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Contourite depositional systems have been the focus of much recent research, but still relatively little is
known about contourite erosive features and their associated processes. Based on multibeam bathymetry,
side-scan imagery and different resolution seismic records, a detailed description and classification of the
major erosive submarine valley features of the Contourite Depositional System of the Gulf of Cadiz middle
slope is presented for the first time. Four types of erosive features have been differentiated, including
contourite moats, contourite channels, marginal valleys and large isolated furrows, and interpreted in terms
of their tectonic and oceanographic implications during the Quaternary. The study of the distribution and
characteristics of erosive features is essential to better understand the present and past interaction of the
Mediterranean Outflow Water (MOW) with the middle slope seafloor, and allows us to propose a new and
more precise scheme for the MOW circulation patterns. This scheme includes a main along-slope circulation
responsible for the excavation of the contourite moat and channels, and a secondary down-slope circulation
responsible for the erosion of marginal valleys and isolated furrows. Three evolutionary stages have been
observed in the development of the erosive system during the Quaternary, that can be related to changes in
the distribution and splitting of the MOW as a consequence of the segmentation of the NE-SW diapiric ridges
by neotectonic effects: 1) Early Pleistocene to Mid-Pleistocene: linear diapiric ridges; 2) Mid-Pleistocene to Late
Pleistocene: diapiric reactivation and 3) Late Pleistocene to Holocene: main recent phase of diapiric ridges
segmentation and rotation. This study provides important regional clues for establishing the evolution of the
erosive features in relation with neotectonic effects, and represents a good example of the potential of erosive
features as evidences for the reconstruction of the paleoceanography and recent tectonic changes.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction Rebesco and Camerlenghi, in press; Stow et al., in press-a,c, among

others).
Although there are several recent classifications of contourite
deposits (McCave and Tucholke, 1986; Faugeres et al., 1999; Rebesco

The impact of contour currents on continental margins has received
the attention of many studies that have focused on the morphology,

seismic and sedimentary products and associated processes (Faugéres
et al., 1999; Stow et al., 2002; Rebesco, 2005; Viana and Rebesco, 2007).
Contour currents may form in a wide variety of oceanographic contexts
and are responsible for the generation of contourite deposits of variable
dimensions in a range of geological settings (Stow et al., 1986; Ercilla
etal.,1998; Gaoetal., 1998; Faugéres et al., 1999; Stow et al., 2002; Viana,
2001; Maldonado et al., 2003, 2005; Rebesco, 2005; Mulder et al., 2006;
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and Stow, 2001; Stow et al., 2002; Rebesco, 2005), the variety of erosive
features that develop in relation to the activity of contour currents are
still the “ugly duckling” of contourite studies. Knowledge of the
distribution and evolution of these features is essential for under-
standing the oceanographic circulation regarding the direction, velocity
of the current, secondary flows, filaments, local turbulence and other
local hydrodynamic features. This work characterizes, in particular, the
erosive submarine valley features generated by the Mediterranean
Outflow Water (MOW) on the Gulf of Cadiz middle slope (Fig. 1) with
three aims: a) identification of sedimentary processes associated with
the erosive features; b) establishment of a detailed present-day
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Fig. 1. Study area and datasets studied in this work, including mono-channel reflection seismic data (Sparker and TOPAS), multibeam echo-sounder mosaic and side-scan sonar

imagery.

circulation model of the MOW cores and branches; and c) interpretation
of the Quaternary tectonic and oceanographic evolution responsible for
the generation of the erosive features.

2. Methodology

The present study is based on an extensive database of bathymetric
and seismic reflection profiles (Fig. 1). Regional bathymetric maps by
Heezen and Johnson (1969) and Serrano et al. (2005) were used for the
regional morphological study. High-resolution swath bathymetry and
backscatter data were obtained with the Simrad EM12S-120 multibeam
echo-sounder system and the Seamap Side Scan Sonar system operated
by the NRL and Naval Oceanographic Office (NAV-OCEANO). Seismic
reflection profiles were obtained with a Sparker system. The seismic
emission frequency was between 100 and 1500 Hz, giving an average
vertical resolution of 1.5 m. Global Positioning System (GPS) and GPS-
Differential systems were used for the data positioning.

3. Geological and oceanographic setting

The Gulf of Cadiz is located at the SW margin of the Iberian Peninsula
(Fig. 2A). Since the late Miocene, different tectonic regimes have affected
this area, from compressive to transtensional regimes. The emplacement
of a giant “olistostrome” (the Cadiz Allochthonous Unit or Cadiz Nappe)
during the Tortonian induced very high rates of basin subsidence and
strong diapiric activity (Maldonado and Nelson, 1999; Maldonado et al.,
1999:; Somoza et al., 1999; Medialdea et al., 2004). The olistostrome has

been alternatively defined as an actively deforming accretionary wedge
originated by the ongoing W-SW shortening in a scenario of active
subduction in a compressive tectonic regime (Gutscher et al., 2002). Salt-
and shale-tectonics resulting from extensional events from Late
Tortonian to Late Messinian and from Early Pliocene to Late Pliocene
affected the olistostrome and induced large-scale mass wasting events
(Maestro et al., 2003). Neotectonic reactivation in the Gulf of Cadiz is
indicated by the occurrence of mud volcanoes, diapiric ridges and fault
reactivation (Maestro et al., 1998; Diaz del Rio et al., 2003; Lobo et al.,
2003; Maestro et al., 2003; Somoza et al., 2003; Fernandez-Puga, 2004;
Fernandez-Puga et al., 2007; Llave et al., 2007a,b).

