating the Atlantic Jet (AJ) that feeds two anticy-
clonic gyres, the quasi-permanent Western Alboran 
Gyre (WAG) and the more elusive Eastern Alboran Gyre 
(EAG) (Tintoré et al., 1988; Perkins et al., 1990). The 
AJ originates a strong thermohaline front between cold 
and dense Mediterranean waters to the left and Atlantic 
waters to the right of the jet (Vargas-Yáñez and Sabatés, 
2007). 

��B�� ��
��
�����$�����
����$M�
������
��
��

In deltaic coastlines of the northern Alboran Sea margin 
most sediments are supplied via relatively short, moun-
tainous rivers and streams. In the study area, the rivers 
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�
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������������

���


�-
eters, such as basinal areas, river lengths and slopes, wa-
ter discharges and sediment loads, in the following types 
(Fig. 1): (a) major rivers (Guadalfeo and Adra); (b) minor 
rivers (Güí, Torrox, Chillar, Jate, Seco and Verde), which 
are mostly located in the western part of the study area; (c) 
discontinuous streams (Gualchos, Haza de Trigo, Albuñol 

����	
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6!���������������
���
���
�
���������
���

��
preferentially located to the east of the Carchuna Canyon 
(Table 1). Overall, mean discharges decrease from west to 
east, but in contrast mean sediment loads and yields tend 
to increase to the east, indicative of an increasing torren-
tial character (Liquete et al., 2005). This supply pattern 
is conditioned by: (a) the abrupt coastal physiography, 
as the Betic Mountains occur at short distance from the 
coast, and in several places show recent tectonic activity 
��
�����������������������������

������
������
���
���
�
incision (Carvajal and Sanz de Galdeano, 2008); (b) the 
Mediterranean climate, with increasing aridity toward the 
east. Due to the torrential character, most of the rivers are 

very effective in transporting sediments from the drain-
age basins toward the shelf and eventually into deeper 
water (Liquete et al., 2005). 

Littoral drift shows a high variability, although east-
ward drift is more common (Lario et al., 1999; Goy et al., 
2003) due to the interaction between prevailing waves 
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have been constructed during the Holocene highstand 
in coastal sectors dominated by along-shore processes 
(Lario et al., 1999; Goy et al., 2003).

Sedimentation is siliciclastic in the western and cen-
tral parts of the northern shelf of the Alboran Sea. Sil-
iciclastic sediments are mainly derived from suspended 
load deposition, developing muddy prodeltaic facies 
����� ��

������������� 	��

�� ��Q	������ 
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amounts of sands (Ercilla et al., 1994). The sediments are 
�

����
�����
��
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ence. Postglacial relict sediments composed of reworked 
sands and gravels carpet the outer shelf (Ercilla et al., 
1994; Hernández-Molina et al., 1994). Spillover facies 
mainly composed by sands tend to occur in the proximity 
of the shelf break; these facies are related to reworking 
and resuspension by storm currents and by upper slope 
gravitational processes (Ercilla et al. 1994).

3. Methodology

This study is based on the integration of both observa-
����
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�
�+�	
���
������������
����
�"��
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�
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���
model simulation results.
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Veen dredge during two geological surveys (ESPACE01 
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relief map shows the multibeam coverage used for this study. Fluvial systems are indicated by numbers 1-12. See location in Fig. 1. 
Legend: *Mean sediment yield (t km-2 yr-1) and **Mean sediment load (kg s-1).
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indican con los números del 1-12. Ver localización en la Fig. 1. Leyenda: * Aporte medio de sedimento (t km-2 año-1) y **Descarga media 
de sedimentos (kg s-1).
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and ESPACE02) (Fig. 2). Spacing between adjacent sedi-
ment samples is between 0.5 and 5 km. The granulom-
etric analysis involved the coarse (ø > 63 μm) and the 
�����

�����+���������6��

��������7�����'�	
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representing gravel, sand and mud fraction percentages 
in Folk’s ternary diagrams (1954, 1974). We mapped the 
����
��	���������	
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��������������������������	���
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as well as the spatial distribution of the percentages of the 
mud, sand and gravel fractions.

B����=��N������$�����

Backscatter data were collected by using a 300 kHz 
Simrad EM3000D MBES during several geological sur-
veys (ESPACE01 and ESPACE02). The EM3000D echo-
sounder generates 254 beams (1.5°×1.5° wide, 0.9° spac-
ing) that includes bathymetric information in a ten times 
water depth wide band, with a maximum ping rate of 25 
Hz. Backscatter data were processed with the Neptune™ 
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the mean backscatter value each 180 m, assuming (1) this 
value as the horizontal MBES resolution and (2) the ap-
plication of a perpendicular angle to the direction of the 
boat during data acquisition. The backscatter intensity 
has been represented by a colour scale, ranging from blue 
(high intensity) to red (low intensity). 
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establishment of intervals of intensity values by using 
the ArcGIS™ software. Those intervals were generated 
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designed to optimize the arrangement of a set of values 
into natural classes, as the method reduces the variance 
within classes and maximizes the variance between 
classes (Jenks, 1967; McMaster, 1997). In our case, the 
acoustic data are not completely quantitative, due to the 
lack of correction of the different controlling parameters 
(Jackson et al., 1986; Gadner et al. 1991). This study 
is mainly based on the data correlation obtained with 
different techniques instead of detailed backscatter data 
analysis. 
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To reproduce shelf hydrodynamic conditions, a number 
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nite volume shallow-water hydrodynamical model (Cas-
tro el at., 2006). The numerical model was run with initial 
calm conditions by imposing variable in time and con-
stant in space winds at the sea surface and tidal forcing 
at the open sea boundaries. Sea surface elevation and the 
���� ��
�$���
�� ����������� ��� ���� ��
�� ���� ���������
were obtained.

