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facultés, 33405 Talence Cedex, France. Tel.: þ33 540 00

E-mail address: t.mulder@epoc.u-bordeaux1.fr (T.

0264-8172/$ – see front matter � 2008 Elsevier Ltd.
doi:10.1016/j.marpetgeo.2008.02.009
a b s t r a c t

Several types of sediment failures in the Gulf of Cadiz were observed using multibeam bathymetry,
acoustic imagery and high-resolution seismic. These instabilities are mainly sediment failures and flows.
Their width and length vary from 1 to more than 10 km. The failures are mainly related to high sedi-
mentation rates, particularly in places where the Mediterranean Outflow Water (MOW) spills over, such
as channel bends and the outer side of the giant contourite levee. Steep slopes are also a trigger for
failure at the continental shelf-slope transition, on valley sides, on canyon flanks, and on the sides of
bathymetric highs. Other mass movements are related to fluid escape (mud volcanoes) and earthquakes.
In areas where the MOW flows along the seafloor, the constant shearing and related erosion can add to
the overall stresses. The frequency of failures can be estimated using the deposits resulting of their distal
transformations into turbidites.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Seafloor instability features were recognized since the early
stages of modern exploration of the ocean. They occur preferen-
tially at the shelf break, where slopes are steep, and in areas of high
sedimentation rates, such as river mouths and delta fronts or in
accretionary prisms (Faugères et al., 1997). Sediment overloading
and slope oversteepening are commonly invoked as the trigger for
instabilities. Dynamic processes occurring along continental
shelves, such as tides, storm waves, swells, or earthquake shaking
are also common processes that instigate seafloor failures. All these
processes decrease the shear strength of the sediment down to
a failure threshold by increasing the interstitial fluid pore pressure.
In addition, an earthquake generates ground accelerations in
addition to the gravitational force (Almagor and Wisenam, 1977,
1982). More recently, additional triggering processes were identi-
fied: ice loading and fluid escape within the seabed. In the latter
case, the fluid can be water, thermogenic methane, biogenic
methane or methane coming from the phase change of gas
hydrates (Locat and Lee, 2000; Leon et al., 2006). These multiple
causes make slope failures in submarine environments a common
process that occurs on gently dipping slopes (Lewis, 1971).

General classifications of sediment mass-wasting processes
based on the relative motion of the failed mass usually distinguish
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mass failures and mass flows. Mass failures represent the move-
ment of a volume of generally consolidated material along a slip-
ping surface. Usually, the internal geometry of the failed material
is preserved because the travel distance remains short. Authors
usually distinguish slides and slumps. Slides have a D/L ratio
generally <0.1, where D is the maximum depth of the slip surface,
and L is the total length of the slump (Skempton and Hutchinson,
1969). Slumps have a curved slip surface, being concave upward.
They are usually deeply rooted with a D/L ratio between 0.15 and
0.33 (Skempton and Hutchinson, 1969). This geometry leads to
back tilting of the slumped strata. For this kind of failure, the
sliding surface is predetermined and corresponds usually to
a layer having a low shear strength value, such as a permeable
sand bed.

Slides and slumps usually form complex structures generated by
multiple phases of failure. The most common types are the multiple
retrogressive failures that form when failure propagates upslope.
This style of failure forms a steep escarpment at the failure head
with extensional faults remoulding the sediment (see examples in
Mulder and Cochonat, 1996).

Mass flows represent the motion of underconsolidated material
that behaves as a plastic, viscous or viscoplastic fluid. These flows
are subdivided into cohesive and non-cohesive (frictional) flows
(Mulder and Alexander, 2001). Cohesive flows have a matrix
strength that results from cohesion between fine particles (clay and
fine silt). Frictional flows are made of discrete particles. The space
between grains infers a high porosity filled with sea-water in
subaqueous environments. Because flow behaviour and physical
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properties during motions are usually difficult to assess, it is useful
to classify flows according to their depositional morphology (e.g.,
Prior and Coleman, 1979).

In this paper, we analyse in details seafloor morphology in
the Gulf of Cadiz to show that sediment mass failure are
common but small in scale and strongly related to the MOW
through its effects on sedimentation rate, slope gradient and
seafloor erosion.

