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General outline of the thesis

The text of this thesis is structured as follows: Chapter 1 provides a general
introduction of the study, starting with a brief overview of mass sediment transport processes.
The main objectives of the thesis are then outlined, followed by an introduction to the
regional setting of the study areas and their geological significance for the study objectives.
The data and methods employed for the study are then discussed with more details provided
for the seismic data acquisition and the processing methods used. The main research findings
of the thesis are presented in three individual manuscripts which form Chapters 2, 3 and 4.
Finally, Chapter 5 which is the last chapter, summarises the main conclusions of this research
and also presents suggestions for future work. Brief outlines of the three manuscripts are

presented below:

Chapter 2: Morphology, seismic characteristics and development of Cap Timiris
Canyon, offshore Mauritania: a newly discovered canyon preserved off a major arid
climatic region. Andrew A. Antobreh, Sebastian Krastel. Marine and Petroleum Geology (in
Press, accepted 10 June 2005).

In Chapter 2 a combined interpretation of Hydrosweep swath bathymetry and high
resolution multi-channel seismic reflection data is used to investigate the development of Cap
Timiris Canyon. The detailed study of canyon morphology and seismic structure has allowed
a closer examination of the processes leading to canyon formation as well as the role the
canyon has played in the sediment dynamics of the margin. The study suggests a possible link
between canyon development and a potential major fluvial system which flowed in the
adjacent land, and this is discussed with the view to providing a new framework for

understanding the paleo-climatic evolution of the adjacent Sahara Desert since Neogene time.

Chapter 3: Mauritania Slide Complex: morphology, seismic characterisation and

processes of formation Andrew A. Antobreh, Sebastian Krastel
To be submitted to International Journal of Earth Sciences.

Chapter 3 describes and analyses in detail the main morphological elements of
Mauritania Slide Complex based on recently acquired Parasound sediment echosounder data
and high resolution multi-channel seismic reflection data. The data have afforded a better
framework for studying the slide which is more complex than previously reported. The spatial

and temporal relationships between the main slide morphological elements as well as factors



i

governing slide mobility and geometry have been discussed. The study also investigates slide

pre-conditioning and potential trigger mechanisms for slide development.

Chapter 4: Sedimentation processes along the slope and rise offshore Uruguay inferred
from reconnaissance high resolution seismic reflection survey

Andrew A. Antobreh, Sebastian Krastel and Volkhard Spie. To be submitted to Marine

Geology

In Chapter 4, reconnaissance high resolution multichannel seismic reflection data are
used to investigate sedimentation processes in the slope and rise areas of the Uruguayan
margin. The margin is characterised by extensive mass sediment movements resulting from
sediment failures in the slope area. The types of gravity-driven processes are identified and
the causes of sediment instabilities examined. The processes of mass sediment movement are

investigated and discussed in relation to sea level fluctuations and bottom current circulation.
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Chapter 1 1

1 General Introduction
1.1 Processes of mass sediment transport: a brief overview

Submarine mass sediment transport events have been recognised globally as important
geological events responsible for moving large volumes of sediments from shelf and slope
areas into the deep sea, as well as shaping most continental margins, e.g. the eastern Scotian
margin (Piper and Ingram, 2003), the New Jersey continental margin (McHugh et al., 2002),
the Norwegian-Greenland Sea continental margins (Vorren et al., 1998) and the northwest
African continental margin (Weaver et al., 2000; Wynn et al., 2000). Consequently, they
provide very useful indications about the prevailing dynamic sedimentary conditions in an
area. In addition, because of their widespread and often episodic nature, mass sediment
transport events are perceived as being important components of the modern stratigraphic
record, and have been studied in connection with global climatic cycles, including sea level
changes (e.g. McHugh et al., 2002).

Submarine slope failures give rise to a variety of gravity-driven sediment flow
processes whose end members are generally recognised as slides, slumps, debris flows and
turbidity currents (Fig.1.1). The definitions of theses terms as well as their usage have been
discussed by several authors (e.g., Dingle, 1977; Embley and Jacobi, 1977; Bates and
Jackson, 1987; McHugh et al., 2002). Under this context, the term ‘slide’ applies to any mass
or block that moves downslope on a planar glide plane or shear surface and which shows no
internal deformation (Dingle, 1977; McHugh et al., 2002). The term ‘slump’ refers to any
block that moves downslope on a concave-up glide plane or shear surface and undergoes
rotational movement causing minimal to substantial internal deformation. Thus, whereas
slides are characterised by translational movement, slumps on the other hand represent
rotational movement. On moving downslope, a slide block may break up into a number of
smaller blocks of various sizes through brittle deformation forming a ‘debris slide’ (McHugh
et al.,, 2002). The term ‘debris flow’ refers to an incoherent sediment mass containing
abundant coarse grained material which is transported downslope via laminar flow (Bates and
Jackson, 1987). Motion in debris flows is supported by matrix strength (Elverhoi et al., 2000).
Further downslope, debris flows may evolve into turbidity currents as the flow assumes
turbulent flow behaviour (Fig. 1.1).

As a further clarification of terminology, the term °‘slide’ has also been used
extensively in literature (e.g. Hampton et al., 1996; Canals et al., 2004b; Wynn et al., 2000;
Bryn et al., 2005) to refer to submarine landslides, which involve the mass movement of

sediments resulting from large-scale slope failures. In this thesis the term ‘slide’ has been
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Figure 1.1: Schematic diagram showing end-member types of gravity-driven depositional processes that
transport sediment into the deep sea (after McHugh et al., 2002)

variously applied both as an end member gravity-driven process (as earlier defined), and also
to refer to submarine landslides where appropriate. Along many Atlantic margins, the most
conspicuous mechanisms through which remobilized submarine mass sediments are
transported into the deep sea occur in the form of channelised sediment flows, where the
sediments are funnelled into canyon systems and transported downslope as slides/slumps,
debris flows and turbidity currents, or as submarine landslides which are commonly

associated with large-scale sediments failures in open slope environments.

1.1.1 Submarine canyons as mass sediment drainage systems

Submarine canyons have been recognised globally on both convergent and divergent
continental margins (e.g. Lewis and Barnes, 1999; Laursen and Normark, 2002; Babonneau et
al., 2002; McHugh et al., 2002) as important sediment drainage systems for transporting mass
sediments from slope and shelf areas into the deep sea. Consequently, canyons have been
studied as important archives for documenting the sedimentation process history of an area
(e.g. Bouma, 2001; Damuth, 1994). Furthermore, canyons are increasingly being studied as
modern analogues for deepwater hydrocarbon reservoirs because they are often associated
with sand-rich turbidites (Clark and Pickering, 1996; Posamentier, 2003; Abreu et al., 2003).

Along most Atlantic continental margins, submarine canyon systems are easily
recognised as narrow submarine valleys that deeply incise shelf and slope areas, often
extending several kilometres in length into the deep sea e.g. the NW African margin (Rona,

1971; Jacobi and Hayes, 1982; Weaver et al., 2000; Wynn et al., 2000) and the South Atlantic
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Figure 1.2: Bathymetric contour map of the Zaire Fan showing the canyon and channel segments as well as
variations in cross-sectional morphology from the river mouth to the distal lobe on the lower fan (after
Babonneau et al., 2002)

margins (Lonardi and Ewing, 1971; Damuth, 1994). Submarine canyons commonly display
many fluvial features including tributaries, meander and braided patterns, as well as terraces.
They typically appear V-shaped in profile (Fig.1.2), and are often incised into bedrock
(Damuth, 1994; Hagen et al., 1994).

Submarine canyons are primarily erosive features, and are dominated by sediment
transport processes (Stow and Mayall., 2000). In deeper waters, the canyons may pass into
channel systems as sediment deposition begins to dominate (Stow and Mayall., 2000;
Barboneau et al., 2002; Canals et al., 2004a). The transition from canyon segment to channel
segment in canyon-channel systems is typically characterised by the development of channel
levees along channel flanks (Fig. 1.2). The channels are generally shallower and U-shaped. At
their deep sea terminations, canyon-channel systems are characterised by the development of
submarine fans. The large spatial extent of submarine fan systems, e.g. the Amazon Fan
(Damuth and Kumar, 1975), the Bengal Fan (Curray, 1994) and the Mississippi Fan (Weimer,
1991), provides clear evidence of the importance of submarine canyons as efficient conduits
for moving large sediment materials from shelf and slope areas into the deep sea.

Several hypotheses have been advanced to explain the origin of submarine canyons,

and these are mostly associated with mass sediment flows as well as turbidity currents and
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bottom currents (e.g. Lonardi and Ewing, 1971; Damuth and Kumar, 1975). The origin of
many passive margin submarine canyons, e.g. Amazon Canyon, Monterrey Canyon and Zaire
Canyon, has been traced to major terrestrial river systems which were able to erode their way
across an emergent shelf during major periods of glacial sea level lowstand in order to deliver
their load directly into the slope areas and beyond (Damuth and Kumar 1975; McHugh et al.,
1998). Such submarine canyons are believed to have been most active during past periods of
sea level lowstands, since they were then coupled to the river systems, and hence received
direct supplies of terrigenous sediment discharges (Damuth, 1994; Hagen et al., 1994;
Babonneau et al., 2002).

In addition to receiving sediments directly from connecting fluvial point sources,
submarine canyons may also trap sediments transported by along slope currents as well as
offshore wind-blown sediments. Often steep canyon walls become unstable and fail into the
canyons thereby introducing slide/slump and debris flow materials which are incorporated
into the canyon mainstream for downslope transport. This process is the most common cause
of canyon widening (Posamentier, 2003). Tectonic activities and earthquakes are also known
to temporarily initiate renewed turbidity flow activities within canyons, even during stages of
canyon inactivity, as documented by the 1755 Lisbon earthquake which triggered massive
turbidity currents along the Setubal Canyon (Thomson and Weaver, 1994).

In spite of the large strides made in marine geophysical research over the last few
decades, several large submarine canyons may, however, still remain undocumented and
hidden from detection. This is evidenced by, for example, the recent discovery of a large
submarine meandering canyon off Mauritania, the Cap Timiris Canyon, which is one of the

central themes of this study.

1.1.2 Submarine slides as processes of open slope mass sediment transport

Submarine slides (also known as submarine landslides) have been defined as the
downward and outward movement of slope-forming materials, wherein shear failure occurs
along one or several surfaces (Hampton et al., 1996; Weaver et al., 2000). The phenomena
may involve a complexity of large slope failures, and may typically include elements of
sliding, slumping and debris flows (Hampton et al., 1996; Wynn et al., 2000; Canals et al.,
2004Db).

Slides occur globally (Fig. 1.3) and affect all types of continental margins including
passive, e.g. the eastern Scotian margin (Piper and Ingram, 2003), the New Jersey continental

margin (McHugh et al., 2002) and the Norwegian-Greenland Sea continental margins (Bugge,
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e giant landslides
on continental margins

hydro-carbon
exploration frontiers

Figure 1.3: Global distribution of major submarine landslides on continental margins and location of frontier
areas of hydrocarbon exploration (after Stow et al., 2000)

1983; Vorren et al., 1998) as well as active margins, e.g. NE Mediterranean Sea (Lykousis et
al., 2002) and Japan Sea (Lee et al., 1996). They have been recognised in various areal
dimensions ranging from relatively smaller slides <1000 km?, e.g. the Afen Slide off
northwest of Shetlands Islands (Wilson et al., 2004) and the Gebra Slide off the Trinity
Peninsula margin, Antarctica (Imbo et al., 2003) to giant slides affecting areas > 10 000 km?,
e.g. the Canary Slide (Canals et al., 2004b) and the Storegga Slide off western Norway
(Bugge, 1983; Haflidason et al., 2004, Canals et al., 2004b). Slides, therefore, constitute one
of the most important mechanisms for mass sediment movement from shelf and slope areas
into the deep sea, and also play a very important role in the evolution of submarine landscape
(Hampton et al., 1996; McAdoo et al., 2000).

Submarine slides constitute a major geo-hazard to coastal settlements because of their
potential to displace large volumes of water, and thus generate or amplify destructive tsunami
waves (Dawson, 1999; Fryer et al., 2003; Trifunac et al., 2003; Fine et al., 2004). As interest
of the oil industry extends further into deeper waters, a good understanding of processes of
submarine slide development has become increasingly imperative, especially, in geo-hazard
assessment studies for engineering and environmental projects required for offshore economic
resource exploitation and installations (Baraza et al., 1999, Piper and Ingram, 2003). Another
reason why the study of slides is important for the oil industry is because slides are capable of
significantly affecting the architectural characteristics, and hence sedimentological properties

of channel systems and channel-levee complexes associated with potential deep sea
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Figure 1.4: Schematic representations of the
different stages of a submarine slide formation
from slope failure to turbidite deposition (after
Bryn et al., 2005)

hydrocarbon reservoirs (Barley, 1999; Lastras et al., 2004). Consequently, major efforts have
in recent years been dedicated towards understanding the dynamics, triggering mechanisms
and products of submarine slides e.g. the COSTA Project (Canals et al.., 2004b) and the
several studies connected with large slides on the Norwegian margin (e.g. Bugge, 1983;
Laberg and Vorren, 2000; Haflidason et al., 2004).

A number of studies (e.g. Varnes, 1958; Hampton et al., 1996 and Canals et al.,
2004b) have documented and discussed the main features that characterise submarine slides.
Slides are typically recognised by the presence of a headwall scar at the upper part of a
rupture surface where the sediment failure occurred and downslope mass sediment movement
began. The displaced slide material may remain intact, deformed or break up into discrete
blocks which may disintegrate completely into a debris flow and subsequently into turbidity
currents (Fig. 1.4). Seismic interpretations of submarine slides (e.g. Lykousis et al., 2002;
Lastras et al., 2004; Haflidason et al., 2004) show that headwall scars commonly occur as
steep truncations in the well-layered slope stratigraphy (Fig. 1.5). The resulting debris flow
deposits are acoustically identified by their transparent to chaotic internal reflections which
are typically distinctive from surrounding well-layered sediments. Their upper surfaces are
commonly characterised by hyperbolic or irregular reflections, often becoming hummocky
and smoothening out in more distal parts. Individual debris flow units may assume various
shapes and sizes ranging from small lenses to extensive sheet-like as well as massive bodies.
The seismic characterisation of slides is, however, often complicated by variability in the
sliding processes arising mainly from slide pre-conditioning geological controls (Hampton et
al., 1996; Canals, 2004b).