The continental slope of the Gulf of Cadiz is composed of three
domains: upper, middle and lower slope (Fig. 2B) based on the gradient
and morphological features (Heezen and Johnson, 1969; Maldonado and
Nelson, 1999; Herndndez-Molina and Lobo, 2005). The upper slope
occurs from 120-140 to 500 m water depth. The middle slope occurs at
depths of about 500-1200 m, with a maximum width of 100 km and low
gradients of 0.5-1°. The lower slope is 50-200 km wide and connects
with the abyssal plains at 4300-4800 m water depth.

A Contourite Depositional System (CDS) has been characterized
within the Gulf of Cadiz middle slope region (Llave et al., 2001;
Hernandez-Molina et al., 2003, 2006; Llave et al., 2006) and is composed
of five morphosedimentary sectors (Fig. 2D): proximal scour and sand
ribbons; overflow sedimentary lobe; channels and ridges; contourite drifts
and submarine canyons sectors. Amongst several different types of
erosive features, those designated as submarine valleys include con-
tourite channels, large isolated furrows, marginal valleys and moats
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(Garcia, 2002; Hernandez-Molina et al.,, 2003, 2006). The major
physiographic structures are the basement outcrop that forms the
Guadalquivir Bank and the Dofiana, Guadalquivir and Cadiz diapiric
ridges that form NE-SW-oriented linear and segmented structures.
These either outcrop at 300-1100 m water depth (Fernandez-Puga,
2004; Medialdea et al., 2004; Hernandez-Molina et al., 2006; Fernan-
dez-Puga et al, 2007) or form buried structures that lead to an
undulating deformational topography (Fig. 2). The Gulf of Cadiz CDS
developed after the opening of the Straits of Gibraltar at the end of the
Messinian and its evolution has been controlled by the exchange of
water masses through this strait (Kenyon and Belderson, 1973; Gardner
and Kidd, 1983; Nelson et al,, 1993; Baraza et al., 1999; Nelson et al.,
1999). From the Pleistocene, when the orbital parameters of precession,
obliquity and eccentricity controlled the periodicities of glacial-
interglacial cycles (Paillard, 1998), the Gulf of Cadiz deposition was
affected by climatic cycles (Llave, 2003; Voelker et al., 2006; Llave et al.,
2006, 2007a,b; Toucanne et al., 2007).

The Gulf of Cadiz present-day oceanographic circulation is controlled
by the superficial flow of Atlantic Inflow Water (AIW) towards the
Mediterranean Sea and the deeper water flow of Mediterranean Outflow
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Water (MOW) towards the Atlantic Ocean (Lacombe and Lizeray, 1959;
Ochoa and Bray, 1991; Nelson et al.,, 1999) (Fig. 3). MOW represents an
independent strong contour current, moving from the SE to the NW
along the middle slope between 500 and 1200 m water depth above the
North Atlantic Deep Water (NADW) (Lacombe and Lizeray, 1959; Zenk,
1975; Thorpe, 1976; Ochoa and Bray, 1991; Ambar et al., 1999; Serra et al.,
2005). The MOW enters the Gulf of Cadiz at depths of 250-300 m with a
western trend and velocities of up to 250 cm/s (Ambar and Howe, 1979;
Mulder et al.,, 2003). The Coriolis effect produces a deviation of the flow
towards the northwest where the flow is split into an Upper Core (MU)
and Lower Core (ML) (Madelain, 1970; Zenk, 1975; Grundlingh, 1981;
Borenas et al., 2002; Serra et al., 2005) by the effects of the bottom
friction and seafloor topography (Borends et al., 2002; Serra et al., 2005)
(Fig. 3). MU flows slope-parallel at depths of 500-800 m (Figs. 2 and 3).
At the Algarve margin part of its flow is captured by the Portimao Canyon
(Marcheés et al., 2007). ML has a general NW trend and concentrates the
major part of the flow west of 7° W (Madelain, 1970). At 7° W a filament
is detached from the southern part of the ML with a SW direction. At 7°
20'W ML is divided in three distinct branches with a general NW direction:
the Southern Branch (SB), the Principal Branch (PB) and the Intermediate
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Fig. 3. Overview of the oceanographic patterns in the Gulf of Cadiz area, showing the circulation pattern of the cores and branches in which the MOW is split: the Mediterranean
Upper Core (MU) and the Mediterranean Lower Core (ML), which is divided into the Southern Branch (SB), the Principal Branch (PB) and the Intermediate Branch (IB). Arrows

represent values of deep current velocity and direction obtained from the bibliography.
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Table 1
Morphologic parameters of the erosive features described in this study, including the contourite moat, the contourite channels, the marginal valleys and the furrows
EROSIVE FEATURE Length Width Direction Axial E extreme W extreme Incision
(km) (km) Gradient Axial Depth Axial Depth Depth
) (m) tmp (m)
Moat : Alvarez Cabral 80 3.5-11 ENE-WSW 028 500 900 >100
Contourite Channels Cadiz 110 3.2-8 E-W; NE-SW 04 720 1500 20-120
Guadalquivir 90 1-12 E-W; ESE-WNW 0.37 600 1200 10-130
Huelva 58 1.8-5.5 SE-NW; E-W : 0.15 560 710 20-290
Diego Cao 30 48-14 SE-NW 780 ~900 130-305
: Gusano 39 15-3 SE-NW; NE-SW e 04 490 7659 10-180
Marginal Valleys 3.3-284 0.4-5 N-S to NE-SW = 0.06-3.29 605-1012 610-1120 5-260
Furrows Furrow | 15.7 0.8-23 NE-SW i S 05 915 1m5 25-160
Gil Eanes 55 0.8-1.7 NE-SW; NNE-SSW; ENE-WSW 0.23 ~1000 1225 50-90

Branch (IB). They re-join at about 8° 20' W and leave the Gulf of Cadiz
towards the west Iberian margin and central north-Atlantic (Fig. 3).