2. Regional setting

The Gulf of Cadiz is located in the north-eastern Atlantic Ocean,
northwest of the Strait of Gibraltar. It extends along the south
Spanish and Portuguese continental margins (Fig. 1). The unique
setting of the Gulf of Cadiz is related to the combination of
particular tectonic and hydrological environments.

2.1. Tectonic setting

The study area is located in a zone of slow convergence between
the African and Iberian tectonic plates (Argus et al., 1989; Sartori
et al., 1994) at the termination of the Azores-Gibraltar transform
fault (Srisvastava et al., 1990). The Cenozoic history of the Gulf is
controlled by opening of the central part of the Atlantic Ocean and
tectonic activity of the Betic and Rif orogenic belts (Malod, 1982;
Mougenot, 1988; Maldonado et al., 1999) in relation to the activity
of two subduction arcs (Calabria and Gibraltar) until the Mio-
Pliocene. This area is interpreted as an east-dipping subduction
zone, with a shallow dipping Benioff plane that extends below the
Fig. 1. General map of the Gulf of Cadiz showing the study area, the location of main canyon
lines: limit of MOW in contact with the seafloor. (1)–(5): Geomorphologic subdivision for t
sector; (3) channels and ridges sector, (4) contourite-deposition and (5) submarine canyon
Betic-Rif arc (Lajat et al., 1975; Maldonado et al., 1999; Gutscher
et al., 2002). The deformed sedimentary pile in front of the
Gibraltar arc is interpreted as an accretionary prism (Figs. 1 and 2).
Major faults on the seafloor, carbonate chimneys and active mud
volcanoes are probably related to this active subduction zone and
accretionary prism (Fig. 2: Gardner, 2000; Gardner and Shashkin,
2000; Somoza et al., 2002, 2003; Dı́az del Rı́o et al., 2003; Maldonado
et al., 2004; Medialdea et al., 2004). In addition, the ponded basins
(Fig. 2) could be related to gravity spreading of the prism (Hanquiez,
2006). A consequence of this tectonic setting is that this area is
a potential source for high-magnitude tsunamogenic earthquakes.
For example, SW Iberia is the source region of the Great Lisbon
earthquake (M 8.7) of 1755 (Zitellini et al., 1999; Gutscher, 2004,
2006; Gutscher et al., 2009; Grácia et al., 2006: Fig. 2).

2.2. Oceanographic setting

The present water circulation in the Gulf of Cadiz (Fig. 3) is
related to the opening of the Gibraltar straight in the early Pliocene,
after the Mediterranean basin was flooded following the Messinian
salinity crisis (Vanney and Mougenot, 1981; Mougenot and Vanney,
1982; Mougenot, 1988; Nelson et al., 1993). It is dominated by the
dynamics of the Mediterranean Outflow Water (MOW, Fig. 3) which
is an energetic, warm (13 �C), and saline (38 g l�1) current resulting
from the exchange of water masses between the Mediterranean Sea
and the Atlantic Ocean (Ambar and Howe, 1979; Ambar, 1983;
Madelain, 1970; Thorpe, 1972, 1976; Meincke et al., 1975). This
water flux is balanced by the less-saline, cool water mass of the
Atlantic inflow (Nelson et al., 1999) that flows back from the
s, the contourite system and the accretionary prism (SWIM Map Team, 2007). Dashed
he Gulf of Cadiz by Hernández-Molina et al. (2003). (1) Proximal sector; (2) overflow
sector.



Fig. 2. Simplified structural map of the Gulf of Cadiz including major fault directions, mud volcanoes and other topographic highs, limits of the accretionary prism and olithostrom (compiled from Maldonado et al., 1999; Dı́az del Rı́o et al.,
2003; Hernández-Molina et al., 2003; Maestro et al., 2003; Medialdea et al., 2004; Grácia et al., 2006; Hanquiez, 2006; Leon et al., 2006; Lopes et al., 2006).
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Fig. 3. Hydrological map of the Gulf of Cadiz showing the main pathway of the MOW
and the location of the main contourite drifts; MC: main MOW current; ML: Medi-
terranean Lower Water; MU: Mediterranean Upper Water; PC: Portimão Canyon (from
Madelain, 1970; in Hanquiez, 2006).