When submarine slides result from slope failures in lithologically homogeneous

sediment the rupture surface is often concave upward and the slide is termed a ‘rotational
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Figure 1.5: Air-gun seismic profile showing the appearance and characteristics of a slide from the North Aegean
trough (Mediterranean) (modified after Lykousis et al., 2002). Headwall scar debris (SLD) at the foot of the scar

(SC), glide plane (GP), slab slide (SLB) and the lower part of the slide (SLP) showing chaotic and hyperbolic
reflectors.

slide’. However, many slope sediments are inhomogeneous and have bedded weak layers
which may control sediment failures and give rise to ‘translational slide’, characterised by a
planar rupture surface. Yet still, slides may commonly develop from a series of slope failures
that are initiated from downslope and progress upslope to give rise to ‘retrogressive slides’.

A number of different factors have been cited as the immediate trigger mechanisms
responsible for initiating submarine slide formation. These include, among others,
earthquakes, sediment loading, excess pore pressures, gas hydrates, sea level fluctuations,
diapirism and tectonic movements, or a combination of two or more of the factors (Hampton
et al., 1996; Hiihnerbach et al., 2004; Canals et al., 2004b). Though slope oversteepening may
also constitute a potential trigger mechanism for sediment failure (e.g. Klaucke and Cochonat,
1999; Canals et al., 2004b), most submarine slides have been shown to occur on very low to
moderately steep slopes between 2° - 5° or even <2° (McAdoo et al., 2000; Hiihnerbach et al.,
2004, Canals, 2004b), thus suggesting that slope angles in general do not provide a good

indication about a margin’s susceptibility to sliding.
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1. 2 Main objectives of study

The present study investigates mass sediment transport processes based primarily on
hydro-acoustic (Hydrosweep swath bathymetry and Parasound sediment echosounder) and
high resolution multi-channel seismic reflection data acquired from two geologically unique
Atlantic margin high productivity regions:

(1) off Mauritania, located on the eastern Atlantic margin of NW Africa (Fig. 6), and

(i1) off Uruguay, on the southwest Atlantic margin of South America (Fig. 1.7).

The data were acquired during two different expeditions by RV Meteor Cruises M49/2 and
MS58/1 offshore South America in February 2001 and NW Africa in April/May 200,3
respectively.

The main study objectives of the thesis include:

(1) to identify and seismically characterise the various forms of mass sediment
movements in the high productivity regions, particularly submarine slides and
canyon systems and their main morphological components, ,

(i)  to map their spatial and, if possible, temporal extent,

(i)  to determine the causes and triggers of the mass sediment movement events,

(iv)  to evaluate the role of the events in the sedimentation process history of the
various regions, and

(v) to evaluate their significance with respect to the morphological and oceanic
boundary conditions in high productivity systems as well as their relationships
with paleo-climatic events.

Studying geologically recent events have the advantage of being much better
constrained than older events in terms of resulting morphologies, deposits, dynamics, impacts
and ages (Canals et al., 2004b). As the selected study areas offer good potential for studying
geologically recent mass transport events (Lonardi and Ewing, 1971; Weaver et al., 2000;
Wynn et al., 2000, Hensen et al., 2003), the investigations should be well suited for achieving
the main objectives of the thesis. The main results are intended to be integrated into other
research findings within the interdisciplinary Project C2 of the Research Center Ocean
Margins (RCOM), University of Bremen, with the aim of establishing a complete picture of
mass transfer in high productivity regions, including their transport pathways as well as

spatial and temporal relationships.
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1.3 Setting and geological significance of the selected study areas

The selected study areas, i.e. the Mauritanian margin and the Uruguayan margin, are
both strongly influenced by high rates of sediment accumulation related to oceanic high
productivity leading to extensive mass sediment movement processes. However, the two areas
exhibit marked differences in regional setting. For example, whereas the Mauritanian margin
is strongly influenced by hyper-arid climatic conditions and additionally receives huge
quantities of offshore wind-blown aeolian sediments, the Uruguayan margin is a fluvial-
dominated margin and currently the site of huge quantities of terrigenous fluvial discharges.

As these are poorly surveyed areas, current knowledge about the sedimentary
dynamics in the areas are limited, having been largely derived from more regional based
studies (e.g. Lonardi and Ewing, 1971; Jacobi and Hayes, 1982; Klaus and Ledbetter, 1988).
The following brief introduction of the geological and oceanographic setting of the selected
areas is intended to highlight the geological significance of the study areas for achieving the

study objectives.

1.3.1 The NE Atlantic margin off Mauritania

The Mauritanian margin is located off the Sahara Desert, a presently major arid
climatic region and currently receives no significant fluvial sediment input (Fig. 1.6).
However, major mass sediment movement events involving submarine canyon processes and
slide formation have been documented along the margin (Rona, 1971; Jacobi, 1976; Jacobi
and Hayes, 1982; Wynn et al., 2000). The margin has been the site of large sediment
accumulations mainly from upwelling-induced sedimentation and offshore wind-blown
aeolian sediment sources from the adjoining Sahara Desert (Sarnthein et al., 1982; Weaver et
al., 2000). Previous studies of the margin (e.g. Rona, 1971; Jacobi, 1976; Jacobi and Hayes
1982, Wynn et al., 2000) showed the presence of areas of intense canyon processes which
alternate with large scale slide development along the margin. However, as the mass sediment
movement processes have not been adequately surveyed, they have remained poorly
understood.

The Mauritanian margin lies within the Senegal Mauritania Basin, the largest of a
series of marginal basins emplaced along the NW African margin during the Mesozoic
opening of the Atlantic ocean (Jansa and Wiedmann, 1982). The basin is filled by a thick
succession of Mesozoic-Cenozoic terrigenous to shallow marine sediments known to attain
maximum depths of more than 10 km below the lower slope off Mauritania (Wissmann,

1982). The shelf width is typically between 25-50 km, but widens up to >100 km immediately
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to the north of Cap Timiris following a sharp seaward offset of the shelf edge (Fig. 1.6). The
shelf break occurs at water depth of 50 — 100 m from where it passes into the slope with
gradient typically between 1° - 3° | but which locally reaches up to 6° north of Cap Timiris.
The entire continental rise off Mauritania is very broad, and occurs at water depths of 2000 —

3000 m. Off Cap Timiris, and northwards, the slope and rise areas are characterised by several
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Figure 1.6: General bathymetry of NW African continental margin (Gebco, 2003) showing the location of the study areas
along the Mauritanian margin (shown in two boxes) in relation to regional structure and bathymetry (contours at 500 m
intervals). RV Meteor Cruise M58/1 track lines are shown in yellow lines. OFZ = oceanic fracture zones, MOR = Mid
Oceanic Ridge, CVI = Cape Verde Islands, CVR = Cape Verde Rise, CTC = Cap Timiris Canyon.

seamounts and basement highs (Jacobi and Hayes, 1982; Wynn et al., 2000). In the south, the
rise is dominated by the extensive Cape Verde Rise (Fig. 1.6) which gradually elevates into
the Cape Verde Islands at its crest. The region is dissected by several E-W trending oceanic
fracture zones some of which are thought to have continental extensions to the margin
(Wissmann, 1982).

As demonstrated by Vorosmarty et al. (2002) through a study of potential paleo-
drainage patterns off NW Africa, the Cap Timiris area possibly constituted the estuary of a
major ancient river which is now extinct, hence suggesting that parts of the margin may have

previously been supplied with significant terrigenous fluvial sediments. In addition the mouth
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of the Senegal River is believed to have been located near 18° 30’N during Miocene/Pliocene
time, where it discharged large quantities of sediment thought to have triggered salt
halokinesis (Wissmann, 1982) in the area. The mouth of the river has since migrated
southwards to its present location near latitude 16°05°N, i.e. at the boundary between
Mauritania and Senegal. As most of the sediment discharges into the coast by the river are
swept southwards by nearshore currents (Seibold and Hinz, 1974), the river is currently
unlikely to contribute significantly to sediment inputs into the Mauritanian margin.

The current regime along the outer shelf and slope of the Mauritanian margin, i.e., at
<200 m water depth, is controlled by the southward-flowing Canary Current. Off Cap Blanc,
the current splits up into two, as the dominant fraction is diverted towards the southwest
whilst the remaining fraction continues further south to form the Guinea Current (Sarnthein et
al., 1982). The Canary Current is underlain by the northward-flowing South Atlantic Central
Water (SACW) which operates between ~150 — 400 m water depth. This current system is in
turn underlain by the southward-flowing North Atlantic Central Water (NACW) which
operates down to ~600 — 700 m water depth.

Though the deeper waters are less well studied (Sarnthein et al., 1982; Longdale,
1982), they are thought to be controlled by the southward-flowing North Atlantic Deep Water
(NADW), which operates down to ~3500 — 4000 m water depths, and the underlying
northward-flowing Antarctic Bottom Water (AABW). Present current velocities of the deep
waters are thought to be generally weak, i.e. 1-6 cm/s, but they are known to increase
significantly up to ~20 cm/s in areas where current circulation is topographically constricted
(Lonsdale, 1982).

Though upwelling activities are mainly dominant along the outer shelf and shelf edge,
they may locally extend offshore for hundreds of kilometres (Van camp et al., 1991; Gabric et
al., 1993). The resulting biogenic sediment material is mainly deposited on the upper and
mid-slope areas at water depths of ~1000 — 1500 m (Fiitterer, 1983) where sedimentation rates

may attain ~10 — 20 cm/1000 yr (Martinez et al., 1999).

1.3.2 The SW Atlantic margin off Uruguay

The Uruguayan margin is located near the estuary of the Rio de la Plata, and hence a strongly
river-dominated margin (Fig. 1.7). Huge quantities of terrigenous sediments discharged into
the South Atlantic by the Rio de la Plata are swept northwards from the estuary by longshore
currents, and deposited at the Uruguayan continental shelf and slope (Lonardi and Ewing,

1971, Spiess et. al., 2002). The high rate of sediment accumulation is able to retain high
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amount of water leading to low sediment rigidity. In addition, the margin is the site of high
primary productivity and organic sedimentation arising from prevailing dynamic conditions in
the surface waters (Behrenfeld and Falkowski, 1997; Hensen et al., 2003). Consequently, the
Uruguayan margin is characterized by sediment instabilities and extensive mass sediment
movement processes (Klaus and Ledbetter, 1988; Spiess et. al., 2002). Klaus and Ledbetter
(1988) identified large mass flow deposits east of the Rio de la Plata and the adjacent abyssal
plain based on their interpretations of 3.5 kHz echograms in their regional study of deep-sea
sedimentary processes in the Argentine Basin. Furthermore, interpretations of Parasound
sediment echosounder data from the area (e.g. Bleil et al.,1994; Hensen et al., 2003) also
suggested frequent and extensive downslope mass movements of near-surface sediments in
the margin.

70W 65'W 60°W 55°W 50'W 45w 40'W
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Figure 1.7: General bathymetry of SW Atlantic continental margin (Gebco, 2003) showing the location of the
study area along the Uruguayan margin (shown in box). Contours are at 500 m intervals. RV Meteor Cruise
M49/2 track lines are shown in yellow lines. RP = Rio de la Plata estuary. Blue lines = location of major rivers.

Structurally, the Uruguayan margin is situated at the northwestern part of the
continental rim of the extensive Argentine Basin. The physiography and sedimentary structure

of the margin have been described by Lonardi and Ewing (1971) and Ewing and Lonardi
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(1971). The width of the shelf offshore Uruguay is <150 km but it gradually increases up to
more than 300 km south of 38° S (Fig. 1.7). The shelf break occurs at 130 — 150 m water
depth from where it passes into a broad slope which becomes even broader northwards along
the margin. The slope gradient is typically between 1° - 2.5°, but may locally increase to
between 3° - 3.5°. The continental rise is characterised by a low to gentle gradient and it
occurs from below ~2900 m water depth. Several canyons incise the slope and rise off the Rio
de la Plata.

The Uruguayan margin is set within one of the most dynamically active regions of the
South Atlantic, i.e. the confluence region of intensely mixing oceanic currents (Fig. 1.7)
where the northward-flowing cold Antarctic water masses of the Falkland (Malvinas) Current
meet the southward-flowing warm and saline tropical waters of the Brazil Current (Peterson
and Stramma, 1991). The front separating these mixing water masses, which also controls the
dynamics of the upper-level current regimes, currently migrates between 32° and 40° S in
response to the relative strengths of the currents (Olson et al., 1988). The intense mixing leads
to increases in current velocities extending to the seafloor, and at the same time give rise to
high primary productivity (Antoine et al., 1996; Peterson et al., 1996). The increased current
velocities are also thought to be the main cause for the winnowing and re-distribution of the
large volumes of terrigenous sediment supplied to the Uruguayan margin by the Rio de la
Plata (Peterson et al., 1996).

The confluence region is also set within the crossroads of a number of major deep-
water masses including the northward-flowing Antarctic Intermediate Water (AAIW) and the
southward-flowing North Atlantic Deep Water (NADW) which operates between 500 — 4000
m water depths. The Antarctic Bottom Water (AABW) which forms a strong deep-water
circulation gyre centred around the Argentine Basin, controls the current regime from water

depths below 3800 — 4000 m (Reid, 1989; Flood and Shor, 1988; von Lom-Keil et al., 2002).

1.4 Data and Methods

Data used in this thesis are based mainly on Hydrosweep swath bathymetry,
Parasound sediment echosounder and high resolution multi-channel seismic reflection (MCS)
data acquired during two separate cruises: R/V Meteor Cruises M49/2, off Uruguay in
February 2001, and M58/1 off NW Africa in April/May 2003 (Figs. 6, 7). The research
expeditions were undertaken by the University of Bremen. In general, systems for collecting
all three data types were operated simultaneously in each of the two cruises during seismic

profiling. Altogether, the amount of data processed and analysed for this study comprises
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some 1000 km length of bathymetry data and more than 2,400 km length of Parasound and

seismic profiles.