Wind forcing derives from observational data of the 
WANA station located off the Adra River (Puertos del 
Estado, 2007) (Fig. 2). The WANA data set is formed by 
time series of wind and wave parameters generated from 
numerical modeling. In order to run the model, two pe-
riods with contrasting wind conditions were selected: a 
61-day period of prevailing easterly winds starting at 14th 
February 2003 and a 60-day period of prevailing west-
erly winds starting at 1st October 2003 (Fig.3). Within 

Fig. 3.- Wind data from Puertos del Estado (2007) implemented in the model, by considering two periods with 
contrasting wind dominance (to the left, period with easterlies dominance; to the right, period with westerlies 
dominance).

Fig. 3.- Datos de viento procedentes de Puertos del Estado (2007) implementados en el modelo, considerando 
dos periodos con vientos dominantes de direcciones opuestas (a la izquierda, periodo con vientos dominantes 
de levante; a la derecha periodo con vientos dominantes de poniente).



201=�$��
�������������>��$
����7�(%�$
�
�,�����?�BC�D�F�����#���H"��/

each period, we focus on hydrodynamic conditions re-
lated to high-energy storm events (wind velocities higher 
than 6 m s-1). To produce a smooth transition from daily 
observed data, model imposed winds were continuously 
interpolated in time. 

At the open sea boundaries of the computational do-
main, boundary conditions that simulate tidal elevation 
are imposed as:

h(xB, yB, t) = hB�����
�����An(xB, yB) cos(�n�����
n)

where (xB, yB6� ������ 
� ������ ��� ���� ����� ��	��

���!�
hB=h(xB, yB) the water depth at the steady-state solution at 
this point, An(xB, yB) the amplitudes, �n the frequencies, 
and an the phases of the four tidal components consid-
ered (M2, S2, O1 and K1). The total phase an is decom-
posed into an=gn + Vn(t0), with gn  the Greenwich phase 
and Vn(t0) the astronomical argument. The latter is used to 
initiate the forcing at a given date. Amplitudes, frequen-
cies and Greenwich phases were extracted from FES2004 
(Lyard et al., 2006). Astronomical phases were computed 
in order to initiate the tidal forcing at the starting dates of 
each of the two simulations (02/14/2003 and 01/10/2003) 
to produce more realistic and coherent results.

B�/��=����L��$���$���
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�������+�0) was com-
puted using the formula proposed by Soulsby (1997):

�0 = Q 
2
*u

where Q = 1027 kg m-3 and the friction or shear velocity 
(u*6������������&�
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where dH� is the median grain diameter, z is the height 
above the sea bed (in this study = 1 m) and uz is the cur-
rent velocity at a height of z meters above the sea bed, 
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for 0�R�)�R���HL, where u  is the depth-average current 
speed obtained by the wind-forced tidal hydrodynamic 
model and h is the water depth.
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Seven sediment types have been found in the study 
area: sandy gravel, muddy sandy gravel, gravely sand, 
sand, gravely muddy sand, muddy sand and sandy mud 

(Fig. 4). The most common sediment type is muddy sand 
(Fig. 4), with sand contents > 70% over most of the study 
area (Fig. 5b). In shallow waters (< 25 m), the sediments 
are mainly composed by sandy gravels and sands (Fig. 
4). From 25 m water depth to the shelf break (> 100 m) 
all the granulometric classes are present, although muddy 
sandy gravels and sandy gravels show very limited oc-
currence (Fig. 4). As a general rule, the sediments of the 
study area show seaward decreasing gravel contents and 
seaward increasing mud contents (Fig. 5). As there are 
�������
���
�������������
���������	
���
�����������!�����
study area was subdivided in two sectors (western and 
eastern) limited by the Carchuna Canyon (Fig. 4).
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The dominance of muddy sands is particularly evident 
in this sector, where a seaward gradation of sediment 
sizes is usually found (Fig. 4a). Muddy sands show sand 
percentages generally higher than 50% and mud percent-
ages are below 40% (Figs. 5a, 5b).
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of limited extend. A patch of sandy mud with mud per-
centages higher than 50% occurs between the Verde and 
Guadalfeo rivers (Fig. 4a). The zones with coarser grain 
sizes occur: (a) off the Torrox River, where gravelly 
sands extend across the shelf with sand contents higher 
than 80% and gravel contents below 15%; (b) off the 
Chillar River, where sands form a cross-shelf strip ex-
tending from the river mouth to the shelf break; (c) over 
the infralittoral between the Chillar and Verde rivers and 
between the Motril Port and the Carchuna Canyon (Figs. 
4a, 5), where sandy gravels show maximum gravel per-
centages higher than 40%.