4. Morphological characterization of the erosive features of the
Gulf of Cadiz middle slope

The Gulf of Cadiz middle slope is a complex area formed by four
relatively flat terraces with gradients of less than 0.5°, at average depths of
500, 675, 750 and 850 m (Fig. 2C) and bounded by relatively steep steps
with gradients of 1.5-3°. The Guadalquivir Bank, the Dofiana, Guadalquivir
and Cadiz diapiric ridges and numerous isolated diapiric highs are the
most prominent highs on the Gulf of Cadiz middle slope (Fig. 2). In this
scenario, a complex pattern of erosive features occurs, composed of four
types of submarine valleys: contourite moats, contourite channels, marginal
valleys and large isolated furrows (Garcia, 2002; Hernandez-Molina et al.,
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2003, 2006). Table 1 summarizes the morphologic parameters of these
different erosive features, which are described in detail in the next sections.

4.1. Contourite moat

The Alvarez Cabral Moat (Alvarez Cabral CM) is the only erosive
feature defined as a contourite moat in the Gulf of Cadiz (Fig. 2D), since it
is associated with the Faro-Cadiz and Albufeira elongated mounded and
separated drift (Gonthier et al., 1984; Llave et al., 2001; Garcia, 2002;
Stow et al., 2002; Hernandez-Molina et al., 2003, 2006; Marches et al.,
2007).Itis excavated at the base of the upper slope of the Algarve margin
and has a WSW trend, parallel to the slope (Fig. 4A). It is 80 km long and
3.5 to 11 km wide, being narrower at the central part, and has incision
depths up to 100 m (Fig. 4B and C). Transverse profiles are markedly
asymmetrical, with gradients up to 5.7° in the northern flank where

S0, 0

Az
I/(/(//C‘ G
“Opa

Faro-Cadiz SD

: 700
Contourite Moat

Contourite

depositional sector
-71°30°
NW-SE

Faro-Albufeira MD

Fig. 4. Characterization of the Alvarez Cabral Contourite Moat. A) Localisation of the moat, at the foot of the upper slope of the Algarvian margin. The dashed line shows the axis of the
moat; B, C) Transversal V- and U-shaped seismic profiles showing the asymmetry of the moat, with a steep upper slope forming the northern flank, and the Faro-Albufeira Mounded

Drift (MD) that forms the southern flank.
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seismic profiles show truncated reflectors, and a gentler southern side
with maximum slopes of 2.8° characterized by stratified subparallel
reflections with a northward progradation (Fig. 4B and C).

4.2. Contourite channels (CC)

Five contourite channels stand out as the main erosive features in the
central area of the Gulf of Cadiz middle slope. They occur in the Channels

and Ridges Sector, at the southern flank of the diapiric ridges and the
Guadalquivir Bank (Fig. 2D). From north to south, the main contourite
channels are denominated Diego Cao, Huelva, Gusano, Guadalquivir and
Cadiz Contourite Channels, but other small channels can be found in
the southern and western parts of the study area. Despite their
differences in dimensions, all these channels have as a common
characteristic a gently sinuous trend (Figs. 2D and 5) where two types
of sectors can be differentiated (Fig. 5). The downslope-trending sectors
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36°200

=g L
T

GDR

Marginal
valley

valley

Marginal
valley

Fig. 6. Characterization of the Marginal Valleys. A) Shaded relief image showing the location of the main valleys at the NW flank of the diapiric ridges. B) to E) Transversal seismic
profiles across the valleys. Legend: CDR: Cadiz Diapiric Ridge. GDR: Guadalquivir Diapiric Ridge. DDR: Dofiana Diapiric Ridge. Note the presence of sub-circular hole structures along

the course of the valleys (A).
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run parallel to the diapiric ridges and structural features at their SE flank.
Channels are narrow (less than 1 km wide) and reach maximum vertical
incision depths (290 m) with markedly asymmetrical transverse
profiles. The northern flanks are coincident with the southern flank of
ridges and are characterized by an opaque acoustic response in seismic
profiles. The southern flanks are much smoother and generally
correspond to contourite deposits that show the presence of truncated
reflectors on the flanks and in the channel bottom. In contrast, the
alongslope-trending sectors cross the contourite deposits. Transverse
profiles are smoother and symmetrical presenting the maximum values
of width, up to 12 km, and seismic profiles show truncated reflectors on
both flanks and on the channel bottom (Fig. 5). The western
terminations of all contourite channels occur at similar depths, ranging
from 1000 to 1500 m.

The Diego Cao CC corresponds with the Channel-4 identified by
Kenyon and Belderson (1973) and was referred to as a moat by Faugéres
et al. (1985). It separates the Faro and the Bartolomeu Dias sheeted drifts
at the northern part of the Channels and Ridges sector (Figs. 2D, 5A and B).
This channel is about 30 km long and is funnel-shaped, with a general
increase in width from the narrow central part (about 4.8 km) to the NW
(more than 30 km). The Diego Cao CC has incisions depths of up to 300 m
in the SE area and irregularly asymmetrical U-shaped profiles (Fig. 5B).
Toward the northwest, incision depths reach 250 m, and transverse
profiles are asymmetrical with steeper terraced eastern flanks. The axis
has gradients of 1.7° in the SE area, but northwards the channel bottom is
relatively flat at 860-900 m.