Fig. 5. EM 300 bathymetric view (top) and reflectivity image (bottom) of rounded and
bottleneck instabilities on the giant contourite levee. See Fig. 4 for location.
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Atlantic into the Mediterranean. After passing through the Strait of
Gibraltar, the MOW is confined in a W–SW-trending channel (main
MOW channel) and reaches velocities of 2.5 m s�1. West of
06�200W, the MOW veers north-westward due to the Coriolis force.
The main MOW current (MC in Fig. 3) divides into two main
currents that flow along the seabed at water depths of 300–1400 m
(Madelain, 1970; Ambar and Howe, 1979; Gardner and Kidd, 1983):
the Mediterranean Upper Water (MU in Fig. 3) and the Mediter-
ranean Lower Water (ML in Fig. 3).

The Mediterranean Upper Water represents the upper, less-
dense (salinity is 37.07&), warm (13.7 �C) core that flows at the
base of the upper Spanish and Portuguese continental slopes at
Fig. 4. EM 300 bathymetry of the study area during
depths of 300–600 m. Its average velocity is 0.46 m s�1 (Meincke
et al., 1975; Johnson et al., 2002).

The Mediterranean Lower Water constitutes the lower, more-
saline (salinity is 37.42&) current that forms the main MOW. Its
Cadisar 1 and 2 cruises. Location of Figs. 5–13.



Fig. 6. EM 300 showing the enlargement of a rounded slump scar in Fig. 5. See Fig. 5
for location.

T. Mulder et al. / Marine and Petroleum Geology 26 (2009) 660–672664
mean temperature is 13.6 �C and its velocity range between 0.2
and 0.3 m s�1 (Zenk and Armi, 1990; Bower et al., 1997). The
Mediterranean Lower Water further splits into three minor
branches, each one of which follows its own deep channel
(Madelain, 1970; Kenyon and Belderson, 1973; Mélières, 1974;
Nelson et al., 1993, 1999).

At approximately 1400 m water depth in the western part of
the Gulf of Cadiz and at 1000 m in the eastern part, the MOW
Fig. 7. Acoustic imagery map of deformation structures associated with the bend west of
General EM 300 bathymetric map. (B) Enlargement of the area of spilling on the EM 300 r
loses contact with the seafloor (in Hernández-Molina et al., 2003:
Fig. 1).
2.3. Seafloor morphology in the Gulf of Cadiz

The regional seafloor structures in the Gulf of Cadiz are
a consequence of tectonics. These structures include rock outcrops,
mud volcanoes, and salt diapir alignments. The resulting tectonic
lineaments then direct circulation of the main MOW channels. The
MOW impacts the present seafloor morphology by reworking
sediments carried by rivers discharging into the gulf, mainly the
Guadalquivir and Guadiana rivers (Fig. 1: Faugères et al., 1985b;
McCave and Tucholke, 1986). At the scale of the entire gulf, the
MOW’s impact on seafloor morphology and sediment distribution
decreases westward, following the decrease in the MOW energy.
This effect is synthesised by Hernández-Molina et al. (2003) who
has subdivided the Gulf of Cadiz into five sectors.

(1) The proximal sector, close to Gibraltar is dominated by erosional
features (scour marks) and coarse deposits (gravel lags, sand
patches and ribbons) in the main MOW channel (Habgood et al.,
2003).

(2) The overflow sector, where spilling of the ageostrophic part of
the MOW at the bend located west of the Strait of Gibraltar has
built a giant unstable asymmetric contourite levee (Mulder
the Cadiz Channel. Low reflectivity areas are identified by clear tone of grey level. (A)
eflectivity map. See Fig. 4 for location.
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et al., 2002, 2003). This levee is overlain by a mixture of silt and
mud waves. Sometimes only mud waves occur in its southern
part (Kenyon and Belderson, 1973; Gardner and Kidd, 1983;
Nelson et al., 1993, 1999; Migeon, 2000), and numerous sedi-
ment failures and flows are notable in its northern part (Mulder
et al., 2003). It is dissected by channels shifting progressively
southwestward. Some of the most active channels (e.g., Gil
Eanes in Fig. 3) terminate as small sandy lobes.

(3) The channels and ridges sector, in which the structural heritage
controls the seafloor morphology and, hence, the MOW pathway.