/����!����$
������$

The shelf is characterized by higher grain sizes to the 
east of the Carchuna Canyon, as gravelly sands and sands 
occur over widespread zones (Fig. 4b), although muddy 
sands are also widely distributed. Mud contents are con-
siderably lower than in the western sector, showing in 
many zones percentages lower than 15% (Fig. 5c).

Gravelly sands with sand contents higher than 70% and 
gravel contents below 25% cover extensive mid to outer 
shelf zones between the Carchuna Canyon and the Haza 
de Trigo Stream (Figs. 4b, 5a, 5b).

Muddy sands cover inner shelf zones to the east of Ca-
lahonda town, extending over the entire shelf with mud 
percentages up to 50 % between the Haza de Trigo and 
Albuñol streams. Muddy sands are restricted to mid-shelf 
water depths off the Huarea Stream, being substituted to 
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the east by a small patch of sandy muds with mud per-
centages higher than 50% (Figs. 4b, 5c). 

Most of the shelf to the east of the Huarea Stream is 
covered by coarser sediments, such as sands (with sand 
contents higher than 80%), gravelly sands (with sand con-
tents higher than 70% and gravel contents below 25%) 

and small isolated patches of sandy gravels (with gravel 
contents higher than 40%) located over the topsets of the 
Adra River prodelta and in the eastern termination of the 
study area (Figs. 4b, 5). Finer sediments occur off the 
Adra River where a muddy sand patch covers the prodel-
taic protuberance (Fig. 4b).

Fig. 4.- Distr��	������
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��������	��. Fluvial systems are indicated by num-
bers 1-12. See location in Fig. 1. 
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textural de Folk (1954, 1974) donde se representan las muestras utilizadas para la caracterización textural del sedimento. 
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5. Shelf backscatter distribution

Three intervals or classes of backscatter intensity (BS) 
�
���������������+������6&�
6�������
�"��
���
�����������
(from -9.36 to -18 dB); b) Medium-backscatter intensity 
(from -18 to -24 dB); and c) Low-backscatter intensity 
(from -24 to -32.69 dB) (Fig. 6 and Table 2). 

The correlation between backscatter intensity and mean 
grain size is depicted in a scatter plot (Fig. 6). The arith-
metic mean was used to calculate the mean grain size of 
�����	
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�����������&

                     
�
�

�
n

i
ifCMAM

1
*

where AM represents the arithmetic mean of the grain 
size, n the granulometric range number, CM  the expres-
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2
is LL �

where Ls and Li are the upper and lower limits of grain 
size of interval respectively, and fi  the relative frequency 
of the class i.  

A positive correlation (R2=0.63) between backscatter 
intensity and mean grain size is found (Fig. 7). This cor-
relation is given by the function  BS = 9.73 Ln(AM) - 
21.43. 

Based on the sediment size-backscatter correlation, we 
have characterized the distribution patterns of backscatter 
intensities (high, medium and low) and their associated 
sediment sizes (Table 2).
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higher than 75 m. However, some distal areas may show 
low backscatter strengths, such as the stretches between 
the Chillar and Jate rivers, between the Seco River and 
the Carchuna Canyon and between the Haza de Trigo and 
Huarea streams.
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In accordance with the grain size distribution, we also 
depict the backscatter distribution in both sectors (west-
ern and eastern) (Fig. 6).

Western sector

The western sector is mainly covered by low-to-medi-
	��
������������
�	��!�
����	��� �����
������
��
� +��`��
m) high and medium backscatter zones alternate laterally 
+�������
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`6��7���������������
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scatter in shallow water occurs between the Motril Port 
and the Carchuna Canyon.

In deeper water (> 25 m) a low backscatter patch oc-
curs on the inner shelf in the western termination of the 
study area. To the east, a clear reduction of backscatter 
values is observed. The shelf between the Güi and Chil-
lar rivers mostly exhibits medium backscatter values, 
with a major high backscatter patch off the Torrox River. 
The stretch between the Chillar and Seco rivers mostly 
displays medium backscatter values, with two elongated 
��
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to Jate rivers. The shelf sector between the Seco River 
and the Carchuna Canyon is covered by an extensive low 
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Eastern sector

The eastern sector mainly exhibits high-to-medium 
backscatter values (Fig. 6-b1, b2). Most of the infralit-
toral (< 25 m) shows high backscatter. The most exten-
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and grain sizes

a) High-backscatter intensity. This backscatter interval 
ranges from -9.36 to -18 dB (Table 2). These backscatter 
values correspond with the grain size interval between 
3.45 mm (pebbles) and 1.42 mm (very coarse sands). 
The zones with high backscatter intensity show a strong 
dominance of sands (> 70%), with lesser gravels (25%, 
Table 2, Fig. 6).