The Huelva CC is located at the NE part of the Gulf of Cadiz middle
slope and has a general ESE-WNW direction (Figs. 2D and 5A). It crosses,
from E to W, the Cadiz and Guadalquivir diapiric ridges and the southern
limit of the Faro-Cadiz sheeted contourite drift. It is 58 km long and has
widths that range from 1.8 km in the diapiric areas to 5.5 km in the areas
crossing contourite deposits. Huelva CC has depths of up to 290 m
(Fig. 5C). The axial gradient has an average value of 0.15°.

The Gusano CC is located at the NE part of the Gulf of Cadiz middle
slope. It crosses the Cadiz and Guadalquivir diapiric ridges and opens
into the Huelva CC (Fig. 2D and 5A). It is markedly sinuous, with
prominent bends around the diapiric ridges. This channel is 39 km long,
1.5-5 kmwide and up to 180 m deep (Fig. 5C and D). The axial gradient is
irregular with an average value of 0.4°.

5 720’
s W

36°

35°50°

The Guadalquivir CC is located between the Guadalquivir DR and the
Guadalquivir Bank (Fig. 2D and 5A). It corresponds with the Channel-3
identified by Kenyon and Belderson (1973). This channel has two almost
parallel E-W oriented branches that merge near the Guadalquivir Bank:
the southern and northern branches of the Guadalquivir CC (Fig. 5A).
Aftter merging, the unique channel is parallel to the Guadalquivir Bank.
Widths range from 1 to 12 km, with the minimum values in the distal
reaches. Vertical incision depths reach 130 m and transverse profiles are
asymmetrical, U- or V-shaped, with generally steeper northern flanks
(Fig. 5E). The average axial gradient is 0.37° for the northern branch and
0.44° for the southern branch.

Cadiz CCis the largest contourite channel on the Gulf of Cadiz middle
slope, corresponding with Channel-2 identified by Kenyon and
Belderson (1973). It has a SE-NW direction in the areas close to the
ridges and a SW-NE direction where it crosses contourite deposits
(Figs. 2C, D and 5A). It is 110 km long and 2.4 to 8 km wide with depths
reaching 120 m (Fig. 5G and H). The sector between diapiric ridges
presents some morphological peculiarities, including the occurrence of
two terraces on the northern flank at depths between 750 and 850 m,
and a 20-80 m deep over-excavation at the southern side of a relief that
outcrops on the channel floor (Fig. 5A and H). This channel has an
average axial gradient of 0.4°.

4.3. Marginal Valleys

Marginal Valleys are distinctive erosive features identified along the
NW sides of the diapiric ridges and isolated diapirs in the Channels and
Ridges sector (Figs. 2D and 6A). They have a predominant NE-SW trend,
although their courses are very irregular and locally sinuous. Marginal
Valleys associated with diapiric ridges are long (up to 28.4 km) and reach
widths of up to 5 km, while those around small or isolated diapirs are
shorter and narrower. Incision depths reach values of more than 250 m.
The valley axes are very irregular, following the uneven pattern marked
by the diapiric reliefs, and many valleys are formed by numerous
secondary axes. Transverse profiles vary in their symmetry and can be U-
or V-shaped (Fig. 6B-E). Locally, circular and sub-circular negative reliefs
form along the axis of the valleys, especially at the NW side of the
maximum reliefs of the diapiric ridges (Fig. 6B). Seismic profiles show an
opaque acoustic response in the southern flanks, which correspond with
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Fig. 7. Characterization of the Furrows. A) Seamap side-scan sonar image showing the location and trend of Furrow I, Gil Eanes Furrow and the small furrows on the overflow
sedimentary lobe sector at the south-eastern part of the study area. Modified from Herndndez-Molina et al. (2006). B) and C) Transversal seismic profiles across the Marginal Valleys.
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reflectivity.
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the diapiric ridges and truncated layered reflections in the contourite
deposits on the northern flanks (Fig. 6B-E).

4.4. Large isolated furrows

Large isolated furrows are identified in the southern part of the study
area, in the Overflow-Sedimentary-lobe Sector (Fig. 2D). Most of the
furrows have been identified on the basis of their backscattering
response (Fig. 7A). Recent studies have interpreted these large-scale
furrows as erosive features related to the action of the MOW and affected
by gravity processes (Habgood et al., 2003; Mulder et al., 2003; Hanquiez
et al.,, 2007).

Furrow 1 coincides with furrow A1 of Habgood et al. (2003). It is
15.7 km long and 0.8-1.5 km wide (Fig. 7A). It has a NE-SW trend and is
very homogeneous along its course. Incision depths reach 160 m and the
transverse profiles are symmetrical, U- or V-shaped (Fig. 7B). Gil Eanes
Furrow was described by Kenyon and Belderson (1973) and Hanquiez
et al. (2007) and coincides with furrow Fs1 of Habgood et al. (2003)
(Fig. 7A). This furrow has widths of 0.8-1.7 km and a sinuous trend, with
broad changes in direction from NE-SW to NNE-SSW and ENE-WSW.
Vertical incision depth reaches 90 m and transverse profiles are
symmetrical, with irregular flanks and flat bottoms (Fig. 7C). Some
smaller furrows with linear trends, lengths of up to 15 km and widths of
up to 2 km are also recognised in the Overflow-Sedimentary-lobe Sector
(Fig. 7A). Their directions show a northwards change from NE-SW to SE-
NW. These furrows coincide with the “minor channels” (Fs2, Fs3, A2, A3,
A5 in Fig. 7A) described by Habgood et al. (2003) and Hanquiez et al.
(2007). Erosive furrows located at the southernmost part of the study
area, including Gil Eanes furrow, are morphologically connected to the
Scour and Sand-Ribbons Sector, while those located to the north seem to
start and end abruptly on the Overflow-Sedimentary-lobe Sector
(Fig. 7A).