1.4.1 The Hydrosweep swath bathymetry system

The Hydrosweep swath bathymetric system is a hull-mounted multibeam echosounder
which is permanently installed on the R/V Meteor. The system generates 59 pre-formed
acoustic beams for sampling the seafloor at a frequency of 15.5 kHz. The beams are
transmitted over an angle of 90°, and thus allows the system to map a seabed swath of width
equal to two times the water depth (Grant and Schreiber, 1990). The system is able to
suppress refraction effects on the outer beams by employing a patented calibration process
which compares depth values of the central and outer beams in order to calculate a mean
sound velocity from the best fit between the two values. The mean velocity is then used for all
depth computations, hence minimizing residual errors to values less than 0.5% of water depth.

The bathymetry data was processed using the public domain software Multibeam
System (Caress and Chayes, 1996) which has both automatic and interactive editing tools for
correcting navigation data as well as depth values. After the automatic tools had been used to
remove all bad outer beams and abnormal depth values, the time-intensive interactive editing
was then carried out to delete any remaining artefacts. Following processing, the data were
gridded and then imaged as contour plots using the public domain software package, GMT

(Wessel and Smith, 1998).

1.4.2 The Parasound sediment echosounder system

The Parasound system (Grant and Schreiber, 1990) is a high frequency sediment
echosounder which, like the Hydrosweep system, is also hull-mounted and permanently
installed on the R/V Meteor. The system utilizes the so-called parametric effect through the
emission of two high amplitude, high frequency sound waves in order to generate an
operational secondary sound wave of the difference frequency which lies between 2.5 — 5.5
kHz. This secondary sound wave is focused within an emission cone of 4° opening angle, and
consequently results in a footprint diameter of ~7% of the water depth, thereby affording a
better horizontal resolution than conventional 3.5 kHz systems. In addition, the broader signal
bandwith of the system provides a better vertical resolution, which is in the order of a few
decimeters. Depending on the type of sediment and attenuation, depth of penetration may
vary between 0 - 200 m. The system is compensated for roll, pitch and heave as a means of

ensuring vertical sound emission. The Parasound data were digitally recorded using the
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ParaDigMA acquisition system (Spiess, 1993) and then stored in a compressed SEGY format
for further processing. A band pass frequency filter of 2.0 — 6.0 kHz was applied during

processing before display.

1.4.3 The Bremen high resolution multi-channel seismic (MCS) reflection system

The multi-channel seismic reflection system of the University of Bremen has been
specially designed to acquire high-resolution seismic data through optimizing all system
components and procedural parameters. An outline of the system used during RV Meteor

Cruise M58/1 (Fig. 1.8) is provided as an example.

1.4.3.1 Data acquisition

During both cruises, the MCS data were acquired using a 1.7 1 GI-Gun as the primary
seismic source and a 0.16 1 Watergun as a secondary source. However, in the case of M49/2 a
0.4 1 GI-Gun was in use as a third seismic source as well. The Watergun and the GI-Guns
were operated in an alternating mode at different frequencies of 200 — 1600 Hz and 100 — 500
Hz respectively, with a high pressure air of 150 bar (2150 PSI). During M49/2 Cruise, the
guns were triggered at a time interval between 9 - 11.5 s. With an average ship speed of 6.0 —
6.5 knots, a shot distance of ~30 — 38 m between shots was obtained for the Watergun while
the shot distance for the individual GI-Guns was twice this distance because both GI-Guns
were recorded with the same recording unit.. In the case of M58/1 Cruise, the average ship
speed was 6 knots and the guns were shot every 9 — 10 s leading to a distance of 28 — 31 m
between shots of the same source.

An oil-filled Syntron streamer, equipped with separately programmable hydrophone
subgroups, was employed to receive the seismic signals. During cruise M49/2 the streamer
had a lead-in cable of 30 m length and a stretch section of 100 m length as well as six active
sections each 100 m long. The hydrophone subgroups were assigned different lengths in order
to optimize resolution and bandwith of the received signals and also to avoid destructive
interferences. During the cruise, 48 groups, each with a length of 6.25 m and a group spacing
of 12.5 m, were employed for recording the GI-Gun data while another 48 channels with a
length of ~2m and a group spacing of 12.5m were used for recording the Watergun data. The
streamer was attached with 5 Multi Trak and 5 DigiBird Remote Units (RUs) each equipped
with adjustable wings which were remotely controlled with a PC-based control unit to
maintain the streamer at 3 m water depth. In the case of M58/1 Cruise, the streamer had a

lead-in cable of 45 m length connected to a stretch section of 50 m length which was then
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Figure 1.8: Outline of the high resolution multi-channel seismic data acquisition system used during RV Meteor
Cruise M58/1 (after Shultz, H.D. and cruise participants, 2003)

followed by nine active sections each of 50 m length. 36 channels each were used for
recording the GI-GUN and Watergun data, respectively. The setup of the channels (group
spacing and length) was identical to the values given above for cruise M49/2. The streamer
was attached with only 5 DigiBird RUs, though one did not function most of the time. Again
the RUs were remotely operated to keep the Syntron steamer at 3 m water depth.

The data were digitally recorded using two separate 48-channel recording units: a
Jupiter/ITI/Bison seismograph for the GI-Gun data and a Bison Spectra seismograph for the
Watergun data. The Jupiter/ITI/Bison seismograph allows online display of data (shot gather)
as well as demultiplexing and data storage in SEG-Y format. During both cruises the GI-Gun
data were recorded at a sampling frequency of 4 kHz for 3 s time. Pre-amplifiers were set to
48 dB and low-cut filters to 4 Hz. Though all 48 channels were written on tape, in the case of

M358/2 no data was available for the last 12 channels, as only 36 channels were used.
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The Bison Spectra has the same essential features as the first unit and was specially
designed for the University of Bremen. It permits a continuous operation mode for acquiring
very high-resolution seismic data (sampling with up to 20 kHz). The recording unit also
allows online display of data (shot gather) as well as demultiplexing and data storage in SEG-
Y format. During both cruises the Watergun data were recorded at a sampling frequency of 8
kHz over a recording length of 1.5 s. Pre-amplifiers were set to 60 dB, and analogue filters to

16 Hz (low-cut) and 2000 Hz (high-cut). The data were stored on DLT 4000 cartridge tapes.

1.4.3.2 Data processing and display

The MCS data were processed using a combination of ‘in-house’ softwares, developed
at the University of Bremen, and the commercial ‘Vista’ (Seismic Image Software Ltd.)
software. Only data sets for the 1.7 1 GI-Gun were completely processed and then analysed
for the study as they afforded deeper penetration and reasonably good resolution of the
sedimentary features within the upper ~600 m (800 ms TWT) of the upper sedimentary cover.

As a first step geometry processing was carried out using a University of Bremen
custom software package (Ziihlsdorff, 1999) for CDP-sorting and static correction of the
seismic data in order to account for both lateral and vertical movements of the streamer. The
input data included: (i) shot number and time information, (ii) navigation data, (ii1) depth data
of the birds, and (iv) heading data of the birds. The algorithm initially involved a time
interpolation to resample all data to the same time interval. The navigation and heading data
were then applied to calculate reflection midpoints between source and receiver positions for
each trace. The CDP’s were then defined as small circles(bins) with distinct sizes and
distances along the cruise track. Each reflection midpoint was next assigned to one CDP bin
with the minimum distance to the center of the bin. Consequently, a CDP number was
determined for each shot and recording number. This was followed by calculation of static
correction time for each trace based on the lateral linear interpolation of depth information of
the birds for each receiver. ‘Vista’ (Seismic Image Software Ltd.) software was then utilised
for the main data processing.

The static correction time and CDP number data were exported into ‘Vista’ and then
written into the trace headers of each record. Delay corrections were then applied to the data
followed by velocity analysis to establish stacking velocities for NMO corrections and CDP-
stacking. However, it emerged during the initial velocity analyses that a constant velocity of
1500 m/s could be applied for most of the data processing as the data were mostly collected

from deep water environments (>1000 m water depths) using a relatively short streamer
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length. A CMP spacing of 10 m was applied throughout for the data sets leading mostly to 8-
10 and 7-8 fold coverages for the M49/2 and M58/1 seismic profiles respectively. The stacked
sections were filtered with a bandpass frequency filter (frequency content: 55/110 — 600/800).
The sections were time migrated and then muted. Finally, the commercial software package,
Kingdom Suite (Seismic Micro Technology, Inc.) was used to display and interpret the

sections.
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2 Morphology, seismic characteristics and development of Cap Timiris
Canyon, offshore Mauritania: a newly discovered canyon preserved off a

major arid climatic region.

Andrew A. Antobreh and Sebastian Krastel

Marine and Petroleum Geology (in Press, accepted 10 June 2005)

2.1 Abstract

We employ a combined interpretation of Hydrosweep swath bathymetry and high resolution
multi-channel seismic reflection data to investigate the development of Cap Timiris Canyon, a
newly discovered submarine canyon offshore Mauritania. The dominantly V-shaped and
deeply entrenched canyon exhibits many fluvial features including dendritic and meander
patterns, cut-off loops and terraces, and is presently incising. Distal meander patterns,
confined within a narrow fault-controlled corridor, show several stages of evolution, the latest
of which is dominated by a down-system meander-loop migration. Terraces exhibit a variety
of internal structures suggesting they originated through different processes including
sliding/slumping, uplift-induced incision and lateral accretion. We ascribe canyon origin to an
ancient river system in the adjacent presently arid Sahara Desert that breached the shelf
during a Plio/Pleistocene sea level lowstand and delivered sediment directly into the slope
area. Our data suggest that the initial invading unchannelised sheet of sand-rich turbidity
flows initiated canyon formation by gradually mobilizing along linear seafloor depressions
and fault-controlled zones of weakness. We propose that the development of canyon
morphology and structure was influenced by the stages of active flow of the coupling river
system, and hence could act as a proxy for understanding the paleo-climatic evolution of a

‘green’ Sahara since Plio/Pleistocene times.

Keywords: submarine canyon, meander, terraces
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2.2 Introduction

The Eastern Atlantic continental margin of Northwest Africa is known to be deeply
incised by a number of submarine canyon systems (Jacobi and Hayes, 1982; Wissmann, 1982;
Weaver et al., 2000). In addition, the margin, particularly between 15°N and 26°N, is
characterised by extensive mass wasting processes, though it receives no significant fluvial
input (Weaver et al., 2000; Wynn et al., 2000), as the adjacent land is dominated by the
Sahara Desert, a presently major arid climatic zone. A number of upwelling cells, prevalent
along the margin, is believed to give rise to high rates of sediment accumulation along the
upper slope and shelf edge areas resulting in the large-scale, but infrequent mass sediment
movements (Sarnthein et al., 1982; Weaver et al., 2000).

The importance of submarine canyons as preferred pathways for downslope mass
sediment transport, notably slides, slumps, debris flows and turbidity currents, from shallow-
marine to deep-marine environments, has been recognised in both convergent and divergent
continental margin settings (e.g. Lewis and Barnes, 1999; Laursen and Normark, 2002;
Babonneau et al., 2002; McHugh et al., 2002), and has been the subject of intense studies in
recent years. Apart from constituting an important archive for documenting the sedimentation
process history of an area, submarine canyons are also studied as modern analogues for
deepwater hydrocarbon reservoirs because of their association with sand-rich turbidites (Clark
and Pickering, 1996; Stow and Mayall, 2000; Posamentier, 2003).

The origin of many passive margin submarine canyons, e.g. Amazon Canyon,
Monterrey Canyon and Zaire Canyon, has been linked to major terrestrial river systems which
were able to erode their way across an emergent shelf during major periods of glacial sea
level lowstand in order to deliver their load directly into the slope areas and beyond (Damuth
and Kumar 1975; Flood et. al., 1991; McHugh et al., 1998). Such submarine canyons are
believed to have been most active during past periods of sea level lowstands, since they were
then coupled to the river systems, and hence received direct supplies of terrigenous sediment
discharges (Damuth, 1994; Hagen et al., 1994; Babonneau et al., 2002). Detailed studies of
such canyons could therefore provide useful information about the stages of active flow of the
connecting river system, and hence the paleo-climatic evolution of the adjacent land over a
period of time (Bouma, 2001; Krastel et al. 2004). Knowledge of the physical processes
governing sediment transport and depositional processes within submarine canyon systems, as
well as in their vicinities, has advanced considerably through detailed studies of the
morphological characteristics and structural features of canyons. This has largely been

achieved through the use of improved bathymetric mapping methods together with modern
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high resolution seismic data acquisition and processing techniques (Cirac et al., 2001; Laursen
and Normark, 2002; Posamentier and Kolla, 2003).

The development of the canyon systems offshore northwest Africa and the role they
have played in the sediment dynamics of the region appear to have received very little
attention. Furthermore, to the best of our knowledge, no study has attempted to investigate
any links between the development of canyons in the region and the climatic evolution of the
adjacent land, which is dominated by the expansive arid Sahara Desert. Except a few of the
major canyon systems that have been studied and recognised as important turbidity current
pathways (e.g. Jacobi and Hayes, 1982; Weaver et al., 2000; Wynn et al., 2000), only little
information is available on most of the canyons in the region. Wissmann (1982) has presented
some seismic profiles, with age calibrations, from the upper reaches of the Tioulit Canyon,
offshore central Mauritania (Fig. 2.1). However, indentations in bathymetric contours
offshore the Mauritanian margin provide indications of the possible existence of several major
canyon systems along the margin that remain undocumented (Rona, 1971; Wissmann, 1982).
During an expedition to northwest Africa in April 2003 by RV Meteor Cruise M58/1, under
the auspices of the Research Center Ocean Margins (RCOM) of the University of Bremen, a
large submarine canyon system located off northern Mauritania, and close to the latitude of
Cap Timiris, was discovered by a Hydrosweep swath bathymetric system (Krastel et al.,
2004). The canyon, named Cap Timiris Canyon by the cruise, was subsequently surveyed
with detailed high resolution seismic profiling.