b) Medium-backscatter intensity. This backscatter in-
tensity interval (-18 to -24 dB) is associated with grain 
sizes between 1.42 mm (very coarse sands) and 0.77 mm 
(coarse sands) (Table 2). The zones with medium-back-
scatter intensities exhibit sandy sediments, mixed either 
with gravels (> 34%) or with muds (< 42.29%) (Table 2, 
Fig. 6).

c) Low-backscatter intensity. The backscatter intensity 
varies between -24 and -32.69 dB, and is associated with 
a grain size range between 0.77 mm (coarse sands) and 
{�`�����+�����
���6�+7
����̀ 6��7�����
�"��
���
���
�����-
serves the highest mud contents (locally above 50%) and 
very low gravel contents (Table 2, Fig. 6).
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The across-shelf backscatter distribution shows that 
shallow waters (< 25 m) are covered by high and me-
dium backscatter strengths (Fig. 6). Mid-shelf water 
depths between 25-75 m mostly exhibit irregular patches 
of medium and low backscatter. Some exceptions to this 
general trend are: (a) the stretch between the Verde River 
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are observed in 25-75 m water depths and (b) the eastern 
part of the study area shows high to medium backscat-
ter values in 25-75 m water depths (Fig. 6). Medium to 
high backscatter values are usually found at water depths 

Backscatter intensity 
intervals (dB)

Grain size 
(mm)

% 
Gravel

% 
Sand

% 
Mud

HIGH 
backscatter -9.36 to -18 3.45 and 1.42 2.42-70.21%

25.36%
29.26-97.35%

70.39%
 0-24.35%

4.25%
MEDIUM 
backscatter -18 to -24 1.42 and 0.77 0.06-33.39% 

4.97%
55.71-99.5% 

80.87%
0.03-42.29% 

14.12%
LOW
backscatter -24 to 32.69 0.77 and 0.21 0-12.37% 

0.80\%
23.27-95.53% 

62.13\%
 0.2-76.23% 

37.06%
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mum and maximum percentages of gravel, sand and mud) in the study area. Mean values of percentages of 
gravel, sand and mud indicated in bold.
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grano, valor mínimo y máximo de los porcentajes de grava, arena y fango) en el área de estudio. En negrita se 
indica los valores medios de los porcentajes de grava, arena y fango.
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scatter intensities in the study 
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backscatter data in the eastern 
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ter data in the eastern sector. 
Pie charts represent percent-
ages of gravel, sand and mud 
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continental shelf. See location 
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vial systems are indicated by 
numbers 1-12. See location in 
Fig. 1. 

Fig. 6.- Imagen de la intensidad 
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en el área de estudio: (a1)  re-
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dos en el sector occidental; 
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en el sector oriental En los dia-
gramas circulares se represen-
tan los porcentajes en grava, 
arena y fango de las muestras 
��� ���������� �	��
���
���� 
�
lo largo de la plataforma con-
tinental. Ver localización de 
���������
�������
���	

��������
������
�� �	��
���� ��� �����
��
con los números del 1-12. Ver 
localización en la Fig.1.

sive high backscatter patch occurs to the east of the Adra 
River, covering the inner shelf up to 50 m water depth. In 
deeper mid-to-outer shelf water depths, zones with high 
backscatter occurs off the Gualchos Stream, between 50 
and 75 m water depth, and in the easternmost part of the 

study area at water depths higher than 70 m. In the transi-
tional sector between the Gualchos Stream and the Adra 
River, there are two main low backscatter bands trend-
ing W-E and surrounded by medium backscatter values; a 
shallower, relatively continuous but irregular band occurs 
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at 50-75 m water depth, and a more discontinuous band 
occurs at around 100 m water depth.

6. Current patterns and bed shear stress values

Simulation results depict the distribution maps of 
depth-averaged current velocities matched with current 
direction vectors and of bed shear stress for two end-
member situations (easterlies and westerlies dominance). 
Although wind speeds are similar for both main wind 
directions, both depth-averaged current velocity and 
bed shear-stress values are higher under easterlies domi-
nance. Across-shelf, the maximum current velocity and 
bed shear-stress values occur up to 25 m water depth; 
basinward, the shelf break establishes a net boundary 
�����������
��������
����	

����������������
�
���+������
8, 9). Along-shelf, higher values of both variables occur 
in the eastern sector.

;����T����$
������$

The most common depth-averaged current velocities 
on the western sector are lower than 0.1 m s-1. Maximum 
depth-averaged currents velocities (> 0.2 m s-1) usually 
occurs at water depths less than 25 m. On average, shelf 
current velocities are higher under easterlies dominance.