(4) The contourite-deposition sector located west, along the
Spanish slope. This area is characterised by fine-grained elon-
gate mounded and sheeted contourite drifts (Faugères et al.,
1984, 1985a, 1999; Stow et al., 1986; Llave et al., 2001; Llave,
2003; Hernández-Molina et al., 2003).

(5) The submarine canyon sector, where the morphology of the
western part of the Gulf of Cadiz is dominated by erosional
features (canyons, valleys and channels) trending perpendic-
ularly to the coast. In most of this area, the MOW rises above
the seafloor. Where the MOW flows along the seafloor (upper
continental slope, Fig. 1), it is too weak to impact substantially
the seafloor morphology, thus downslope processes dominate
there (Mulder et al., 2006).

This tectonic and morphologic overview shows that several
processes that are classically identified to trigger seafloor
Fig. 8. EM 300 bathymetric map showing retrogressive failure scars on the steep slope of the
location. Isobaths are every 20 m.
landsliding are identified in the Gulf of Cadiz; high sedimentation
rates in the eastern part due to high MOW activity, steep slopes in
the western part due to the presence of deep structures, presence of
erosion by deep currents and seismic activity.

3. Materials and methods

Bathymetric and acoustic imaging data were collected during
the CADISAR 1 and 2 cruises aboard the RV Le Suroı̂t in August 2001
and September 2004, respectively. The Cadisar 1 cruise was dedi-
cated to study of the eastern part of the gulf of Cadiz (Mulder et al.,
2002, 2003). The Cadisar 2 cruise was dedicated to study of the
western part of the Gulf of Cadiz (Mulder et al., 2006). Multibeam
sonar bathymetric data were acquired with a multibeam SIMRAD
EM 300 system. This system operates at a frequency of 30 kHz and
a maximum angle of 150�, the swath width varying between 300
and 5000 m at water depths of 100 and 5000 m, respectively. Ship
speed was 5–5.5 knots. Data acquisition with the high-resolution
deep-towed acoustic system SAR was made at a ship speed of 2–
2.2 knots.

During the two cruises, acoustic data were corrected for salinity
and density effects using 8 CTDs (SBE19 probes) and 120 ther-
moprobes (Sippican). The top of 46 Kullenberg piston cores and
three USNEL box cores were used to measure grain size and assist
interpretation of the acoustic imagery. Fifty-three Kullenberg cores
were collected during the two cruises; three are presented in this
Albufeira High. Location of cores CADI2KS22, CADI2KS23 and CADI2KS24. See Fig. 4 for
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study. Core CADI2KS22 was collected in the Portimão Valley
(36�21.40N/8�33.220W) and cores CADI2KS23 and CADI2KS24 were
collected on the north side of the Albufeira High (36�170N/8�36.60W
and 36�16.200N/8�38.200W, respectively).

4. Results

4.1. Giant contourite levee

Several types of structures are observed on the bathymetric high
bordering the main MOW channel, at the edge of a giant contourite
levee (Figs. 4 and 5). The most common are failure scars and
sediment waves. The failure scars are small (approximately 1 km
wide by 1–4 km long). Their morphologies correspond to those
described by Prior and Coleman (1979) on the Mississippi delta
front: rounded to bottleneck in plan view (Fig. 5). SAR image of
a rounded slump scar (Fig. 6) shows extensional ridges forming on
the slump body, downslope of the main scar. The rest of the sedi-
mentary levee is covered with sediment waves.

4.2. Channel bends

The acoustic imagery (Figs. 4 and 7) along the external part of
a bend of a MOW channel shows two large areas of low reflectivity
associated with lobate structures diverging between 25� and 90�

from the direction of the channel side and then following the
direction of the local slope.

The first area is centred at 7�W; 35�550N, on the left side of the
main channel bend (Fig. 7A). The second is centred at 7�450W;
36�030W, on the left side of the Cadiz Channel (Fig. 7B).