In this study, we employ a combined analysis of swath bathymetric multibeam
echosounder data and a high resolution multi-channel seismic reflection (MCS) survey in
order to document for the first time the detailed morphology and structural characteristics of
Cap Timiris Canyon. This study aims to provide insights into the development of the Cap
Timiris Canyon system as it evolved through time, and the role it has played in the
sedimentation process history of the high production region of the continental margin offshore
Mauritania. Furthermore, the study will investigate any possible link of the canyon to a
terrestrial river system, and how the development of the canyon has been influenced by the
flow characteristics of the river. By so doing, we hope to provide a new framework for

studying the climatic evolution of the adjacent desert region in the last few millions of years.



Chapter 2 26

Figure 2.1: General bathymetry of NW African continental margin (Gebco, 2003) showing the location of Cap Timiris
Canyon (study area, in box) in relation to regional structure and bathymetry (contours at 500 m intervals). RV Meteor
Cruise M58/1 track lines are shown in solid black lines. The entire margin is deeply incised by submarine canyons,
manifested as indentations in, e.g. the 2000 m contours. Cap Timiris Canyon is located close to a prominent seaward
offset of the shelf edge. The location of this prominent offset of the shelf break presumably coincides with the
continental prolongation of a major oceanic fracture zone. OFZ = oceanic fracture zones, MOR = Mid Oceanic
Ridge, CVI= Cape Verde Islands, CVR = Cape Verde Rise, AP = Arguin Platform, DCT = distal Cap Timiris Canyon.

2.3 Geological setting
2.3.1 Margin physiography

Cap Timiris Canyon is located off northern Mauritania, close to the latitude of Cap
Timiris, i.e. 19°22° N (Fig. 2.1). The continental margin off Mauritania, from the south up to
off Cap Timiris, in the north, is characterised by a relatively narrow shelf that is 30 - 40 km
wide and a moderately steep slope of 2.5 — 3°. The shelf break occurs at a water depth of 50 -
80 m. Just off north of Cap Timiris, a sudden seaward offset in the shelf break leads to a
considerable widening of the shelf (up to about 80 - 100 km) expressed by the shallow Arguin
Platform, and accompanied by a steepening of the slope up to about 6°. The locations of
prominent offsets of the shelf break along the West African continental margin are thought to
coincide with the continental prolongations of major oceanic fracture zones (Fig. 2.2; Jacobi
and Hayes, 1982; Wissmann, 1982). The shelf and upper slope areas are incised by a number
of submarine canyons and gullies which appear to coalesce downslope into major canyon

systems.
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Figure 2.2: Seismic reflection profile VALDIVIA 79-26 recorded across the continental extension of the Kane
Fracture Zone (modified after Wissmann, 1982). The profile strikes N-S, slightly to the east of longitude 18°W, and
lies off the margin between Cap Timiris and Cap Blanc (see Fig. 2.1 for location). The profile is cut by several small-
offset deep-seated vertical faults which reach across Tertiary sediments. Notice that The Kane Fracture Zone
extension lies directly below what appears to be a depressed zone on the seafloor.
The entire continental rise off Mauritania is very broad, and occurs at water depths of
2500 — 3000 m. Off Cap Timiris, and northwards, the slope and rise areas are characterised by
several seamounts and basement highs (Jacobi and Hayes, 1982). The complex seafloor
topography arising from the emplacement of the seamounts and fracture zone ridges, is
believed to have considerably influenced sedimentation processes on the margin (Jacobi and
Hayes, 1982; Wynn et al., 2000). In the south, the rise is dominated by the extensive Cape
Verde Rise, a prominent bathymetric swell about 1000 km in diameter and dissected by
several WNW-ESE trending fracture zones (e.g. Williams et al., 1986), which gradually

elevates into the Cape Verde Islands at its crest (Fig. 2.1). Oceanic fracture zones in the

region are known to be dominated by right-lateral transform faults (Garfunkel, 1986).

2.3.2 Structural setting and stratigraphy

Structurally, Cap Timiris Canyon is located within, but close to, the northern boundary
of the Mesozoic-Cenozoic Senegal Mauritania Basin which is known to have both onshore
and offshore extensions (Wissmann, 1982). The Senegal Mauritania Basin is one of the series
of marginal basins emplaced along the Northwest African margin in response to the Mesozoic
opening of the Atlantic ocean (Jansa and Wiedmann, 1982; Wissmann, 1982), and it has been
divided into several N-S oriented sub-basins by a series of long-lived crustal scale East-West
bound faults some of which may be associated with oceanic fracture zones or transform faults
(Brown, 2002). The basin is filled by a thick succession of Mesozoic-Cenozoic terrigenous to
shallow marine sediments which attain maximum depths of more than 10 km below the lower

continental slope off Mauritania (Wissmann, 1982).
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Wissmann (1982) has presented the structural development and stratigraphy of the
Senegal Mauritania Basin. The oldest units comprise Early Triassic terrigenous clastic rift
sediments deposited within local depocenters, and overlain by a thick sequence of late stage
syn-rift evaporites deposited in a restricted marine environment. Post-rift sedimentation was
dominated by the deposition of a continuous succession of an up to 4 km thick regionally
extensive carbonate platform during Jurassic to Cenomanian times. During this period,
terrestrial input to the shelf was largely curtailed until Aptian time when a tectonic uplift of
the margin led to the development of a series of deltaic wedges that prograded across the shelf
and buried the Mesozoic carbonate platform.

By Early Tertiary time, a transgressing epicontinental sea had flooded nearly the entire
basin resulting in the deposition of another carbonate platform on the shelf. This was followed
again by a regressive interval characterised by another sediment progradation in the Neogene.
A tectonic event, especially in Miocene and Early Quaternary times, led to another crustal
uplift which culminated in the formation of several small depocenters within the basin. This
was accompanied by intense volcanism and the construction of volcanic islands, including the
Cape Verde group of islands, and seamounts in the slope and rise areas. Earliest indications of
mass wasting processes along the slope are recognised by the presence of slumps and
turbidites observed in Early Miocene deposits. After a prevalent tropical climate on the
margin during the Middle Eocene, a more arid condition began to emerge during the end of
Eocene and within Oligocene time. With the end of the Tertiary humid climate, a long period
of arid Quaternary sedimentation emerged known as the ‘Continental terminal’ formation

(Jansa and Wiedmann, 1982; Wissmann, 1982).

2.3.3 Onshore Quaternary coastal geology and Paleoclimate

Onshore, near the Mauritanian coast, the ‘Continental terminal’ formation of the
Senegal Mauritania Basin is overlain by a succession of marine Quaternary sediments of the
Mauritania Quaternary Basin which, in turn, is now buried by widespread aeolian
accumulations (Wissman, 1982; Giresse et al., 2000). The Mauritania Quaternary Basin was
initiated as a large marine gulf in Early Pleistocene. Until Holocene time, however, the basin
underwent a progressive reduction in size as a result of sedimentation dominated by several
periods of alternating marine transgression and regression events (Giresse et al., 2000). These
intervals were synchronous with severe climatic variations during which two opposite
extreme humid and dry climatic conditions rapidly alternated in response to shifts of the

Sahara arid zone (Diester-Haass and Chamley, 1982).
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During the humid intervals, which occurred under the regime of sea level highstands,
the sea invaded the flat coastal lowlands, and extended several tens of kilometres inland as
large marine gulfs, creating irregular coastlines and the formation of lakes and sebkhas in
interdunal depressions. The humid stages, particularly during the Late Quaternary, recorded
the most intense upwelling activity (Diester-Haass and Chamley, 1982). The intervening dry
intervals, which generally prevailed during stages of sea level lowstands, were accompanied
by periods of sea regression during which aeolian sand was introduced into the shelf
environment as sand dunes, mainly by wind sediment transport and coastal redistribution
(Diester-Haass and Chamley, 1982; Barusseau et al., 1995). The longest of the dry intervals is
thought to have occurred in the Early Pleistocene (Diester-Haass and Chamley, 1982). Since
the recent Quaternary, the shoreline of the interdunal depressions has been obstructed by
extensive littoral sand barriers that have developed as a result of reworking by the sea during

the post-glacial transgressive intervals (Barusseau et al., 1995).

2.4 Data and Methods

The Hydrosweep and MCS data used for this study were simultaneously acquired
during R/V Meteor Cruise M58/1 in April 2003. The data were collected as part of a larger
marine geophysical survey undertaken by the Research Center Ocean Margins (RCOM) of the
University of Bremen to study upwelling and sedimentation processes offshore northwest
Africa.

The Hydrosweep swath bathymetric system is a hull-mounted multibeam echosounder
which generates 59 pre-formed acoustic beams at a frequency of 15.5 kHz. The beams are
transmitted over 90°, thus allowing the system to map a seabed swath of width equal to two
times the water depth. Depth information provided by Hydrosweep is based on a patented
calibration process designed to minimize depth errors to less than 0.5% of water depth. The
public domain softwares Multibeam System (Caress and Chayes, 1996) and Generic Mapping
Tools (Wessel and Smith, 1998) were employed for processing and presentation of the
bathymetric data.

The seismic source used for acquiring the MCS data was a 1.7 1 GI-Gun shot at a
distance of ~25 m. The gun operation employed a high air pressure of 150 bar (2150 PSI).
The data were received by a 450-m-long Syntron streamer equipped with separately
programmable hydrophone subgroups. For recording the seismic data, we used 36 groups of
6.25 m length at a group distance of 12.5 m. The data were digitally recorded at a sampling

frequency of 4 kHz over 3 s time intervals. Positioning was based on GPS (Global Positioning
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System). Processing of the MCS data was carried out using a combination of ‘in-house’ and
the ‘Vista’ (Seismic Image Software Ltd) softwares. Standard seismic processing procedures
employed included trace editing, setting up geometry, static and delay corrections, velocity
analysis, normal moveout corrections, bandpass frequency filtering (frequency content:
55/110 - 600/800 Hz), stack and time migration. A CMP spacing of 10 m was applied
throughout.

2.5 Morphological characteristics

A total length of ~290 km of Cap Timiris Canyon along its meandering channel axis,
from the shelf edge, at water depths of ~50 m down to the continental rise at a water depth of
about 3050 m, was mapped with the Hydrosweep swath bathymetry system. However, it can
easily be inferred from the Hydrosweep bathymetric chart (Fig. 2.3) that the canyon continues
beyond this most distal surveyed point. The GEBCO data (GEBCO, 2003) also shows that
Cap Timiris Canyon extends for hundreds of kilometres into the deep sea (Fig. 2.1). The
bathymetry (Fig. 2.3) clearly reveals a meandering submarine canyon system, with an overall
sinuosity of 1.4 (locally attaining a maximum of 4.2, but including linear segments), that
displays many features similar to a sub-aerial fluvial system including tributaries, meander
patterns, a cut-off loop and terraces. Most of the factors that influence the morphological
development of sub-aerial fluvial systems, e.g. channel gradient, flow discharge and bedload
to suspension load ratio of the flows (Schumm et al., 1987), are known to rightly apply to
submarine canyons (Hagen et al., 1994; Klaucke and Hesse, 1996; Pirmez and Imran, 2003).

2.5.1 General Morphology

The course of Cap Timiris canyon displays two distinct trends. From its head region in
the shelf edge and upper slope areas, the canyon shows an initial NE-SW course. However,
just on entering the continental rise at about 2850 m water depth, it is sharply diverted to a
predominantly E-W direction for the rest of its flow into the deep sea (Fig. 2.3). This abrupt
shift in course of the canyon allows us to describe the canyon’s morphological features under
two main domains: (i) the upper Cap Timiris Canyon, which starts from the shelf edge at
about 50 m water depth and ends in the lower slope area at about 2850 m water depth, and (ii)
the lower Cap Timiris canyon, which extends from the continental rise seawards to the end of

the mapped segment.
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2.5.1.1 Upper Cap Timiris Canyon

The bathymetry (Fig. 2.3) shows that the head region of the Cap Timiris Canyon is
defined by several tributary canyons and gullies which deeply incise the shelf edge and upper
slope areas in a dendritic pattern. These tributaries feed sediments into two larger canyons
which coalesce at an acute angle on the upper slope, at about 2100 m water depth, to
constitute the main canyon. About 20 km downslope from this confluence, another tributary
canyon, apparently originating from the north-northeast, joins the main canyon at about 2400
m water depth as it heads further downslope towards the continental rise. From the first
confluence in the upper slope downstream to about 2500 m water depth, the canyon displays
irregular meanders characterised by varying radii of curvature with an average sinuosity of
~1.5.

A series of canyon axial profiles (Fig. 2.4, profiles A to F) generated from the
Hydrosweep bathymetry data, clearly reveals the V- as well as U-shaped cross-sectional
morphology of this segment of the Upper Canyon which deeply incises the upper slope with
relief attaining 460 m and widths from 1.2 to 5.1 km. The canyon walls are generally very
steep, and display terraces in varying levels. Downstream to about 2500 m water depth, the
meander pattern abruptly gives way to a segment of extensive canyon widening characterised
by a series of two small elongated basins, about 10 and 25 km long, and both up to 7.5 km
wide, and connected by a narrow constriction of the original canyon width. The distinctive
morphological features exhibited by this part of the canyon are more clearly shown by a
close-up bathymetry of the basins in Fig. 2.3 (Box A). Profiles across the basins (Fig. 2.4,
profiles G, H and I) show an almost U-shaped cross-sectional canyon morphology with
broadened floor which, in places, displays multiple thalwegs and terraces. Canyon relief
decreases in this segment to an average of 175 m. Further downstream to about 2750 m water
depth, the canyon exits from the downslope end of the lower basin by abruptly reverting to its
original relatively narrow average width, and once again assumes its irregular meander pattern
and V-shaped cross sectional morphology (Fig. 2.4, profiles J, K, and L) as it enters the lower

canyon segment.