Maximum current velocities during both easterlies and 
westerlies dominance occur between Torrox and Chillar 
rivers, with velocities higher than 0.2 m s-1 in the near-
shore (Fig. 8-a1). Under easterlies dominance, shelf sec-
tors between the Seco and Verde rivers and the Guadalfeo 
River and the Carchuna Canyon are also affected by rela-
tively high current velocity values (above 0.1 m s-1) (Fig. 
8-a1). During easterlies/westerlies dominance, the mini-
mum velocity values can be observed in the westernmost 

part of the study area (< 0.03 m s-1) and in the shelf sector 
between the Verde and Guadalfeo rivers (Fig. 8-a1, a2). 

The bed shear stress exhibits a similar pattern (Fig. 
9-a1, a2). The maximum values (0.2 N m-2) occur in the 
infralittoral zones (<25 m) between the Torrox and Chil-
lar rivers irrespectively of wind dominance (Fig. 9-a1, 
a2). High values also occur between the Motril Port and 
the Carchuna Canyon under easterlies dominance (Fig. 
9-a1).

;����!����$
������$

In the eastern sector, shelf currents exhibit different pat-
terns along-shelf. The shelf between the Carchuna Canyon 
and the Haza de Trigo Stream is particularly affected by 
currents under easterlies dominance, as average currents 
���������

�����������������������
���
��{�������-1, and 
even higher than 0.2 m s-1 in the nearshore (Fig. 8a). Un-
der westerlies dominance, current conditions are weaker 
�������������!��������
���
���

��������

����
�
������{���
m s-1 (Fig. 8-b2).

The shelf between the Haza de Trigo Stream and the 
shelf widening to the west of Adra shows the less energetic 
current conditions in the eastern sector. There, maximum 
current velocities (above 0.2 m s-1) occur at water depths 
less than 25 m. The rest of the shelf exhibits much lower 
current velocities (around 0.1 m s-1), with alternating direc-
tions according to wind dominance (Fig. 8-b1, b2). 

The easternmost shelf shows the most energetic current 
conditions in the study area, as most of the shelf is affect-
ed by current velocities around 0.2 m s-1 during easterlies 
and westerlies dominance (Fig. 8-b1, b2). During east-
erlies dominance, velocity values near 0.2 m s-1 can be 
found up to the shelf break (Fig. 8-b1). During westerlies 
dominance, current velocities are slightly less intense, as 

Fig.7.- Plot showing the relationship 
between backscatter intensity (BS) 
versus average grain size (AM) of 
�	
���
������������
�������

Fig. 7.- Representación de la relación 
���
���
���������
������
�
���������
��
(BS) frente al tamaño medio de grano 
(AM) de las muestras de sedimento 
�	��
���
���
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than 25 m, granulometric and backscatter across-shelf 
changes are not evident. This pattern contrasts with the 
across-shelf sediment patterns reported in other wave-
dominated shelves, such as the southeastern Australian 
������+O
���� et al., 2008). There, sediment mobilization 
is considered to be mainly led by wave energy, resulting 
in across-shelf grain-size gradations. In the study area, 
a laterally continuous coarse-grained (sandy gravels and 
sands) and high backscatter infralitttoral environment 
+
�����̀ �����
��
������6������	�������
�

�����
�����
��
break which is characteristic of shallow-water wedges in 
the northern margin of the Alboran Sea, such as prodeltas 
and IPWs (Hernández-Molina et al., 2000; Fernández-
Salas, 2008). The proximal coarse-grained granulometry 
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����������	���
������ ������
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���	����� ��� ���
����
���
� ���
����
���� �����������
on the infralittoral, both during easterlies and westerlies 
dominance, with maximum current velocities (> 0.2 m 
s-1) and the highest values of bed shear stress (> 0.2 N 
m-2). This bed shear-stress value represents the threshold 
for motion of grains with diameters higher than 0.05 mm 
(Soulsby, 1997). Direct current measurements made off 
Marbella (located about 80 km to the west of the western 
boundary of the study area) indicated variable velocities 
lower than 0.3 m s-1 (Janopaul and Frisch, 1984). Those 
values are therefore consistent with our estimations in the 
study area (i.e., maximum current velocities around 0.2 
m s-1).

The dominance of coarse-grained facies in similar in-
ner shelf settings (water depths lower than 30 m) is linked 
to the entrainment of sandy sediments and to the remo-
����$
�����
�����
�

���

����
����������

������
��������
storm waves (Pickrill, 1983; Wright et al., 1991; Dunbar 

���?


���!�̀ {{�[�O
���� et al., 2008; Storlazzi and Reid, 
2010). 

In the study area, along-shelf sediment composi-
�����
����
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���
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�������
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Carchuna Canyon that dissects completely the shelf, 
�
��������� �
��� �������
��� �
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�� ��������� �

����
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In addition, local sediment supplies combined with bi-
directional currents resulting from the alternance of east-
erlies and westerlies also leave an imprint. Indeed, the 
study area receives the contribution of a number of small 
��	��
���	��
���
��������������������
�����������
�����
events occur during wet storm conditions. 

The shelf located to the west of the Carchuna Canyon 
is dominated by the terrigenous sediment contributions 
of the major regional river (the Guadalfeo River), as well 
as the added contributions of several small rivers (Güí, 

maximum values near 0.2 m s-1 mainly occur on the in-
ner shelf, whereas the outer shelf shows current velocity 
values below 0.15 m s-1  (Fig. 8-b2).