4.2.1. Flanks of the bathymetric highs
Spectacular sediment failures are located along the Portimão

Valley, on the north flank of the Albufeira High (Figs. 4 and 8). The
Fig. 9. X-ray photograph of core CADI2KS23 showing the top of more than 4 m of mud
breccia (slump deposit) overlain by the base of more than 3 m of fine-grained bio-
turbated sediments (hemipelagites). See Fig. 8 for location.
average slope at this location is 6.2�. The failed structures are half-
rounded and slightly elongate and parallel to the dip direction of
the flank of the bathymetric high. The scars have a concave-up
shape and are approximately 2–3 km long and 2 km wide. On the
bathymetric map, they correspond to a bathymetric step of several
tens of metres in elevation representing the height of the slump
head wall. Similar but coalescing arcuate scars are clearly visible in
the eastern part of Fig. 8. The slumps have coaled, and adjacent
scars tend to merge one with the other, with scars located upslope
on the valley flank.

Kullenberg gravity cores were collected both within the body of
the failure mass (CADI2KS23) and outside the failure (CADI2KS24)
Fig. 10. EM 300 bathymetry (A) and reflectivity map (B) showing slump scars on the
flank of the Bartolome Dias drift. (C) Transverse bathymetric profile through the
retrogressive slump scars. See Fig. 4 for location.
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(see Fig. 8 for core locations). The core collected away from the
slump shows undisturbed fine-grained sediments. The core
collected within the slumped body shows a mud breccia (Fig. 9).
Decimetre-scale dark clasts of consolidated mud are surrounded by
a lighter-coloured, fine-grained muddy matrix. This breccia is over
4 m-thick. It is overlain by 3 m of fine-grained, highly bioturbated
mud. Similar failures forming bathymetric steps are present along
side of planaltos or drifts (Figs. 4 and 10). Along the Cadiz Ridge,
slumps are associated upslope to undulations that could corre-
spond either to extensional structures at the head of the failure or
to creep structures (Figs. 4 and 11).

The deep canyons and most of the valleys located in the north
part of the Gulf of Cadiz show steep flanks with numerous gullies,
forming classic badland morphology (Figs. 4 and 12). This
morphology is typical of other canyon systems incising over-
consolidated ancient deposits (e.g., Bay of Biscay, Bourillet et al.,
2003; Mulder et al., 1997; Field et al., 1999 Normark et al., 2004;
Bohamon and Gardner, 2004). It is particularly clearly visible on the
flanks of the Portimão Canyon and Valley, and in all its tributary
valleys. At these locations, slopes are very steep (6�–13�).

4.2.2. Continental slope
A large-scale scar-like feature is located south of the Sagres drift

(Figs. 4 and 13). This structure is approximately 10 km long by
12 km wide, with an average slope of 4.5�. The continental shelf is
characterised by ridges that are more than 10 km long and that
extend perpendicular to the slope and parallel to the margin. On
the continental slope, it is characterised by several bathymetric
steps (escarpments) facing downslope, with a head wall varying
between 50 and more than 100 m (Fig. 13b). At water depths
Fig. 11. EM 300 bathymetry (A) and reflectivity map (B) showing slumps on the flank of the C
extensional deformation. See Fig. 4 for location.
exceeding 1850 m, the structure opens on a wide U-shaped valley
parallel to the Lagos Valley and merging with the Portimão Valley.

5. Discussion

5.1. Recognition of seafloor instability

Discriminating seafloor instability and constructed sedimentary
features can be difficult (Migeon, 2000; Migeon et al., 2001). In
some cases, the seafloor structures are the result of the interaction
of both deformation and sedimentation (Faugères et al., 2002).

In Fig. 6, the direction of the crest of sediment waves is different
of the direction of extensional ridges. The size of both objects is also
different. In addition, the direction of sediment waves is consistent
with the direction of MOW spilling from the main MOW channel.
Unfortunately, the accuracy of bathymetry and acoustic imagery
does not always allow discrimination between interpreting them as
sediment deformation or primary sedimentary structures. The use
of very detailed seafloor imagery such as SAR images (Fig. 6) or the
use of high-resolution seismic to investigate the structure and
geometry of the waves is necessary.

5.2. Mechanisms triggering seafloor instability

5.2.1. Influence of steep slopes
Most seafloor failures are located in areas having steep slopes

(>4�), such as the flanks of the Portimão Canyon and Valley and
neighbouring valleys, or the sides of bathymetric highs. At these
locations, erosion and by-pass processes allow the consolidated
sediments to crop out. Progressive erosion of the side of canyons
adiz Ridge. Upslope, failures are related to undulations interpreted either as creeping or



Fig. 12. Bathymetric map of the Portimão Canyon and neighbouring valleys. Note the
typical badland morphology of the sidewalls suggesting intense gravitational erosion.
See Fig. 4 for location.