2.5.1.2 Lower Cap Timiris Canyon

The lower reaches of Cap Timiris Canyon, starting immediately from where it
undergoes an abrupt E-W diversion in course down to the most distal surveyed point, is
characterised by a highly variable meander pattern. Right after being sharply deflected in the

continental rise, i.e. at about 2850 m water depth, the canyon segment assumes a very
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Figure 2.4: Representative cross-sectional bathymetric profiles across Cap Timiris Canyon generated from
Hydrosweep bathymetry data. The profiles are oriented perpendicular to the canyon axis, and their locations are
shown in the above box. Profiles from the shelf edge could not be displayed because of inadequate coverage in the
steep area by the Hydrosweep system.
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irregular meander pattern, including a distinctive tortuous meander pattern and a cut-off
meander loop, over a distance of about 60 km. The tortuous meander is characterised by large
and tight irregular loops giving a high sinuosity of 4.2 over a channel length of about 40 km
between two points T1 and T2 (Fig. 2.3, Box B), the highest for the entire canyon. Along the
irregular meander segment, the canyon remains relatively narrow with widths averaging ~2.2
km, and maintains its general V-shaped cross section (Fig. 2.4, profiles M, N, O and P).
Canyon relief is, in places however, drastically reduced to below 100 m, e.g. within the highly
sinuous portion. Here, terrace development is generally poor to absent.

Downslope of the cut-off loop, i.e. which is cut by seismic line GeoB03-024 (Fig. 2.3),
the canyon flows linearly for about 5 km and then, once again, assumes an irregular meander
pattern which progressively reduces in radii of curvature until it enters into another linear
stretch for about 12 km. Thereafter, the canyon begins to meander in a quite regular pattern
with long wavelengths and very low amplitudes confined within a 3 to 5 km wide band. As it
continues further downstream, the canyon finally makes two short sharp bends, first to the
north for about 15 km, and then to the WNW-ESE direction for another 25 km, before re-
orienting to its dominant E-W direction in the most distal part, just where it is joined by a
smaller tributary canyon. The bathymetry shows that this tributary canyon, which apparently
originates from the NE-SW direction is, initially, strongly meandering upstream. However,
quite like the main canyon, its downstream segment abruptly shifts course to a linear direction
sub-parallel to the distinctive E-W segment of the main canyon, including its linear reaches,
before reaching the confluence. Axial bathymetric profiles crossing the distal reaches of the
main canyon (Fig. 2.4, profiles S to Y) and the smaller tributary canyons (Fig. 2.4, profiles W
and X) show that both canyons are characterised by V-shaped as well as trough-like cross
sectional morphologies. The main canyon displays widths varying between 1.5 to 5 km, and is
characterised by a progressively increasing entrenchment with relief attaining ~300 m in the
most distal parts. The tributary canyon is relatively narrower and has widths ranging from 1.2
to 2.5 km, with relief up to 250 m. The walls of the main canyon are here characterised by
terraces which, as more clearly shown by a close-up bathymetry of the distal canyon (Fig. 2.3,
Box C) and the axial bathymetric profiles (Fig. 2.4, profiles S to X), generally alternate on
both sides of the deeply entrenched thalweg.

2.5.2 Longitudinal depth profiles and variations in canyon relief
Several bathymetric profiles generated from the Hydrosweep bathymetry data at axial
channel lengths of between 2 to 5 km were used to plot longitudinal depth profiles along Cap
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Figure 2.5: (a) Longitidunal depth profiles along Cap Timiris Canyon. The depth profile along the axis of the thalweg
is denoted by CTC (solid black line). Profile NCR (solid grey line) represents the depth profile plotted along the
northern canyon rim/levee crests, whilst the profile plotted along the southern canyon rim/levee crests is denoted by
SCR (long broken lines). (b) Relief profile of Cap Timiris Canyon plotted along the thalweg of the canyon. The starting
point for plotting the profiles in both (a) and (b) was taken at ~6 km upslope from the location of Profile GeoB03-044
along the main canyon (see Fig. 2.3) and is ~10 km seaward from the shelf edge.

Timiris Canyon thalweg and also the canyon rim/levee crests (Fig. 2.5a). The depth profile,
i.e. the longitudinal profile of the thalweg, displays a generally smooth and concave-up curve
with very steep gradient, up to 2.8° over a short segment of the upper section of the canyon to
the shelf edge, which progressively becomes gentler downstream, over a much longer
segment, to <1° in the distal reaches. On a smaller scale, however, the profile is observed to
be punctuated by several knickpoints, which appear to be concentrated in two main areas.

The first group is located in the upper canyon domain between 48 and 125 km (Fig.
2.5a), and is made up of two prominent knickpoints with gently sloping flanks, measuring up
to 20 km in width. The second group, made up of knickpoints which are densely concentrated
between 225 and 270 km in the distal part of the canyon, shows relatively smaller shapes, up

to 5 km broad, and more steepness on their flanks. The longitudinal profiles of the northern
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and southern canyon rims/levee crests when overlaid on each other (Fig. 2.5a), do not provide
any indication to suggest continuously enhanced levee development in any particular direction
of canyon bank.

The canyon relief profile (Fig. 2.5b) shows that from a maximum of 460 m near the
shelf edge, the relief decreases to about 175 m over 48 km, and oscillates around this as an
average value downstream for about 160 km. Just after this point, there is a sudden drop in
relief again attaining a minimum of 70 m at 175 km, before the relief starts to increase sharply

downstream, attaining a maximum of 300 m around 260 km.

2.6 Seismic structure

Our interpretation of the dense grid of seismic data covering the entire surveyed length
of the canyon, i.e. from the shelf edge to the most distal part in the continental rise, has
afforded us a detailed characterization of the structure of Cap Timiris Canyon. Here, we
present a series of six representative seismic strike profiles selected from across the head
region down to the distal parts of the canyon, in order to highlight the varying structural
features along the canyon system. The locations of the presented profiles are shown in Fig.

2.3.

2.6.1 The Upper Cap Timiris Canyon

Profile GeoB03-044 (Fig. 2.6) was recorded across the upper slope, shelf edge and the
outer shelf areas of the continental margin, and cuts obliquely across the canyon system in the
head region. The northern canyon clearly reaches into the shelf edge where it is seen to
truncate undisturbed outer shelf sediments imaged as parallel, flat-lying low to medium
amplitude reflectors. The upper slope area shows a thick wedge of sediments seismically
characterised by parallel to sub-parallel, commonly disjointed, very low amplitude reflection
packages. The reflectors (marked blue in Fig. 2.6) are truncated in several places by what
appear to be sediment glide planes and a system of growth faults.

Downslope, the sediments increase in both thickness and scale of deformation, and are
deeply carved by the main canyon and its southern tributary. Here, the sediments exhibit
medium to high amplitude reflectors, and are faulted in several places especially in the
proximities of the main canyon and its southern tributary. The thalweg of the canyons shows
deposits of low amplitude, chaotic reflections, which may be interpreted as slumps derived
from the steep, unstable canyon walls. An acoustically transparent and uplifted structure,

visible south of Shot Point 1000 and below 2150 ms TWT (top marked as red reflector in the
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seismic section), is interpreted as an emerging, probably mud, diapiric field. This feature
underlies sediments which display small basins and anticlinal structures on the seafloor,
particularly, south of Shot Point 800.

In Profile GeoB03-042 (Fig. 2.7), shot further downslope, the main canyon and its
southern tributary are observed to cut deeply into the very thick (~400 m) and more intensely
deformed and folded sediments of an intra-slope basin. The southern flank of this basin
appears to be controlled by an uplifted diapiric field (top marked as red reflector in Fig. 2.7)
that underlies the disturbed sediments (main reflectors marked blue in the seismic section).
The seafloor, especially in the south, is characterized by topographic irregularities and small
elongated depressions created by the growth and upward movement of the diapiric structures.
Several faults are interpreted in the vicinity of the canyon walls and at the apices of the
diapiric structures. Both canyons are, again, noted to be V-shaped, narrow and terraced. We
identify at least two well-developed terraces on the northern wall of the main canyon, which
are bounded by faults that cut the very steep canyon wall. The lower terrace is ~0.2 km broad
and stands ~60 m above the incised thalweg which the terrace bounds in the north. The upper
terrace is much broader, ~ 0.7 km wide, and also stands ~60 m above the lower terrace in the
north. The internal structure of the terraces, in their uppermost parts, shows mainly well-
layered, low to medium amplitude reflectors which dip gently towards the bounding faults.
Their lower parts, however, display intensely deformed high amplitude reflections.

The most striking features of the canyon segment in the middle slope area are the two
zones of anomalously widened canyon. The peculiar structural characteristics of this segment
is illustrated by Profile GeoB03-040 (Fig. 2.8) which shows a widened main canyon carved
into sediments of a relatively shallow intra-slope basin, ~150 m deep, formed in-between two
updomed diapiric fields (top marked as red reflector in Fig. 2.8). The basin fill facies
overlying the diapirs (i.e. interval between red and uppermost blue reflectors in the seismic
section) are seismically characterized by continuous to discontinuous strong amplitude
reflection events interspersed with small transparent units. They show erosional truncations in
several places, particularly north of the canyon below 3150 ms TWT, and appear to constitute
a complex stack of small cut and fill features. South of the canyon, a buried channel with its
sediment infill imaged as narrow parallel strong reflectors, is observed near Shot Point 840
and below 3200 ms TWT. The seismic facies that overlie the basin fill sediments are
characterized by narrow chaotic, low amplitude to transparent reflection packages separated
by very thin, parallel to sub-parallel medium amplitude continuous reflection events.

Widespread faults in the northern flank of the canyon, apparently derived from an underlying
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diapiric structure, are observed to bound small acoustically transparent blocks which show
slight downward movement on the northern wall. Here, the canyon is U-shaped and shows
two well developed terraces on the southern wall, i.e. a broad lower terrace, ~1.2 km wide,
confining a northward narrow incised thalweg, and a smaller upper terrace, ~0.5 km wide, in
the southern wall. The lower terrace is characterized in its lower part by flat well-layered high
amplitude internal reflectors of the basin fill facies, and is draped in its upper part by a thin
layer of slightly inclined, medium amplitude reflectors (base marked light green in the
section) interpreted as ‘inner’ levee facies. The lower sediments of the terrace appear to infill
a topographic low between two diapiric structures. The upper terrace displays layered to
slightly deformed medium amplitude reflectors which appear to rest on a small diapiric

structure.

2.6.2 The Lower Cap Timiris Canyon

The occurrence of locally enhanced channel-levee deposition within the high sinuosity
proximal segment of the lower canyon, is illustrated by Profile GeoB03-024 (Fig. 2.9) which
was shot across the active canyon and an abandoned meander loop in the continental rise area.
Here, the active canyon shows very sparse sediment deposition at the thalweg, whereas the
abandoned loop is partially infilled with ~300 ms TWT of sediments imaged as parallel, high
amplitude reflectors. The levee facies which flank both sides of the canyon (interval between
blue and green reflectors in Fig. 2.9) are distinguished by their low to medium amplitude
continuous reflections and characteristic lens-shaped geometry overlying a basal unit. The
underlying basal unit (interval between magenta and blue reflectors in the seismic section)
also appears lens-shaped but is characterized by continuous to semi-continuous, strong
amplitude reflectors interspersed with small lenses of acoustically chaotic and transparent
reflections. This unit, which is folded in places, appears to locally infill topographic lows
associated with underlying deformed sediments (top marked as magenta reflector in the
section) and displays a complexity of erosional contacts. The levee facies are draped on the
seafloor by a thin sheet, <40 ms TWT, of continuous, low to medium amplitude reflections. A
couple of small-offset vertical fault is interpreted beneath the active canyon and also in the
south.

In the more distal parts of the canyon, levee development is observed to be relatively
poor whilst faulting begins to assume increasing dominance over canyon development, as
exemplified by Profile GeoB03-035 (Fig. 2.10) and Profile GeoB03-032 (Fig. 2.11). In Profile
GeoB03-035 (Fig. 2.10), which cuts across a linear distal segment of the canyon, the poorly
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Figure 2.9: Multi-channel seismic reflection profile GeoB03-024 recorded in the lower canyon domain in the
continental rise. The profile crosses a partly infilled abandoned meander loop (to the north) and the active canyon (to
the south). Location of the profile is shown in Fig. 2.3. Interval between magenta (M) and blue (B) reflectors = high
amplitude basal facies; interval between blue (B) and green (G) reflectors = levee facies.

developed levees are characterized by sub-parallel low to medium amplitude seismic facies
(interval between blue and green reflectors in Fig. 2.10). South of Shot Point 600, a sediment
prism, ~100 ms TWT thick and characterized by chaotic low amplitude reflection events, is
clearly visible, and may represent a mass flow deposit. Here, the basal unit (interval between
magenta and blue reflectors in the seismic section) also shows high amplitude semi-
continuous reflections but are sheet-like and progressively thins northwards against a gently
updomed area (top marked as magenta reflector in the section). The top of the basal unit,
especially in the north, shows what appears to be erosional scours. Profile GeoB03-035 also
shows a relatively narrower, i.e. ~2.6 km wide, and deeper, i.e. ~300 m deep, V-shaped
canyon with steep walls and poorly developed terraces. Several vertical faults are interpreted
directly beneath the canyon floor as well as in the nearby sediments where they generally
terminate either within or at the base of the basal unit. To the immediate south of the mass
flow deposit, two buried channels have given rise to the development of a seafloor depression.
A couple of vertical faults are interpreted directly beneath these buried channels (Fig. 2.10).
Profile GeoB03-032 (Fig. 2.11) which cuts across the main canyon and a smaller
tributary canyon to the north also shows poorly developed levees on both sides. Here, the
basal unit (interval between magenta and blue reflectors in Fig. 2.11), quite like in the
previous profile, thins progressively against a gently uplifting broad area in the north. The
basal unit is truncated in the north by an erosional surface which is onlapped by a ~100 ms
TWT thick lens of low amplitude chaotic reflections, i.e. 4000 - 4100 ms TWT, inferred to be
a mass flow deposit. Parts of this deposit, particularly north of Shot Point 1700, display
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erosional scours. The mass transport deposit is cut by a tributary canyon. Levee sediments of
the smaller canyon (interval between green/blue and violet reflectors in the seismic section)
are observed to onlap the levee units of the main canyon at Shot Points 1100 - 1300 and
below 4000 s TWT (interval between blue and green reflectors in the section). Whereas the
southern wall of the main canyon is nearly vertical, the northern wall shows a well developed
terrace which may be separated into two parts based on their very different internal seismic
structure. The lower stack of terrace sediments displays at least three laterally accreted
sediment packages characterized by steeply inclined medium amplitude prograding internal
reflectors which dip towards the canyon. At the canyon floor, the base of these packages
shows pockets of disorganized high amplitude reflections associated with a progressive
southward migration of the thalweg. The upper stack of terrace sediments (with base marked
as a light green reflector in the section), on the other hand, is characterized by thin layers of
sub-parallel, medium amplitude reflectors cut by a couple of minor shallow discontinuities.
The zone beneath the two canyons and their vicinities (i.e. with main reflectors marked yellow
in Fig. 2.11), quite like in the previous upstream profile, is intensely cut by several deep-

seated vertical faults which also generally terminate within or at the base of the basal unit.