The distribution of bed shear stress in the eastern sector 
documents more energetic conditions affecting deeper ar-
eas during easterlies dominance (Fig. 9). The maximum 
values (>0.2 N m-2) occur at water depths less than 25 m. 
Along-shelf, the highest bed shear-stress values are found 
between  the Carchuna Canyon and the Gualchos Stream 
and to the east of the Huarea Stream in the  easternmost 
part of the study area (Fig. 9-a1, b1).

7. Discussion

7������	����������	����������������
���
��
�
��������"-
���������	
���
������������
�"��
���
�
��������
���������-
tensity of the hydrodynamic regime in shallow waters. In 
����#���

��%�
!��
����	��������������"������
���
��
�"-
scatter responses with recent sedimentary environments 
have been conducted on deeper slope settings, where the 
interaction between geological processes (hemipelagic, 
volcanic and turbiditic sedimentation) (Lo Iacono et al., 
2008) differs substantially from the dominant processes 
active on the shelf.  

A positive correlation (R2¥{���6����������	
���
���

���
sizes and backscatter intensities was found in the study 
area, which is in agreement with the observations re-
ported in other sandy-dominated shallow-water environ-
ments  (Davis et al., 1996; Goff et al., 2000; Kostylev et 
al., 2001; Collier and Brown, 2005; Ferrini and Flood, 
2006; Lathrop et al., 2006; De Falco et al., 2010). Thus, 
levels of backscatter (high, medium and low) broadly cor-
respond with sandy granulometric classes, with variable 
amounts of other textures, such as gravels and muds. As 
a consequence, the lateral changes in backscatter mainly 
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and backscatter changes
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of the northern shelf of the Alboran Sea are simple, as 
they consider muddy prodeltaic deposits and poorly-sort-
ed sandy relict facies (Ercilla et al., 1994). The combina-
���������	
���
������������
�
�
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�"��
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�������������
�
������� 
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����� ����	
�� ��� 
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��
shelf sediment cover.

Across-shelf, there is a difference between the shallow-
est area (<25 m water depth) and the rest of the shelf, but 
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Fig. 8.- Mapping of direction and 
depth-averaged current speed 
(m/s) in the western and eastern 
sectors: (a1) easterlies domi-
nance in the western sector; (a2) 
westerlies dominance in the 
western sector; (a3) easterlies 
dominance in the eastern ector; 
(a4) westerlies dominance in 
the eastern sector. See location 
������������
������	
�������	��
��
systems are indicated by num-
bers 1-12. See location in Fig. 1. 

Fig. 8.- Cartografía de la dirección 
y velocidad media de la corri-
ente (m/s) en los sectores occi-
dental y oriental: (a1) bajo con-
diciones de vientos de levante 
en el sector occidental; (a2) 
bajo condiciones de vientos de 
poniente en el sector occiden-
tal;  (b1) bajo condiciones de 
vientos de levante en el sector 
oriental; (b2) bajo condiciones 
de vientos de poniente en el sec-
tor oriental.  Ver localización de 
���� �����
��� ��� �
���	

��������
������
���	��
������������
������
los números del 1-12. Ver local-Ver local-
ización en la Fig. 1.
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Fig. 9.- Mapping of the bed shear 
stress (N m-2) in the western and 
eastern sectors during contrast-
ing wind dominance: (a1) east-
erlies dominance in the western 
sector; (a2) westerlies domi-
nance in the western sector; (a3) 
easterlies dominance in the east-
ern sector; (a4) westerlies domi-
nance in the eastern sector. See 
���
�����������������
�������	
��
4. Fluvial systems are indicated 
by numbers 1-12. See location 
in Fig. 1. 

Fig. 9.- Cartografía de la tensión 
tangencial del fondo (N m-2) en 
los sectores occidental y ori-
ental durante diferentes condi-
ciones de viento: (a1) bajo con-
diciones de vientos de levante 
en el sector occidental; (a2) 
bajo condiciones de vientos de 
poniente en el sector occiden-
tal;  (b1) bajo condiciones de 
vientos de levante en el sector 
oriental; (b2) bajo condiciones 
de vientos de poniente en el sec-
tor oriental.  Ver localización de 
���� �����
��� ��� �
���	

��������
������
���	��
������������
������
los números del 1-12. Ver local-
ización en la Fig. 1.
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vial supplies:

a) Storm-dominated environments. High backscatter 
intensities mainly produced by gravelly sands show a 
consistent spatial correlation with the intensity of shelf 
currents, as they occur in the locations where current 
velocity and bed shear-stress values are higher. These 
would represent shelf settings mainly dominated by 
storms, and subjected to periodic remobilisation and win-
nowing. Similar shelf environments have been described 
in the California Shelf, where high-energy bottom cur-
rents cause the remobilization of modern mud deposits, 
��
������

���
��������
������������'������
��������
���
�
���

�
����
�� �
�"����������������	
����+@���
��� et al., 
2002).