Fig. 13. (A) EM 300 bathymetric map of the sediment undulations along the Sagres drift.
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and valleys by channelized gravity flows (including high-energy
turbidity currents) generates slope oversteepening. Channel walls
thus fail by retrogression, generating gullies and creating the
observed badlands morphology. This phenomenon is accentuated
in canyons and channel meanders. On the external side of
a meander, the energy of the channelized flow is higher than on the
inner side. Consequently, erosion is more intense on the outer side,
and catastrophic erosion is more frequent. Slope failures therefore
generate topographic highs (terraces) along the inner side of the
meander. Such a terrace with sharp boundaries is observed on the
side of the Portimão Canyon at N36�450; W8�320 (Figs. 4 and 12). It
could result from a large mass-wasting event.

Along bathymetric highs, steep slopes are the main trigger
parameter. Instabilities observed along the Albufeira High towards
the Portimão Valley (Fig. 8) are unlikely triggered by erosional
processes carving the toe of the Albufeira High. At this location, the
Portimão Valley is very large and the slope of the valley floor is very
smooth. Consequently, channelized flows probably have very low
energy. However, the coalescence of slump scars suggests again
a retrogressive process.

The top of the continental slope represents one of the prefer-
ential areas where failures occur. The wavy structures observed
along the Sagres Drift (Fig. 13A) could result from either sediment
deformation or sediment deposition (Faugères et al., 2002; Wynn
and Stow, 2002a). Five kinds of evidence suggest that they are likely
due to deformation: (1) they are located at the shelf break, and (2)
on the edge of the Sagres contourite drift, suggesting that the
sedimentation rate is high, (3) the MOW has low energy at this
location, (4) the crest of the elongate wavy structures are oriented
E–W suggesting a N–S current (the MOW flows alongslope), and (5)
the slope there is dipping more gently than in adjacent areas
located just on the east, where badlands morphology has devel-
oped. This observation suggests that the slope has been smoothed
locally by a large-scale event that has erased the badlands
morphology.
See Fig. 4 for location. (B) 3D view of the escarpment at the toe of the undulations.
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5.2.2. Influence of the sedimentation rate
Sediment mass failures are frequently located in areas where

sediment-accumulation rates are high, which increases the gravi-
tational load (overloading). In addition, where sediments are fine
grained, as in contourite drifts, the pore-fluid pressure dissipates
slowly, generating excess pore-fluid pressure. The giant contourite
levee fed by the MOW is rapidly formed because of sediment input
from the proximal Guadalquivir and Guadiana rivers that flow
southeastward along the Iberian coast (Figs. 1 and 3). The main
supply of the MOW occurs just west of the straight of Gibraltar
(Nelson et al., 1999) at the entrance of the main MOW channel. The
presence of fields of fine-grained sediment waves (Fig. 4) is
consistent with high sedimentation rates at this location (Kenyon
et al., 2002; Wynn and Stow, 2002b).

Channel bends are also locations for preferential sediment
deposition. When the MOW is channelized, its energy increases.
When a curve is encountered, the centrifugal force deflects the
MOW to the outer side of the bend (Fig. 7). The MOW overspills the
channel side as would a classic turbidity current (Hiscott et al.,
1997). The presence of sediments having low reflectivity on the
outer side of the bend indicates that high sedimentation rates,
producing apparently underconsolidated sediment deposits. Once
it has spilled, the current speed rapidly diminishes and particles
settle. Close to the channel, these underconsolidated sediments
tend to flow in the spill direction. Further away, the flow direction
rapidly turns to the direction of the local slope (Fig. 7).

5.2.3. Influence of the MOW
The MOW is active throughout the study area in water depth

below 1200–1400 m. Its activity is clearly visible on the backside of
Fig. 14. EM 300 bathymetry (A) and reflectivity map (B) showing a slu
the contourite levee, where sediment waves are present. These waves
are associated with structures associated with deformation (Figs. 4–
6). In this part of the gulf, the effect of the constant shearing of the
MOW along the seafloor could add up to the contribution of gravity
forces and increase erosion. Coincident high sedimentation rates
could induce sediment failures and flows. In addition, true sediment
waves could initiate slow deformation (creeping) by sediment
loading and generate multi-process sediment waves similar to those
described by Faugères et al. (2002) in the Bay of Biscay.