5. Backscatter interpretation

The central sector of the middle slope shows a marked contrast of
backscatter signal between the depositional, erosive, and structural
features (Fig. 8A). In general, contourite deposits have a very homo-
geneous backscatter with a average value of about —20 dB (Fig. 8A). Six
types of backscatter signal may be differentiated in the area where
erosive features occur (Fig. 8B):

1) The structural features are characterized by irregular patches of
very high reflectivity (-8 to - 15 dB), with lengths of few kilometres
(Fig. 8). These patches represent the Guadalquivir Bank outcrop,
the diapiric ridges and the isolated diapiric highs. The alignment of
patches indicates that the diapiric ridges are not really continuous
but comprise a series of short segments, each 10-20 km in length.

2) Most of the Cadiz CC and the proximal parts of the Huelva and
Gusano CCs show wide homogeneous surfaces with high reflectiv-
ity (-12 to -17 dB).

3) The middle course of the Cadiz (the northern part), Guadalquivir,
Huelva and Gusano CC between the Cadiz diapiric ridge and the
Guadalquivir Bank are mostly characterized by elongated lobate
patches, oriented W to WNW, of medium-high reflectivity (-20
to —24 dB), surrounded by a diffuse band of very low reflectivity
(=27 to -31 dB). The largest patches are 5-10 km long and 2-5 km
wide and generally coincide with the location of contourite
channels at the W side of the diapiric ridges, but covering a wider
extension towards the S. Smaller patches are identified at the
western side of the distal area of the Guadalquivir DR. In some cases,
multiple lobes can be identified at the western end of the elongated
patches. In particular the Guadalquivir CC northern and southern
branches have four lobes between Dofiana DR (a-d in Fig. 8B) and
the Guadalquivir Bank and the Huelva CC has two partially super-
posed lobes between the Cadiz and Guadalquivir DR (Fig. 8B).

4) An elongated fan-shaped patch, oriented NW, of medium-low
reflectivity (=23 to -27 dB), with a halo of very low reflectivity
(=27 to -31 dB). This patch, 30 km long and up to 10 km wide,
corresponds to the drift located between the distal end of the
Guadalquivir DR and the Guadalquivir Bank. The distal NW end has
an irregular shape with bands of higher and lower reflectivity.

5) The area covered by the marginal valleys west of the Guadalquivir
(southern part) and Dofiana diapiric ridges is characterized by a
irregular backscatter signal, with amplitudes ranging from -27
to -15 dB.

6) Elongated narrow strips of medium-high reflectivity (-20 to -24 dB),
up to 10 km long and few kilometres wide coincide with the locations
of erosive furrows and low-relief incisions of the Huelva, Guadalqui-
vir and Cadiz CC. They have directions that vary from WSW to NNW.

6. Discussion

The study of the morphological character of erosive features, their
distribution and the backscatter signal in the study area allows an
interpretation of the processes involved in the genesis and develop-
ment of these features.

6.1. Genesis of erosive features

6.1.1. Contourite moats

The Alvarez Cabral Contourite Moat originated by localised erosion
beneath the core of the MOW Upper Water (MU). The flow of this
current strand along the Algarve margin is accentuated by the Coriolis
force and topographically constricted by the change of trend in the
upper slope (Figs. 2D and 9A). The migration of the current core causes
erosion along its right-hand side (at the base of the upper slope) and
corresponding deposition of the Faro—-Albufeira mounded drift along the
left-hand southern flank, where the current velocity and erosive
capacity decrease (Mougenot and Vanney, 1982; Gonthier et al., 1984;
Faugéres and Stow, 1993; Faugeéres et al., 1993, 1999; Llave et al., 2001;
Stow et al., 2002; Llave et al., 2006; Hernandez-Molina et al., 2006;
Marcheés et al.,2007). This is consistent with the information provided by
the seismic lines in the area, which show truncated reflections in the
northern flank and northward prograding layered reflections in the
southern flank, as a result of the upslope migration of the core. Towards
the west, the current decreases in velocity from values of about 95 cm/s
to less than 20 cm/s (Cherubin et al., 2000) as a result of the capture of
part of the flow by the Portimao Canyon (Marcheés et al., 2007).

6.1.2. Contourite channels

Contourite Channels were created by erosive processes, as suggested
by the presence of truncated reflections and the lack of depositional
features along their course. The trend, depth and asymmetry of the
contourite channels can be used to infer the direction and relative
velocity of the flow. The two types of sector (alongslope -trending and
downslope -trending sectors) and their correlation with oceanographic
parameters allows interpretation of the processes involved in their
origin (Fig. 9B). In alongslope-trending zones the MOW has medium to
low velocities of 10-50 cm/s in a SE-NW direction (Madelain, 1970;
Zenk, 1975; Nelson et al,, 1999) (Fig. 3B). By contrast, in downslope-
trending zones the MOW shows higher velocities of 50-90 cm/s in a NE~
SW direction (Madelain, 1970; Kenyon and Belderson, 1973; Meliéres,
1974; Zenk, 1975; Nelson et al., 1999; Stow et al., in press-b) (Fig. 3B).
Hanquiez et al. (2007) suggest a similar intensification of the current
velocity in the downslope-trending sectors, based on estimated
transport velocity values and the orientation of bedforms.