Erosional sedimentary responses are more extensive 

����������
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���������
���������	

�����
�
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the highest velocities, such as (1) the wide easternmost 
shelf of the study area (affected both by eastward and 
westward currents), (2) the shelf between the Carchuna 
]
����� 
��� ���� �
$
� ��� 7
���� %�
�
�!� �
����� ���	-
enced by westward currents, and (3) the shelf between 
����7�

�'�
���]����

�
���
�!��
��������	����������
��-
ward currents. In general, those high-energy shelf envi-
ronments broadly occur off wide protuberances, where 
�	

������
���
�����

������������
�����

b) Mixed-energy depositional environments. Those en-
vironments occur in sandy shelf sectors developing elon-
gated along-shelf medium backscatter distributions that 
suggest linear sediment sources. In the California Shelf, 
similar elongated depocenters show higher lateral conti-
�	���!�
���
�����
������
��������������
������������

��-
port processes, as the majority of the along-shelf sedi-
ment transport is related with strong storm events (Ogston 
and Sternberg, 1999; Edwards, 2002) and coupling with 
���������������+%����
�����
�������
�	�
!��   6���������
study area, however, those environments would be sub-
jected to a less effective oceanographic dispersal system 
due to weak oceanographic conditions (with maximum 
velocity values below 0.15 m s-1 and bed shear-stress 
values below 0.2 N m-2) combined with moderate to low 
�	��
���	������!�
������������������	
�������
���
���
��+��-
tween the Chillar and Verde rivers) in the western sector 
and off ephemeral streams (between the Gualchos Stream 
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��7������	��
��
systems exhibit drainage basins of tens of km2 and river 
lengths between 8 and 25 km, with low sediment supplies 
(mean sediment load is estimated at 0.4 kg s-1 for the case 
of the Verde River) (Liquete et al., 2005).

The Adra River also develops a medium backscatter 
����
�
���� ��� ������ ��� ���� �����
� ��$�� ��� ���� �
��������

Torrox, Chillar, Jate, Seco and Verde rivers). As a con-
��Q	����!� �	
���
�� ������ ���������� 

�� �����
���� ���
muddy sands that generate medium to low backscatter 
intensities. The relationship between lower backscatter 
�
�	�����������
����������������������������������
��	����
of many studies (e.g., Goff et al., 2000, 2004; Collier and 
Brown, 2005; Ferrini and Flood, 2006). In contrast, the 
shelf located to the east of the Carchuna Canyon is clearly 
dominated by the hydrodynamic regime, as shelf currents 
and bed shear-stress values are stronger than in the west-
ern sector, and terrigenous supplies are less important. 
The more intense oceanographic regime is related to the 
slight dominance of easterly-driven currents, leaving the 
western sector more protected to the dominant activity of 
�����

���	

���������
�������!������'�����������
�������-
cant shelf widening in the eastern part of the study area 
could also favour the interaction of shelf currents with the 
��
���
��������������������!���������
��	���������������-
ond regional river (the Adra River) in terms of discharge 
would be moderate, as their sediment left over would be 
restricted to the inner shelf. The rest of the eastern shelf 
would only receive the contributions of ephemeral, sea-
���
����
�
�����������������	�	�������+O	
�����!��
$
�
de Trigo, Albuñol and Huarea). 
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and backscatter zonation
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sediment composition and the backscatter intensity en-
ables us to distinguish a high lateral variability of sea-
���
� ��������
����� 
��� �����
���� ����������
�¦�
�����
��
shelf regimes with a distinctive backscatter response 
(high, medium and low). These relationships have been 
evidenced in estuarine settings (Nitsche et al., 2004), 
but most notably along sectors of the California Shelf, 
such as the Monterey Bay (Edwards, 2002; Eittreim et 
al.!�`{{`6!��
�����@���%�����+%����
�����
�������
�	�
!�
�   6!� ���
�� ����������
���� �����
�� 

�� �	'�
������
with storm-dominated sectors. Shelf dissection by sub-
marine canyons favours the lateral compartimentation in 
the California Shelf (Eittreim et al.!�`{{`6�������������-
inated sectors, abundant and episodic sediment supply is 
�
����������������
������	��
���	��
���
����
�����
���
the inner shelf and deposit in the middle shelf, generating 
�����

��������������
���7���������������
��

�����������
to shelf sectors dominated by along-shelf transport proc-
esses induced by storms, generating laterally extensive 
muddy belts, or coarse sands deposits in areas with negli-
�����������

��������	���+@��

��!�`{{`6�

In the study area, three main shelf environments could 
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Bárcenas et al., 2009). 
Amongst all the deltaic systems in the study area, the 

Guadalfeo River represents the major regional source 
(basin area of more than 1,300 km2, river length of 72.5 
km and mean sediment load of 2.7 km s-1 according to 
Liquete et al. (2005)). Here, relatively high current ve-
locity and bed shear-stress values less than 0.1 N m-2 
(particularly during easterlies dominance) are not able to 
���������������������
������
�������$���������
��

���
size fractions. Another factor to consider is the sheltering 
effect provided by physiographic boundaries such as the 
Carchuna Canyon and the landward coastal promontory, 
which would subdue the activity of oceanographic and 
storm-related processes, as evidenced in Monterey Bay 
(Edwards, 2002).