5.2.4. Influence of seismicity
Seismicity is frequently invoked as responsible for slope failures

in deep-sea environments (Almagor and Wisenam, 1977, 1982).
Usually, earthquakes add to classic gravitational forces by gener-
ating horizontal and vertical ground accelerations, while simulta-
neously increasing the pore-fluid pressure. In the Gulf of Cadiz,
seismicity is low and mainly located in neighbouring areas: the
Azores-Gibraltar Fault, the Gorringe Bank and the boundaries of the
accretionary wedge. Because no earthquake epicentres are located
near our study area, we assume that only large-magnitude earth-
quakes having their epicentre located outside our study area could
have release seismic energy great enough to trigger large-scale
slope instabilities within the Gulf. The existence of a deep blocked
subduction (Gutscher et al., 2002, 2009) generating rare, but very
high-magnitude, earthquakes is consistent with earthquake-trig-
gered instabilities in the Gulf of Cadiz.

5.2.5. Influence of deep fluids
The influence of upward migration of deep fluids has been

demonstrated in several areas in the world. For example, the north
mp on the flank of the Lolita mud volcano. See Fig. 4 for location.



Fig. 15. Synthetic 3D diagram showing the different instabilities observed in the Gulf and the inferred dominant triggering factor.
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part of the Storegga slide in Norway was triggered by a phase
change of gas hydrates (Mienert et al., 1998). Pockmarks are
frequently associated with canyon and valley heads (e.g., Zaire, Le
Moigne, 1999; Cirac et al., 2001; Gonthier et al., 2006) and could
either direct the propagation of retrogressive failures along deep
seepage lines or be the consequence of early stage of retrogressive
destabilisation. In the Gulf of Cadiz fluid-escape structures are
mainly mud volcanoes. The only instabilities that have been related
to these structures are slides, slumps and mud flows along the
flanks of these volcanoes (Figs. 4 and 14).
5.3. Other products of slope instability

Slope instabilities were recognized on the basis of the presence
of scars on the seafloor, allowing localizing failures and flowing
initiation. However, the recurrence of failures has been recorded
also by interbedded deposits resulting from a sediment failure
transformation. As an initial failed mass moves downslope, it
accelerates and incorporates water. Under particular conditions, it
may evolve into a diluted flow (debris or grain flow, depending on
the nature of the matrix), hyperconcentrated and concentrated
flows (Mulder and Alexander, 2001) and finally, low-concentration,
turbulent flows. All these process generate deposits that are origi-
nally related to slope failure.

We identified several turbidites in a sediment core collected on
the bottom of seafloor valleys (CADI2KS22, see Fig. 8 for location).
These allow determination of the frequency of failure. In addition,
we also noticed small sedimentary lobes within the larger MOW
channels (Fig. 14). These are made of clean coarse silt and sand
produced by mass-flow deposits (Habgood et al., 2003). The lobes
might have originated at the distal western edge of the sedimen-
tary levee or along bathymetric highs bordering these channels,
such as salt diapirs.
6. Conclusions

Our study shows evidence for several kinds of mass-wasting
processes in the Gulf of Cadiz (Fig. 15). Their width and length both
vary from 1 to more than 10 km. Instabilities are located in steep-
slope areas, including channel flanks, valleys sides, the upper
continental slope, the outer part of channel bends and one giant
contourite levee.

The main triggering processes are probably slope oversteepening
and high sedimentation rates (sediment overloading). The constant
shearing by the MOW flow may have contributed to trigger failures at
water depths less than 1200–1400 m. Seismicity could also generate
failures but likely only when very high-magnitude earthquakes occur
in high seismicity prone neighbouring areas. Fig. 15 shows an inter-
pretative 3D diagram showing the preferential area of slope insta-
bility in the Gulf and how processes act or interact to trigger these
failures. The frequency of failures can be estimated using the obser-
vation of deposits resulting of their distal transformations such as
turbidites, given age control with sufficient resolution.
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