The correlation of morphological parameters and oceanographic
data allows an interpretation of the interaction between the bottom
current and the diapiric ridges (Fig. 10B). As a result of Coriolis force, the
initial flow is directed towards the NW after exiting from the Straits of
Gibraltar. When the flow reaches the diapiric ridges, the lower section of
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Fig. 10. Regional scheme of the circulation of the MOW on the Gulf of Cadiz middle slope, with the interplay of the alongslope and downslope circulation levels. The Mediterranean
Upper Water (MU) flows parallel to the bathymetry close to the upper slope of the Gulf of Cadiz. The Mediterranean Lower Water (ML) is interpreted to be divided into five branches:
Southern Branch (SB), Western Branch (WB), Central Branch (CB), Intermediate Branch (IB) and Eastern Branch (EB). Legend: GB: Guadalquivir Bank. CDR: Cadiz Diapiric Ridge. GDR:

Guadalquivir Diapiric Ridge. DDR: Dofiana Diapiric Ridge.

the flow is affected by the topography and suffers an increase in velocity
and erosive capability while it is deflected towards the SW and is
constricted by the topography. The Coriolis effect forces the trend of the
flow towards the right and this would enhance the erosive capability of
the flow along the NW flank of the channel, inducing migration in that
direction. The flow in contourite channels is strong enough to erode both
the NW and SE flanks, but no associated generation of mounded
contourite drifts occurs. A similar effect of salt walls and diapirs has been
interpreted to cause acceleration of deep currents on the Brazilian
margin (Viana et al., 2007).

6.1.3. Marginal valleys

Marginal valleys of the Gulf of Cadiz are interpreted as the result of
formation of flow instabilities by interaction of MOW with the diapiric
ridges. As bottom currents approach dome-like obstacles in their path
they undergo destabilization, with speed increase due to hydraulic
jumps and the formation of eddies and vortices leeward of the obstacle
(Guo et al., 2000; McCready and Pawlak, 2001). As a result of these flow
instabilities, erosive features develop on both the lee and stoss sides of
an obstacle, as well as on both lateral flanks (Davies and Laughton, 1972;
Kennet, 1982; McCave and Carter, 1997). In the case of linear obstacles,
the influence of topography on the large-scale ocean circulation causes
the formation of jets at the opposite side of the obstacle (Marshall, 1995).
Furthermore, the underwater dissolution of salt diapiric ridges by
oceanographic flows has been interpreted to enhance the density of
water masses and thereby accelerate the current (Nibbelink, 1999;
Michaud et al., 2005; Viana et al., 2007; Stow et al., in press-a). In the Gulf
of Cadiz, linear and downslope-oriented obstacles have caused flow
instabilities that induced downslope-trending turbulent flows along the
NW side of the diapiric ridges, which we interpret as responsible for the

erosion of marginal valleys (Fig. 9C). Marginal valleys have been
interpreted as conduits for the transport of sediment from the shelf to
the slope by downslope gravity currents (Hanquiez et al., 2007) but, in
contrast with the Algarve continental shelf, no downslope-trending
erosive features such as submarine canyons occur on the SE shelf of the
Gulf of Cadiz (Lobo et al., 2000; Hernandez-Molina and Lobo, 2005). This
favours the interpretation of marginal valleys as the result of instabilities
related to the MOW, although their implication in downslope-trending
sediment transport during periods of low sea-level can not be neglected.

6.1.4. Large isolated furrows

Most furrows of all types and dimensions have an erosive character, as
evidenced by the presence of truncated layered reflections along their
flanks. In shallow water, the formation of fields of furrow bedforms has
been related to the action of strong cross-shore bottom currents, asso-
ciated in many cases with erosional sedimentary settings in the presence
of rock outcrops (Cacchione et al., 1984; Murray and Thieler, 2004;
Garnaud et al., 2005). In the case of the Gulf of Cadiz mid-slope region,
large isolated furrows with NE-SW orientation and relatively small
dimensions indicate that they are eroded by W-SW trending flows. The
absence of levees on the rims of the furrows indicated in our data does not
allow their interpretation as channel-levee systems related to turbidity
flows. Therefore, we interpret these large isolated furrows as having been
eroded by flow filaments separated from the MOW main current, such as
those described by Madelain (1970) and Baringer and Price (1999)
(Figs. 3B, 8 and 9D). These filaments flow in a SW direction with mea-
sured current velocities that decrease from 20 to around 10 cm/s,
although furrow erosion must have occurred during periods of greater
velocity. This interpretation is also consistent with the numerical results
obtained by Serra et al. (2005) and the studies of Hanquiez et al. (2007).

Fig. 9. Interpretation of the processes involved in the origin and evolution of the erosive features. A) The contourite moat is originated by the erosion and deposition by the
Mediterranean Upper Water (MU); B) The contourite channels show alongslope and downslope trending sectors and are related to the erosion of branches of the Mediterranean
Lower Water (ML). DR: Diapiric ridge; C) The marginal valleys are eroded at the NW side of the diapiric ridges by the unstabilities formed in the flow by the interaction with the
seafloor topography; and (D) Furrows are the result of the erosion of current filaments with a downslope direction.
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6.2. MOW circulation scheme deduced from the contourite erosive
features

The distribution of erosive features, together with the data on current
velocity and direction obtained from the literature and summarised in
Fig. 3B, allows the proposal of a new and more detailed scheme for
present-day circulation of the MOW (Fig. 10). In this scheme we consider
the simultaneous occurrence of two circulation models: A Main
Alongslope Circulation, which is involved in the origin of the contourite
moat and contourite channels, and a Secondary Downslope Circulation,
which is related to the creation of the marginal valleys and large isolated
furrows.