8. Conclusions

The distribution of surface sediments shows a good 
correlation with the backscatter response over a wide 
segment of the northern shelf of the Alboran Sea. High, 
intermediate and low backscatter responses broadly cor-
respond with sandy sediments with variable amounts of 
accessory grain sizes (from gravels to muds in conso-
nance with decreasing backscatter intensities). 

7��� �	
���
�� ��������� ����
��	����� ��� ���� ������ 	���
�
�������

����������
���
�������
��	
���
������������

�
-
������
���
��!�
��
�������������
�����

����
���������
���
that across-shelf. Off from the coast, the most consistent 
pattern is provided by a high backscatter infralittoral band 
of gravelly sands generated by storm conditions, with 
maximum current velocities (>0.2 m s-1) and the highest 
bed shear-stress (> 0.2 N m-2) occurring during both east-
erlies and westerlies dominance. Seaward, across-shelf 
��
���������	
���
������������
�"��
���
��
���
���

�������
conspicuous. A lateral segmentation is evident, primarily 
conditioned by the Carchuna Canyon head dissecting the 
shelf but also by the interaction between an active, bi-
��
������
�� ���� 
������ 
��� ���
�� �	��
�� �	������� �
���
mountainous, small rivers. The shelf sector to the west 
��������
�������������
���������������
��	���������	��
��
systems; in contrast, the shelf sector to the east of the can-
��������
��������	����������������
����
����
������

At a small scale, the backscatter response was indica-
tive of variable depositional/erosional shelf regimes. 
7�
����
�������
����������
��������&����
�������
�-
��!� ��'��� 
��� �	��
���� �����
����� >
'��	�� �	

����
velocity and bed shear-stress values show a very high 
correlation with gravelly sands and high backscatter in-
tensities, thus strongly controlling the location of storm-
�����
��������
���������>�'���
����	��
���������
����
����
�����������	
� ���
�������� ��� �������������� ���	-

(i.e., the drainage basin extends for 750 km2, and the river 
���������������"�6�
�����
���������
����������������
�-
bution (the mean sediment load is 4.8 kg s-1). In addition, 
this river is particularly outstanding by its extremely high 
sediment yields (more than 200 t km-2 yr-1), attributed to 
an increase in regional erosion and torrential character 
to the east (Liquete et al., 2005). The fact that the Adra 
River generates a sediment-backscatter response very 
similar to that generated by much smaller rivers would 
��������
�������	��
���	��������������

������������
��
����-
ly wide shelf segment by hydrodynamic forcing, as shelf 
bed shear stress attains its maximum values at this loca-
tion. Those high current velocities could be conductive 
to the generation of gravity-driven, downslope transport 
���
��
��������������������!�
�����	�����������	��
�	��
deltaic settings, like the shelf off the Eel River, northern 
California (Wright et al., 2001). This downslope trans-
��
���������������
���������	���
��������
�������
�����
of across-shelf transport during storms (Wright and Frie-
drichs, 2006).

c) Fluvial-dominated depositional environments. Low 
backscatter intensities are mainly restricted to the west 
of the Carchuna Canyon, in relation with the dominance 
����	�����
�����7����
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���������������
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�����������
grained facies across the shelf would indicate the main 
���	����� ��� 
���
���
����� ��������� ��	���!� 
�� ���	-
mented in several settings of the California margin, such 
as Monterey Bay (Edwards, 2002; Eittreim et al., 2002) 
and the Eel Shelf (Goff et al., 1999), and off the Waiapu 
River, New Zealand (Wadman and McNinch, 2008). 
Those shelves receive greater-than-normal sediment con-
�
��	���������
	����	��
��������
������
�����
�	��������!�
mountainous rivers (Storlazzi and Reid, 2010).

In comparison with the California Shelf, in the study 
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position with substantial amounts of sands. Although the 
physiographic settings are similar (i.e., small and steep 
drainage basins), a extreme torrential character for most 
of the rivers draining into the Alboran Sea would increase 
the availability of easily erodible materials, favouring the 
���	

����� ��� ����
����
�� ����� +��Q	��� et al., 2005; 
Urgeles et al., 2011).

Morphological indicators accounting for the occur-

����� ��� ����
����
�� ����� ��� ��������
��� ����
��� ���-
tings include eroded channels (Mitchell, 2005) and sea-
���
��
��	�
������+¨
����� et al., 2011). In the study area, 
straight channels occur in several shallow prodeltas, such 
as Güí, Jate, Verde and Seco river prodeltas. In addition, 
��
���
� 	��	�
������ �
��� ����� ���	������� ��� �	��
-
ous prodeltaic settings along the study area, where a re-
lationship between the aspect ratio (L/H) and discharge 
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