2.7 Discussions
2.7.1 Structural controls on canyon development

We have demonstrated from our bathymetry that the course of Cap Timiris Canyon is
characterised by a major abrupt shift in direction, i.e. from an initial NE-SW oriented upper
canyon segment to a predominantly E-W oriented lower canyon segment. This provides an
initial indication that tectonic structure may have exerted a first order control on canyon
location, particularly in the distal reaches.

The course of the upper canyon, as well as that of the several tributaries which feed
into it in the head region, was initially likely chartered by small elongated depressions formed
in association with topographic irregularities created through diapiric growths or sub-surface
sediment remobilization (Figs. 2.6 and 2.7). These small basins may have guided the earliest
turbidity current pathways, and thereby facilitated canyon incision. In the Niger Delta, for
example, similar topographic irregularities on the seafloor are believed to have promoted
seafloor erosion and, subsequently, canyon formation (Damuth, 1994). Widespread faulting in
the vicinity of the upper canyon walls may also have enhanced sediment instability and,

consequently, given rise to canyon widening by mass wasting of the canyon walls. This is
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especially the case in the middle slope area where the walls of the anomalously widened
canyon are observed to display fault-bounded acoustically transparent blocks (Fig. 2.8).

In its distal parts, the course of the lower canyon is characterised by sharp turns,
including a right-angled bend, fairly long linear segments and long wavelength, low
amplitude meanders contained within a narrow corridor (Fig. 2.3). The tributary canyon also
displays a linear segment aligned sub-parallel to a long linear segment of the main canyon.
Fault-controlled canyons are known to commonly display linear segments and abrupt changes
in direction (Hagen et al., 1994; McHugh et al., 1998). Our distal seismic profiles (Figs. 2.10
and 11) have confirmed the presence of several faults cutting vertically beneath the thalwegs
of the lower canyon. We also note that some of these faults lie directly beneath a number of
buried channels (Figs. 2.2 and 10) suggesting that the location of the channels may be related
to the faults. We believe that fault-controlled zones of weakness pre-determined the location
of the distal canyon and also facilitated erosional downcutting during its formative stages. Our
interpretation is consistent with the structural setting of Cap Timiris Canyon which, being
located close to a prominent offset of the shelf break, potentially coincides with the

continental extension of a major fracture zone (Figs. 2.1 and 2.2).

2.7.2 Style and patterns of meander development

Our data interpretation suggests that a combination of a number of factors, including
the nature of underlying rock material, seafloor gradient, frequency and type of sediment load
as well as tectonics, may have significantly influenced the development of the variety of
meander and flow patterns exhibited by Cap Timiris Canyon. In the head region where very
low sinuosity of ~1.2 is recorded, the very deep entrenchment of the canyon system within a
thickly sedimented intra-slope basin must have prevented any significant meander formation.
As deformation of the wedge of sediments becomes more prominent downstream, i.e. from
the upper slope to the middle slope, the pathways of the canyon are locally chartered by
topographical lows and depressions developed irregularly on the seafloor, thereby inducing an
irregular meander pattern. In the middle slope area, however, the locally widened U-shaped
canyon morphology, characterised by terraces and unstable walls, and an incised main
thalweg, which in places splits into two or more thalwegs (Fig. 2.3, profile I), suggest a pre-
existing widened canyon now being overprinted by a meander pattern. The abrupt transition
from a meander pattern to a widened segment, and then back to a meander pattern
downstream, may be a direct reflection of the sudden changes in the nature of the underlying

rock.
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The locally tortuous meander pattern appears to be the initial direct response of the
flow to the subtle updoming effect by the Cape Verde Rise. As the flow encountered the rise,
the canyon increased its sinuosity in the steeper part of the updomed area. Several examples
where submarine canyon/channel systems have increased their sinuosities locally in response
to increased slopes, have been documented elsewhere, e.g. the Amazon Fan channels (Flood
and Damuth, 1987) and the canyon system on the Peru-Chile forearc (Hagen et al., 1994).
Another reason for the anomalously high sinuosity in the area may be explained by the
restrictions to meander migration imposed by the deeply incised linear segment immediately
downstream of the highly sinuous segment. An apparently similar situation where increased
sinuosity is observed upstream of a linear segment, is exemplified by the style of meandering
of the distal tributary canyon before it joined the main canyon (Fig. 2.3). Anomalously high
sinuosities are known to result upstream of canyon segments which are incised into bedrock
or other resistant units so as to impede downstream channel meander migration (Holdbrook
and Schumm, 1999; Schumm et al. 1994). The interaction between tectonics and meander
evolution becomes increasingly evident in the more distal part of the canyon. Here, the lateral
migration of the canyon meander is restricted by faulting, as confirmed by our seismic data, to
a narrow corridor, giving rise to the development of long wavelength, low amplitude regular
meander patterns. If we consider the course of the distal canyon as being pre-determined by
regional structural lineations, then it is most likely that the initial incision was characterised
by several straight segments before developing subsequently into meander patterns during
different stages of evolution. A youthful stage of the distal canyon appears to be replicated by
the younger distal tributary canyon, whose linear segment is apparently in its infant stage of
meander development.

A detailed examination of the bathymetric map (Fig. 2.3, Box C) suggests that the
distal canyon, since its initial formation, has experienced at least three different stages of
meander evolution (Fig. 2.12). The earliest stage of meander development (Stage 1), i.e. after
the infant linear stage, was characterised by a low sinuosity ( ~1.2) pattern. This was followed
by a second stage (Stage 2) of a low to moderate sinuosity (~1.3) pattern which laterally
migrated slightly to the south. These two stages were then overprinted by the latest stage
(Stage 3) presently characterised by a centrally more deeply incised canyon with a slightly
higher sinuosity (~1.45) and a dominant downstream meander loop migration pattern.
Whereas these observations show that the meander patterns have evolved through time by
progressive increases in sinuosity, lateral meander migrations have been effectively contained

within the narrow fault-controlled corridor. Variations in sinuosity associated with different
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Figure 2.12: Schematic representation of the stages of meander evolution in the distal part of Cap
Timiris Canyon based on our interpretation of Hydrosweep bathymetry data of the canyon
segment shown below (location of the segment corresponds to Fig. 2.3, Box C). Development of
the meanders has been confined within a narrow fault- controlled corridor, giving rise to regular
meander patterns characterised by long wavelengths and low amplitudes. The confinement has
precluded any significant lateral meander loop migration, allowing recent migration to largely
proceed down-system. The model assumes that canyon width has remained largely unchanged

during meander development.
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stages of meander development may result from major changes in the flow regime and type of
sediment load (Posamentier and Kolla, 2003). It appears that because of the structural controls
imposed on free lateral meander migration, the latest stage meander evolution has tended to
accommodate subsequent increases in flow discharges, not only through increased sinuosity,

but by pronounced downstream migration as well (Fig. 2.12).

2.7.3 Canyon incision

We infer from the canyon relief profile (Fig. 2.5b) that the morphology of Cap Timiris
Canyon is dominated by deep incisions along most of its course, attaining relief maxima of
460 m and 300 m in the upper slope and distal segments respectively. Incision has been
shown to be only locally limited in the highly sinuous middle segment which is characterised
by enhanced levee development.

In the upper slope area, the very deep incision was probably achieved through intense
erosional downcutting by the canyon into the ~400 m thick poorly consolidated and deformed
sediments of the deep intra-slope basin (Fig. 2.7). However, in the middle slope area,
pronounced upward mud diapiric growths have resulted in rather shallow intra-slope basins,
<150 m thick (Fig. 2.8). The progress of vertical incision must have been retarded for some
time now probably because of the presence of relatively higher erosion-resistant sediment
materials at the thalweg. In this case, any surge in flow would have been locally
accommodated by canyon widening through increased lateral erosion and mass wasting of the
relatively less erosion-resistant and faulted sediments that form the canyon walls. This setting
probably favoured the development of the anomalously widened segments of the canyon.

The generally smooth and concave-up longitudinal profile of the canyon thalweg (Fig.
2.5a) is typical for most sub-aerial fluvial systems whose flow discharge has established long
term equilibrium with the underlying substrate (Pirmez and Flood, 1995, Pirmez and Imran,
2003). However, the presence of the knickpoints in the upper and lower canyon segments,
suggests continued localized active erosional downcutting by the canyon in those localities as
the flow strives to achieve a finely smoothened out profile in order to re-establish equilibrium
(Pirmez and Flood, 1995, Pirmez and Imran, 2003). By comparing the longitudinal depth
profile with the bathymetry, we note that the location of the widened canyon segments
roughly coincides with the broadly shaped upper canyon knickpoints (Fig. 2.5a). We therefore
ascribe the origin of these broadly shaped knickpoints to the episodic localised uplift of the
beds of resistant sediment which must still be undergoing active downcutting by the canyon.

The pronounced canyon downcutting may have given rise to a slight upslope knickpoint
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migration. We note that the distal canyon is deeply entrenched in a narrow fault-controlled
corridor set within a gently tectonically uplifted zone (Figs. 2.10 and 2.11). The dominant
steep and narrow V-shaped cross-sectional morphology which characterizes this distal
segment of the canyon, is suggestive of enhanced incision into an erosion resistant bedrock.
The initial incision process was certainly facilitated by widespread faulting which created
elongated zones of weakness to focus the energy of the erosive turbidity currents.

The group of distal knickpoints (Fig. 2.5a), has been shown to be characterized by
relatively smaller shapes and more steepness downstream. A comparison of the longitudinal
profile with the bathymetry links these knickpoints with the deeply entrenched distal segment
where confined long wavelength, short amplitude regular meander courses with abrupt short
changes in direction have been described (Fig. 2.3). The origin of these distal knickpoints may
therefore be the result of incisions into a faulted zone, which includes several minor offsetting
faults. Accordingly, we reason that the distal canyon, just like the upstream segment which
has been associated with the upper canyon knickpoints, must also be undergoing active

incision to re-establish a smoothened out equilibrium profile.

2.7.4 Terrace formation

Terraces are known to be common features in fluvial environments, and several types
of different genetic origin have also been described in submarine canyon or channel settings.
The formation of terraces in submarine canyons are believed to document the history of
canyon incisions and meander evolution (Hagen et al., 1994; Deptuck et al., 2003). Slide- or
slump-related terraces which usually show disturbed seismic facies at the base, are believed to
result from slope failures of the canyon walls (Friedmann, 2000; Deptuck et al., 2003;
Pichevin et al., 2003), and may be located anywhere along a linear canyon or its meander
bend (Pichevin et al., 2003). Terraces may also originate in a fashion similar to ‘point bar’
development observed in meandering sub-aerial fluvial systems (Abreu et al., 2003). Such
terraces form from the erosion of the outer meander bends and simultaneous lateral accretion
of the eroded material in the inner meander bends, giving rise to an internal seismic structure
recognised by prograding foresets which dip steeply towards the thalweg (Abreu et al., 2003).
Again, some terraces are thought to have originated as ‘inner’ levees or ‘confined’ levees
(Hubscher et. al., 1997; von Rad and Tahir, 1997; Pichevin et. al., 2003; Babonneau et. al.,
2004). ‘Inner’ levee terraces have been variously described as ‘depositional’ terraces (von
Rad and Tahir, 1997). They are commonly identified by their wedge shaped or layered
internal seismic facies (Deptuck et al., 2003, Pichevin et. al., 2003; Babonneau et. al., 2004).
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Figure 2.13: Schematic illustrations of the various processes and stages of terrace development along Cap Timiris
Canyon. (a) Terrace development in the upper slope segment (see Fig. 2.7b for seismic section). (b) Terrace development
within the widened canyon segment in the middle slope area (see Fig. 2.8b for seismic section). (c) Terraces formed through
meander processes in the distal parts of the canyon (see Fig. 2.11b for seismic section,).
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Our data interpretation shows the presence of several terrace-like morphological features
spanning the length of Cap Timiris Canyon. The variety of internal seismic structural
characteristics exhibited by these terraces, suggests that they may have originated through a
number of different processes, and should therefore likely store important records about the
evolutionary history of the canyon.

In the upper slope, the presence of disturbed sediments at the base of the terraces
(Profile GeoB03-042, Fig. 2.7) suggests that the formation of the terraces was initiated
through sediment failure along the bounding faults. We propose that these terraces, which
may appropriately be described as ‘slump’ or ‘slide’ terraces, probably formed in response to
at least two major successive phases of incision depicted by the following stages (Fig. 2.13a):

(1) As the canyon walls were continuously oversteepened by the progress of
downcutting during the first phase of incision, widespread compaction and growth
faults promoted instabilities in the vicinities of the northern wall;

(i1) This subsequently gave rise to failure of the northern wall once the intersecting
fault planes, which bound the terrace-forming Block A, were breached,
consequently forming the lower terrace.

(iii)  During a second major phase of incision, resumed and intensified downcutting
breached deeper intersecting faults, which bound the terrace-forming Block B,
leading to further instabilities.

(iv)  Block B subsequently failed into the canyon forming the upper terrace, at the same
time dragging along the lower terrace further down and causing more intense
deformation of lower parts of the blocks.

We suppose that the development of these terraces should record the history of canyon
incisions in the upper slope area, and hence may be related to periods of glacial sea level
lowstand during which gravity-induced flows were potentially most erosive.