6.2.1. Main alongslope circulation

The Main Alongslope Circulation refers to flow of the two cores into
which the MOW is divided on the Gulf of Cadiz middle slope (Fig. 3). MU
flows with a NW trend, parallel to the bathymetry at depths shallower
than 500 m. It is deviated by Coriolis force towards the right and by
topographic constriction of the upper slope. When this flow reaches the
Algarve margin, where the slope direction changes from SE-NW to NE-
SW, the velocity increases and MU erodes the Alvarez Cabral moat
(Fig.10). Part of the MU flow is captured at the Portimao Canyon, and the
current flowing westwards of the canyon loses part of its erosive
character (Marcheés et al., 2007). ML is also affected by the topography of
the seafloor and is divided into different branches on the middle slope,
that follow defined pathways at different water depth levels, related to
the middle slope terraces (Fig. 10) and to interaction with diapiric ridges.

a) The Southern Branch separates from the main flow at depths of about
700 m, where the flow is affected by the southern part of the Cadiz
Diapiric Ridge. It runs parallel to the ridge and turns to the NW at its
distal reaches. This branch is responsible for the erosion and
formation of the Cadiz channel and coincides with the Southern
Branch of Meliéres (1974). The over-excavation in the Cadiz channel
axis may be interpreted as the result of a recent intensification of this
branch.

b) The Western Branch starts at the Guadalquivir Diapiric Ridge (about
800 m water depth), crosses the contourite deposits in the central
part of the study area and flows at the S side of the Guadalquivir
Bank. This branch is responsible for erosion of the southern branch of
the Guadalquivir CC, and would coincide with the Principal Branch of
Meliéres (1974).

¢) The Central Branch flows along the narrow terrace at 750 m water
depth and erodes the northern branch of the Guadalquivir CC. It
forms at the Guadalquivir DR, crosses the Dofiana DR and turns to the
SW at the Guadalquivir Bank, where it merges with the Western
Branch.

d) The Intermediate Branch defined by Meliéres (1974), is interpreted in
this paper as being separated just north of the Southern Branch, at
about 500 m water depth, in a first gateway of the Cadiz Diapiric
Ridge and to flow along the narrow terrace that occurs at 600-700 m
water depth. This branch crosses the three diapiric ridges with a
general WNW direction, eroding the Huelva CC and turns to the NW
at the east of the Guadalquivir Bank, eroding the sheeted drifts and
forming the Diego Cao CC.

e) The Eastern Branch separates from the ML by interaction with the
Cadiz Diapiric Ridge, and flows along the shallower terrace (500-
600 m water depth), eroding the Gusano CC. It crosses the Cadiz and
Guadalquivir Diapiric Ridges before turning to the SW and merging
with the Intermediate Branch.

6.2.2. Secondary downslope circulation

The secondary downslope circulation of the MOW is mainly deduced
from the occurrence of marginal valleys and furrows. Marginal valleys
present a downslope direction along the leeside of the diapiric ridge and
isolated diapiric mounds (Fig. 7). Where MOW interacts with the diapiric

ridges, flow instabilities are created in the flow and channelized in a
downslope direction along the NW side of the obstacles (Fig. 10). The
erosion of the furrows is produced by current filaments with a general
SW direction separated from the main current by isolated reliefs in the
southern part of the study area (Fig. 10).

6.3. Evolution of erosive features forced by neotectonics

Based on the present configuration and morphology of erosive
features and diapiric reliefs, together with interpretation of the back-
scatter signal amplitudes, three evolutionary stages can be considered
(Fig. 11A-C) and tentatively correlated with the stages established by
Llave (2003) and Llave et al. (2006, 2007b) for Quaternary evolution of
the CDS, based on stratigraphy of the contourite drifts. These stages are
the result of changes in the distribution and splitting of the MOW by
diapiric reactivation caused by an interplay between tectonics and
climate/sea-level changes (Llave et al., 2007a,b). The three evolutionary
stages include: a) from Early Pleistocene to Mid-Pleistocene, the Cadiz-
Faro-Albufeira and Huelva-Guadalquivir mounded elongated drifts
were deposited; b) from Mid-Pleistocene to Late Pleistocene, the
western part of the mounded Huelva-Guadalquivir drift became
inactive; and c) from Late Pleistocene to Holocene, the Huelva-
Guadalquivir drift became totally inactive and erosive processes became
dominant on the middle slope. The correlation of our interpretation with
these stages is summarized below.

6.3.1. Early Pleistocene to Mid-Pleistocene: linear diapiric ridges

During this stage the MU excavated the Alvarez Cabral Moat at the
base of the upper slope on the Algarve margin and deposited the Cadiz-
Faro-Albufeira mounded elongated drift. The ML was split into two
branches. A Northern Branch followed the present-day trend of the
proximal part of the Huelva CC and the distal part of the Guadalquivir
CM. It excavated a contourite moat with the associated development of
Huelva-Guadalquivir mounded drift (Llave et al., 2006, 2007a). The
Southern Branch excavated the Cadiz CC (Fig. 11A) and is interpreted to
have been volumetrically greater than at present as suggested by the
extension of the homogeneous surface with high reflectivity (back-
scatter signals 2 and 3, Fig. 8B). The western extreme of the Cadiz CC
occurred at a position displaced to the north in comparison with the
present-day location, as suggested by the deposition of the elongated
fan-shaped lobe at the NW of the termination of the Guadalquivir DR
(Fig. 11A)

6.3.2. Mid to Late Pleistocene: diapiric reactivation

During this stage, diapiric reactivation induced an increase in relief of
the diapiric ridges (Figs. 9B and 11B), possibly in relation to their
deformation by tectonic subsidence of the Cadiz Nappe (Maestro et al.,,
2003). During this stage, MU was not significantly affected. The Northern
branch of the ML lost strength and only its proximal part continued
acting as a contourite moat and deposited the Huelva mounded
elongated drift while the Guadalquivir drift was fossilised and
developed as a sheeted drift (Llave et al., 2006, 2007a,b). The Cadiz CC
was active during this stage (Fig. 11B).

6.3.3. Late Pleistocene to Holocene: main phase of diapiric ridge
segmentation and rotation

During this stage, an important phase of diapiric segmentation
induced the opening of new gateways in the northern diapiric ridges
producing the present-day complex configuration of erosive features
(Fig. 11C). Segmentation of the diapiric ridges may be explained by
neotectonic activity. NW-SW-trending faults have been documented in
the Gulf of Cadiz by Pinheiro et al. (2003) and Medialdea et al. (2004).
More recently, the activity of a group of dextral WNW-ESE-trending
faults has been interpreted as responsible for the morphologic
lineaments in this area (Rosas et al., in press). NW-SE-trending fault
activity is coherent with the segmentation pattern of the diapiric ridges
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(Fig. 11C). During this stage, paleoceanographic conditions were also
controlled by global climate changes (Llave et al., 2006, 2007a,b).

Changes in the MOW circulation during this stage include the
formation of new gateways for the ML through the diapiric ridges and
the establishment of new branches of the ML: the Eastern, Intermediate
and Western Branches, which excavated the Gusano, Huelva and Diego
Cao, and the southern branch of the Guadalquivir CC, respectively
(Fig. 11C). These flows were also responsible for deposition of
sedimentary lobes at the western side of the ridges (backscatter signal
2, Fig. 8B). The flow of the Northern Branch of the ML was pirated by the
Intermediate and Western branches, although a part of it probably
joined the MU generating a greater volume core responsible for the
deposition of a plastered contourite drift on the upper slope (see Fig. 2
for its location. Further details on Hernandez-Molina et al., 2006; and
Llave et al., 2006) and the definitive fossilization of the Huelva mounded
elongated and separated drift (Llave et al., 2007a). A general NW turn of
the contourite channels is suggested by the coincidence of the present-
day morphology with the northern lobes of the elongated patches of
high reflectivity (Fig. 8B). This turn was not continuous, but it occurred
through distinct phases that caused the marked lobes in the backscatter
signal and can be explained by a succession of pulses of diapiric
deformation. Over-excavation of the Cadiz CC east of the Cadiz DR may
have resulted from an increase in relief of the ridge, which enhanced the
erosive capability of the flow. Towards its western extremity the Cadiz
CC veered towards the SW, and the elongated fan-shaped lobe was
abandoned (Fig. 11C). The large isolated furrows were probably created
during this last stage by the formation of new isolated small-sized
reliefs.

Paleoceanographic events occurring during this stage affected the
location and depth of the MOW. We interpret that the flow was
concentrated on the Western, Central and Southern branches during
cool episodes of low sea-level (Fig. 11D), when denser water masses and
deeper MOW flow occurred at deeper areas (Llave et al., 2006, 2007a,b)
and the MOW velocity was relatively high (Voelker et al., 2006;
Toucanne et al., 2007). In contrast, the main flow was concentrated on
the Intermediate and Eastern branches of ML and on MU during the
warm episodes with high sea-level (Fig. 11E), when water masses were
less dense, the interaction of the flow with the seafloor was more
intensive at shallower depths (Llave et al., 2006, 2007a,b) and the flow
velocity was comparatively lower (Voelker et al., 2006; Toucanne et al.,
2007). A similar paleoceanographic control on contour currents has
been documented on the south-eastern Brazilian margin.

7. Summary and conclusions

Based on interpretation of the morphology and backscatter signal
amplitudes, four major types of contourite erosive submarine valleys
have been identified within the Contourite Depositional System of the
Gulf of Cadiz middle slope. These are: contourite moats, contourite
channels, marginal valleys and large isolated furrows. These features are
interpreted as the result of interaction between MOW and seafloor
topography.

The present-day configuration of erosive features allows us to
propose a new and more detailed scheme for MOW circulation, which
combines: a)a main alongslope circulation, involved in the development
of the contourite moat and contourite channels, and b) a secondary
downslope circulation, related to the creation of the marginal valleys
and furrows. The Alvarez-Cabral Moat has been configured by the MOW
Upper Core (MU) since the establishment of the MOW circulation,
migrating upslope but without any large significant change during its
history. Five major contourite channels are the result of the interaction of
branches of the MOW Lower Core (ML) with the Gulf of Cadiz middle
slope. Their evolution has been controlled by neotectonic activity,
including two events of diapiric ridge deformation. The Guadalquivir CC
evolved from a contourite moat to a contourite channel. The Diego Cao,
Gusano and the proximal part of Huelva Contourite Channels were

generated very recently (presumably since the late Pleistocene). The
Cadiz Contourite Channel has been active at least since the early
Pleistocene, but the progressive splitting of the flow responsible for its
excavation has reduced its activity until the present day. Also, the MOW
circulation was controlled by late Pleistocene climatic changes. During
cool stages, deeper circulation was enhanced (Western, Central and
Southern branches of ML), while during warm stages the flow
intensified at shallower levels (Intermediate and Eastern branches of
ML and MU). Marginal Valleys are the result of a secondary circulation
caused by downslope channelization of instabilities created by an
interplay between the impinging MOW flow and the linear relief. The
furrows are related to weak flows separated from the ML at the southern
part of the study area.

This study provides important regional clues for establishing the
different phases of evolution of erosive features in relation to the most
recent neotectonic effects. We anticipate that analogous contourite
erosive features in other deep marine environments can be similarly
used as evidence for the reconstruction of oceanographic and recent
tectonic changes.
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