In the middle slope area, the unique setting of the anomalously widened canyon has
given rise to the development of other types of terraces. With their well-layered internal
structure, the middle slope terraces may appear to have originated as an ‘inner’ levee through
deposition of turbidity currents trapped within the canyon. However, there is no clear
indication to support an ‘inner’ levee origin. Rather, the base of the terrace sediments are
observed to either rest above diapiric structures, i.e. the upper terrace, or infill a topographic
low, i.e. the lower terrace, and hence should constitute part of the surrounding high amplitude

reflection intra-slope basin facies.
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Consequently, we envisage that these terraces have originated through phases of
uplift-induced vertical incisions which may be represented by the following stages (Fig.
2.13b):

(1) Initial canyon incision facilitated by small faults near the apices of shallow diapiric
structures;

(11) Canyon widening through increased lateral erosion and mass wasting of the
canyon walls to compensate for retarded downcutting;

(iii))  Renewed mud diapiric growths, mostly at the northern flank, resulted in faulting
and uplifts of the area, followed by extensive mass wasting of the intensively
faulted northern wall, and rejuvenated canyon incision as a result of a locally
lowered base level. The upper terrace was then created in the southern wall as a
remnant of the abandoned thalweg. The new canyon is now much wider and U-
shaped;

(iv)  Further diapiric growths led to more faulting and uplifts giving rise to slope
failures and extensive mass wasting, particularly, of the northern wall. The
renewed uplift, once again lowered the base level to rejuvenate the canyon to
deeply incise a new thalweg in the north, as the old thalweg was abandoned to
form the lower terrace. The slight change in seismic character at the top of the
lower terrace suggests that the terrace is draped by deposits from confined low
energy turbidity currents.

If we suppose that the intermittent diapiric growths have largely been induced by rapid
sediment accumulations, then understanding the sources and triggers for the sporadic
sediment inputs into the slope areas should provide useful indications about controls of
sediment influx on canyon evolution.

The distal part of the canyon, whose development is strongly influenced by deep
seated faults, gives rise to the formation of another genetically different type of terraces. Here,
we note that though meander development is restricted to the narrow fault-controlled corridor,
the inner bends of the low amplitude meanders are associated with well developed terraces.
These terraces, which are mostly arcuate in plan (Fig. 2.4, Box C) and whose internal seismic
structures have been shown to be dominated in the lower part by steeply dipping foresets (Fig.
2.11), may be ascribed to a ‘point bar’ origin. The internal seismic configuration of the terrace
suggests several phases of terrace construction which may be represented by the following

stages (Fig. 2.13¢):
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(1) Earliest stage of canyon formation dominated by vertical incision into a faulted
linear zone;

(i1) Start of meander development enhanced by increasing lateral erosion led to initial
terrace growth. The gradual terrace build-up was achieved through progressive
erosion at the outer meander bend and simultaneous deposition of the eroded
material at the inner bends. These processes must have taken place in at least three
phases which we associate with the three laterally accreted sediment packages,
each with its own migrating thalweg.

(iii))  Following a relatively calm phase, the upper part of the terrace began developing
over the lower accreted packages as an ‘inner’ levee. During this period the flow
became less energised, and allowed limited overspill of turbidity currents over the
older terrace element to form the ‘inner’ levee sediments, recognised in the seismic
data by their well-layered, near-horizontal internal reflections.

(iv)  The latest stage was characterised by instabilities of the ‘inner’ levee sediments
giving rise to failure of the upper part of the terrace into the canyon floor.

Irrespective of the different genetic origins associated with the Cap Timiris Canyon
terraces, their modes of formation have, in all cases, been connected with erosional
downcutting of the thalweg and/or lateral erosion of the canyon walls. This re-echoes the

highly erosive character that has dominated most of the evolutionary history of the canyon.

2.7.5 Origin and age of Cap Timiris Canyon

Several indications seem to link the origin of Cap Timiris Canyon to a major river
system in the adjacent land. We note from its geological setting, that the head region of Cap
Timiris Canyon traces directly into the adjacent coastal area known to have hosted a receded
large marine gulf, which was initiated during the Early Pleistocene marine transgression to
form the onshore Mauritania Quaternary Basin (Wissmann, 1982; Giresse et al., 2000). We
again note that Flicoteax et al. (1975), as cited by Wissmann (1982), elsewhere in the region
deduced a link between similar receding marine gulfs and the Casamance and Gambia rivers,
through paleo-geographic reconstruction of coastlines off Senegal dating from the Paleocene.
By analogy, we may speculate that the Quaternary marine gulf adjacent to Cap Timiris may
have constituted the estuary of a major fluvial system. This assertion appears to be in
agreement with findings of Vordsmarty et. al. (2002) who, from their study of potential paleo-
drainage patterns of NW Africa, postulated that the Cap Timiris area possibly served as the

estuary of a major river system, named Tamanrasset. During previous marine incursions at
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interglacial sea level highstands, this estuary would have trapped and stored huge quantities of
fluvial terrigenous sediments supplied by the flowing river, together with marine and re-
worked terrigenous sediments.

In seismic Profile GeoB03-044 (Fig. 2.6), we have demonstrated that the northern
canyon deeply incises the shelf edge, and therefore may likely reach across the outer shelf.
Very high resolution seismic profiling of the shelf in the Cap Timiris area confirms the
presence of buried shallow incised valleys on the outer shelf (Krastel et al., 2004), lending
credence to our assertion that the shelf was drained by a terrestrial river during periods of
lowered sea level, and hence establishing a link between a major fluvial system and the
location and origin of the canyon. We have shown by our data that the lower canyon is deeply
incised into the Cape Verde Rise. Had the canyon been formed either before or during the
uplift and growth of the rise, we would have expected the lower canyon to respond to the
uplift through consistent and pronounced northward lateral migrations of that segment. Since
we do not observe these in the canyon morphology (Figs. 2.3 and 2.12), but rather a diversion
of the course of the lower canyon by the rise coupled with a local anomalous increase in
sinuosity at the topographically elevated bend, we infer that Cap Timiris Canyon must be
younger than the Cape Verde Rise. Hence, the uplift of the Cape Verde Rise, believed to have
occurred in Miocene time (Lancelot and Seibold, 1978; Wissmann, 1982), may be employed
to constrain the maximum age for the canyon. In addition, Krastel et al (2004) have proposed
~170 ka as the minimum age for the canyon, constrained by a dated major slide that onlaps
very distal levees of the canyon. We are, therefore, inclined to believe that Cap Timiris
Canyon began forming around Plio/Pleistocene times during one of the major glacial stages of
sea level lowstands when the head region established direct connection with a major sub-
aerial river system from the adjacent land, and allowed large volumes of clastic terrigenous
sediments to move across the shelf environment into the slope area. This assertion is in
agreement with Jacobi and Hayes (1982), who also postulated that many canyons along the
margin began forming during Plio/Pleistocene times.

In several of our profiles, (Figs. 2.8 — 2.11), we have described the presence of an
extensive seismic facies, characterised by sheets of high amplitude reflectors with patches of
transparent to chaotic zones, which locally infill topographic lows. We have also shown that
the facies, which is deeply incised by the canyon, extends several tens of kilometres in width,
and progressively thins away from the canyon flanks as well as against underlying gently
uplifted zones. We interpret this facies as representing the initial unchannelised but broad

elongate sheet of sand-rich turbidity currents, that must have flooded the margin during the
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resulting major sea level lowstand. That the facies is characterised by several truncations, cut
and fill structures, small infilled channels and erosional scours, is clear evidence of the highly
erosive nature of the turbidity currents. The presence of widespread seismically transparent
and chaotic reflection zones within the facies suggests that the turbidity currents entrapped a
significant amount of debris flows and other slide- or slump-generated materials sourced
mainly from the upper slope area as they flowed downslope. This shows that the margin had
been prone to widespread instabilities prior to the formation of the canyon, and that fractures,
folding and elongated seafloor depressions created by these instabilities, subsequently
facilitate erosional downcutting along the slope during the formative stages of the canyon.
The invading clastic terrigenous sediments must have generated powerful erosive
turbidity currents which initially covered a large area on the margin, but gradually mobilized
preferentially along the linear pathways, and thereby allowed a more focused flow energy to
persistently cut several discrete channels which eventually merged downstream to constitute
the main canyon. The well developed dendritic canyon pattern in the head region, is a clear
manifestation of the intense sub-aerial erosional activity that culminated in the formation of
the many pathways, and which allowed the canyon head to funnel sediments from a much
wider area, >5000 km?, into the mainstream. Since being carved, the canyon has undergone
significant modifications largely through the combined action of turbidity current flows, mass

wasting of canyon walls, deformation and mud diapiric growths.

2.7.6 Sediment transport processes and canyon preservation

That the different stages identified with meander development (Fig. 2.12), canyon
incisions and terrace formation (Fig. 2.13) can be attributed to major surges in flow
discharges, suggests that the evolution of Cap Timiris Canyon, has been characterised by
large episodic sediment inputs. We associate such large intermittent sediment supplies into the
canyon with periods of glacial sea level lowstands. During these periods the canyon remained
coupled to the river system, and hence was likely to have been most active. A fall in sea level
would have given rise to an increase in river gradient (Babonneau et. al., 2002), hence
rejuvenating the river to transport huge quantities of sediments directly into the canyon head
for onward transfer into the deep sea. The stages of development of the terraces and meander
patterns must have, therefore, been strongly influenced by the flow characteristics of the river.
Consequently, we propose that a proper age constraint of the evolutionary history of canyon
morphological features like the terraces, meanders patterns, incisions and levees could

provide a temporal framework for studying the stages of flow of this now extinct river system,
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and hence serve as a useful proxy for understanding the climatic evolution of the Sahara
region since Plio/Pleistocene times.

The inundation of the shelf areas by the oceans during the recent sea level highstand
has disconnected many submarine canyons from their terrestrial point sources, making them
currently inactive. A few of them, e.g. Zaire Canyon (Babonneau et. al., 2002) and San
Antonio Canyon (Hagen et al., 1995) have, however, remained active largely because of
sediment inputs through their continued connection to onshore river sources. Now, though
Cap Timiris Canyon currently receives no fluvial inputs, its dominantly V-shaped and deeply
entrenched thalweg morphology, which is only sparsely sedimented in places, points to a still
active canyon. The presence of knickpoints along the canyon profile means that the canyon is
continuously incising. In addition, sediments recovered from coring the canyon thalweg have
shown no stratification at the top, suggesting recent activity within Cap Timiris Canyon.
Some of the sediments revealed a succession of more than thirty turbidites of different genetic
origins, with the turbidite fraction reaching up to 50% of the sediment (Holz,2005). The
succession of several turbidites is ascribed to the frequent turbidity current flows associated
with the canyon (Schulz et al., 2003; Holz, 2005). A still active and open Cap Timiris Canyon
is quite intriguing, considering the fact that this huge submarine canyon is located off the
Sahara Desert, a major arid climatic zone, and at the moment is not connected to any active
river system. In our effort to understand the processes that have acted to preserve this canyon
under the present inter-glacial regime, we examine recent potential sources for sediment
inputs into the canyon.

The low seismic energy returns recorded from some of the upper slope sediments, e.g.
Profile GeoB03-044 (Fig. 2.6), may be a reflection of the disrupted internal structure of the
layered sediments as a result of the decreased cohesion and shear strength caused by the slow
movement or creeping of the rapidly deposited sediments. This, in addition to the widespread
sediment glide planes and growth faults associated with the different sediment layers in the
upper slope area, suggests that the upper slope area has been prone to sediment instabilities
for quite some time now. This interpretation is consistent with earlier observations by, e.g.
Weaver et al. (2000) and Wynn et al. (2000), that the margin is dominated by intense mass
wasting processes, which have largely been attributed to high rates of sediment accumulation
through upwelling-induced primary production (Sarnthein et al., 1982). Predominant faulting
and sliding in the vicinity of the steep canyon walls, as well as slump deposits observed along
the canyon thalweg, also provide indications of active mass wasting in the head region of the

canyon. Again, large amounts of sediments are generated from the middle slope area where
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intense lateral erosion and mass wasting of the canyon walls have resulted in canyon
widening. The slump and other mass flow materials derived from all these gravity-driven
processes must have been integrated into the sediment flow processes, as a very significant
component, and transported downstream.

Since the last glacial maximum, the landscape of the western Sahara Desert in
Mauritania down to the coast has been dominated by huge expanses of mostly NE-SW
trending linear sand dunes formed during three generations, i.e. 25 — 15 ka, 10 — 13 ka, and
after 5 ka (Lancaster et al., 2002). Huge quantities of this aeolian sand are believed to have
been transported into the deep sea mainly by offshore blowing Harmattan winds (Sarnthein et.
al., 1982, Wefer and Fischer, 1993). The alignment and close proximity of the head region of
Cap Timiris Canyon to huge littoral sand bodies, places the canyon in a strategic location to
receive large amounts of the sand. In addition, a lot of the aeolian inputs into the margin north
of the canyon is swept southwards by the strong nearshore currents (Sarnthein et. al., 1982;
Weaver et al., 2000) hence allowing the canyon and its tributaries to further intercept huge
quantities of the sand for onward transport into the deep sea.

The different sediment sources are incorporated into the flow discharge within the
canyon and transported downslope. As the flow enters the lower canyon domain, the sharp
diversion in its course gives rise to a reduction in flow energy and flow overspill, locally
resulting in significant sediment deposition as expressed by the enhanced levee development
in the highly sinuous segment. Towards the distal parts, however, a sudden deepening of the
entrenched canyon within the uplifted Cape Verde Rise may have allowed only limited
intermittent overspill of turbidity currents, hence explaining the poor nature of levee
formation in these parts. Since most of the flows remain largely confined, they are able to
maintain most of their high energy, thereby allowing the distal canyon to transport sediments
for several hundreds of kilometres further seaward into the abyssal plains. As a similar
example, the ability of Zaire Channel to transport sediments to very distal fans has been
attributed to its deeply entrenched morphology (Babonneau et al. 2002). The foregoing lines
of evidence provide clear indications that Cap Timiris Canyon has continuously received and

transported huge amounts of sediments downslope for a relatively long time.

2.8 Conclusions
Based on a combined analysis of hydrosweep swath bathymetry and high resolution
multi-channel seismic reflection data, we document for the first time the detailed morphology

and structural characteristics of Cap Timiris Canyon, a newly discovered submarine canyon
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system offshore Mauritania. Our data interpretation has allowed us to investigate the

development of the canyon and the role it has played in the sedimentation process history of

the region.

The dominantly V-shaped canyon displays several fluvial features including
tributaries, meander patterns, a cut-off loop, and terraces. The head region is
composed of a series of dendritic canyons and gullies that funnel sediments from a
large area, >5000 km?, along the Mauritanian margin into the main canyon.

The course of the canyon is characterized by abrupt shifts in direction and linear
segments, particularly in the distal reaches, suggesting strong structural control on
canyon location and development.

The development of irregular meander patterns in the proximal canyon is a direct
reflection of topographic irregularities induced by the underlying geology which has
been affected by diapiric growths. Meandering in the distal canyon is characterized by
long wavelength and low amplitude regular meander patterns confined within a
narrow fault-controlled corridor. These meander patterns show several stages of
evolution, the latest of which is dominated by a down-system meander loop migration
Terraces identified by the study show a variety of internal seismic structures
suggesting that they have originated through different processes including: (i) sliding
and slumping in the upper slope segment as a result of progressive vertical incision of
faulted zones; (ii) uplift-induced incision in the widened canyon segment of the middle
slope; and (iii) ‘point-bar’ development in the meandering distal segment.

We ascribe canyon origin to an ancient river system in the adjacent presently arid
Sahara Desert that breached the shelf during a major Plio/Pleistocene sea level
lowstand and delivered sediment directly into the slope area. Our data suggest that the
invading initially unchannelised sheet of sand-rich turbidity flows, initiated canyon
formation by gradually mobilizing along linear seafloor depressions and fault-
controlled zones of weakness.

We propose that the development of canyon morphology and structure was influenced
by the stages of active flow of the coupling river system, and hence proper age control
of the evolutionary history of canyon features like meander patterns, terraces and
levees would act as a useful proxy for understanding the paleo-climatic evolution of a
‘green’ Sahara since Plio/Pleistocene times.

Under the present regime of sea level highstand (and also being located off a major

arid climatic region) Cap Timiris Canyon presently does not receive any significant



Chapter 2 60

fluvial sediment inputs but has remained preserved through supplies from sources
including: (i) upwelling-induced sedimentation, (ii) sediment transport by longshore
currents, (iii) offshore wind-blown sediments and (iv) mass wasting.

e The deep canyon entrenchment in the distal parts is able to keep most of the sediment
flows confined, and hence energized, thereby allowing the canyon to actively transport

sediments over several hundreds of kilometers further seaward into the abyssal plains.
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3 Mauritania Slide Complex: Morphology, seismic characterisation and
processes of formation

Andrew A. Antobreh and Sebastian Krastel

To be submitted to International Journal of Earth Sciences.

3.1 Abstract

Recently acquired Parasound sediment echosounder data and high resolution multi-
channel seismic reflection profiling have afforded a more detailed investigation of the
Mauritania Slide Complex. The slide is more complex than previously reported, and has
affected an area in the order of 34,000 km? between ~600 m - >3500 m water depths. The
ovate-shaped slide displays a long run-out distance >300 km. Higher sediment flow mobility
may have been induced in the northern parts of the slide by the bounding Cape Verde Rise
and canyon systems. In addition widespread diapiric growths have enhanced disintegration of
overlying contouritic sediments. Slide formation was pre-conditioned mainly by uninterrupted
deposition of upwelling-induced organic-rich sediments in an open slope environment which
gave rise to rapid accumulation of poorly consolidated bedded sediments intercalated with
thin weak layers.

Our data interpretation suggests that the stages of slide development were
characterised by multiple failure events. The sediment failures probably occurred mainly as
retrogressive sliding which exploited widespread weak layers as glide planes. The study
suggests that excess pore pressures, resulting from decayed organic matter and/or sea level
fluctuations, could be the most important trigger mechanism for slide formation. However,
seismic shaking associated with the Cape Verde Islands may have played a mostly
complementary or, at one time or the other, a leading role in triggering the sediment failures.
Diapiric growths have locally triggered minor instability events which resulted in
remobilizing of pre-existing debris flows as well as translational sliding. The combined
activities of all these triggering factors are the most like cause of the complex morphology of

the Mauritania Slide Complex.

Keywords: submarine slide, diapiric growths, contourites, retrogressive sliding, weak layers,

excess pore pressure, trigger mechanism.
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3.2 Introduction

Over the last couple of decades, sustained research efforts, driven by improved
geophysical mapping methods, are gradually establishing that submarine slides occur globally
and affect all types of continental margins including passive, e.g. the eastern Scotian margin
(Piper and Ingram, 2003), the New Jersey continental margin (McHugh et al., 2002) and the
Norwegian-Greenland Sea continental margins (Bugge, 1983; Vorren et al., 1998) as well as
active margins, e.g. NE Mediterranean Sea (Lykousis et al., 2002) and Japan Sea (Lee et al.,
1996). Along the eastern Atlantic continental margins, submarine slides have been recognised
in various dimensions ranging from relatively smaller slides <1000 km?, e.g. the Afen Slide
off northwest of Shetlands Islands (Wilson et al., 2004) and the Gebra Slide off the Trinity
Peninsula margin, Antarctica (Imbo et al., 2003) to giant slides affecting areas > 10 000 km?,
e.g. the Canary Slide (Canals et al., 2004) and the Storegga Slide off western Norway (Bugge,
1983; Haflidason et al., 2004, Canals et al., 2004).

Submarine slides constitute one of the most important mechanisms for mass sediment
movement from shallow- to deep-water marine environments and also for shaping continental
margins (Hampton et al., 1996; McAdoo, 2000; Casas et al., 2003). Because of their
widespread and often episodic nature, mass sediment movement events are perceived as being
important components of the modern stratigraphic record, and have been studied in
connection with global climatic cycles, including sea level changes (e.g. McHugh et al.,
2002). In recent years, the importance of submarine slides has become very crucial in geo-
hazard assessment studies for engineering and environmental projects connected with
offshore economic resource exploitation and installations, especially as interest of the oil
industry moves further into the deep sea (Baraza et al., 1999, Piper and Ingram, 2003). In
addition, the oil industry finds further motivation in studying submarine slides because slides
are capable of modifying the architectural and, hence, sedimentological characteristics of
submarine channel systems and channel-levee complexes which are often connected with
potential deep sea hydrocarbon reservoirs. Furthermore, being large-scale mass sediment
failure events, submarine slides are capable of displacing large volumes of water and hence
have, in recent years, been studied towards evaluating their tsunami generation risks to coastal
communities (e.g., Dawson, 1999; Fryer et al., 2003; Trifunac et al., 2003; Fine et al., 2004).

Several studies have suggested that continental margins which receive high rates of
sediment accumulation are especially prone to mass sediment failures, e.g. the Uruguayan
continental margin (Klaus and Ledbetter, 1988). The rapid sediment build-up gives rise to

huge volumes of undercompacted sediment packages which may be rendered highly unstable
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Figure 3.1: General bathymetry of NW African continental margin (Gebco, 2003) showing the location of the study
area (in box) in relation to regional structure and bathymetry (contours at 500 m intervals). RV Meteor Cruise
M58/1 track lines are shown in yellow lines. The study area is located off a giant arcuate segment of the
Mauritanian margin. OFZ = oceanic fracture zones, MOR = Mid Oceanic Ridge, CVI = Cape Verde Islands, CVR
= Cape Verde Rise, CTC = Cap Timiris Canyon.

by the presence of increased pore pressure from entrapped water and/or shallow gas generated
from decaying buried organic matter. In addition, changes in sedimentation rates and types of
sediment resulting from climatic controls may lead to the formation of lithologically weak
sediment layers which facilitate sediment failure by serving as glide planes e.g. as reported in
the Barents Sea (Laberg and Vorren, 1996) and the Aegean Sea (Lykousis et al., 2002).
Furthermore, the often resulting slope oversteepening may also contribute to sediment
instability (Hampton et al., 1996; Canals et al., 2004) though submarine slide events, quite
unlike aerial slides, are known to occur along slope gradients as low as <1° (Hampton et al.,
1996). In addition to excess pore pressures and slope oversteepening, other factors commonly
cited as the immediate trigger mechanism for the mass sediment failure events include
earthquakes, decay of gas hydrates, diapirism and tectonic movements, or a combination of
two or more of them (e.g. Bugge, 1983; Laberg and Vorren, 1996; Haflidason et al., 2004;
Canals et al., 2004).
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A number of large mass sediment movement events have been documented along the
continental margin off NW Africa (e.g. Jacobi and Hayes, 1982; Gee et al., 2001; Wynn et al.,
2000). However, only a few of them, notably, the Sahara Debris Flow (Gee et al., 1999) and
the numerous slides on the flanks of the Canary Islands (Krastel et al., 2001; Masson et al.,
1998) have been mapped and studied in detail. The Mauritania Slide Complex was previously
mapped and described by Jacobi (1976) following its discovery offshore Mauritania by
Seibold and Hinz (1974). Based primarily on 3.5 kHz profiles, Jacobi (1976) estimated that
the Mauritania Slide Complex covered an area of ~34,300 km?. This areal dimension of the
Mauritania Slide Complex places it as one of the largest submarine failure events ever
mapped along the NE Atlantic margin, perhaps next in size only to the Storegga Slide, 95,000
km? (Bugge, 1983; Haflidason et al., 2004), the Saharan Debris Flow, 48,000 km? (Jacobi and
Hayes, 1982) and the Canary Slide, 40,000 km? (Masson et al., 1998). Jacobi and Hayes
(1982) provided a general overview of seafloor reflectivity characteristics of the margin
between 3° and 23°N, which included the area offshore Mauritania. Since these previous
studies of the Mauritania Slide Complex were based on sparsely distributed data, and in
connection with more regionally-based investigations, important questions regarding, among
others, the internal architecture of the slide, slide dynamics and trigger mechanisms as well as
origin and age of slide formation have not been properly resolved.

The main objective of RV Meteor Cruise M 58/1 expedition in April/May 2003 (Fig.
3.1) was to study upwelling and sedimentation processes off NW Africa (Schulz et al., 2003).
During the cruise, new and more extensive Parasound echo-sounder profiling as well as high
resolution multi-channel seismic reflection (MCS) data were collected over the Mauritania
Slide Complex to provide a better framework for studying the slide. In this study, we employ
primarily the newly acquired Parasound and MCS data to describe and analyse in detail the
main morphological components of the slide. In addition, the study intends to evaluate the
scale of destabilization caused by the slide and also identify or suggest possible slide release
mechanisms. The study will also investigate the relationships between slide development and
regional sedimentation processes as well as influence from structural features in the margin,

including the Cape Verde Rise, canyon systems and diapirism.

3.3 Geological setting and oceanography
3.3.1 Margin physiography
The Mauritania Slide Complex lies between latitudes 16° 40’ - 18° 20° N, and is

centrally located off the giant arcuate segment of the Mauritanian coastline which extends
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from Cap Timiris in the north to offshore northern Senegal in the south (Fig.3.1). The shelf
break in this segment occurs at a water depth of 50 - 80 m. The shelf is relatively narrow
within the arcuate segment, typically between ~25 - 40 km wide, but widens up to ~100 km
just off north of Cap Timiris following an abrupt seaward offset in the shelf break. The
continental slope displays gradients which vary between 1° - 3°. The shelf and slope areas to
the immediate north of the Mauritania Slide Complex are deeply incised by a system of
canyons and gullies including the Tiolit Canyon (Wissmann, 1982) and farther to the north,
the Cap Timiris Canyon, a prominent canyon system recently discovered off the latitude of
Cap Timiris (Schulz et al.,, 2003; Krastel et al., 2004). The entire continental rise off
Mauritania is very broad, and occurs at water depths of between 2000 — 2500 m where slope
angles are typically <1°. Off the arcuate segment, however, the rise is dominated by the
extensive Cape Verde Rise which gradually elevates into the Cape Verde Islands further
seawards. The northern and southern boundaries of this group of volcanic islands possibly

trace directly into major fracture zone extensions (Jacobi and Hayes, 1982).

3.3.2 Structural setting

Structurally, the Mauritania Slide Complex is located within the depocenter of the
large Senegal Mauritania Basin, one of the series of marginal basins emplaced along the NW
African margin in response to the Mesozoic opening of the Atlantic ocean (Jansa and
Wiedemann, 1982; Wissmann, 1982). Initial opening of the basin was accompanied by
evaporite deposition within a narrow elongate zone between 16° N and 19° N. The basin is
filled by a thick succession of Mesozoic-Cenozoic terrigenous to shallow marine sediments
which are known to attain maximum depths of more than 10 km below the lower continental
slope off Mauritania (Wissmann, 1982). Earliest indications of mass wasting processes along
the slope are provided by the presence of slumps and turbidites observed in Early Miocene
deposits. After a prevalent tropical climate along the margin during the Middle Eocene, a
more arid condition began to emerge during the end of Eocene and within Oligocene time.
Following the end of a Tertiary humid climate, a long period of arid Quaternary sedimentation
known as the ‘Continental terminal’ formation emerged (Jansa and Wiedemann, 1982;

Wissmann, 1982).

3.3.3 Sources of sediment supply to the margin
During the last 20 000 years, the margin has been fed huge quantities of offshore

wind-blown sediment from the adjacent Sahara Desert (Sarnthein et al., 1982). Currently,
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offshore wind-transported sediment remains the main source of terrigenous sediment input
into the margin, and is estimated to supply about 50 x 10° tons of eolian sediment per year
over a 1000 km broad zone (Koopman, 1981). In addition, the margin is the site of rapid
sediment accumulation resulting from upwelling-induced high productivity.

Though the margin receives no significant fluvial sediment supply at present, a study
of potential paleo-drainage patterns off NW Africa by Vordsmarty et al. (2002) indicates that
the Cap Timiris area once constituted the estuary of a major ancient river system which is
now extinct, hence suggesting that part of the margin may have previously received
significant fluvial sediment supplies. Furthermore, the Senegal River is believed to have
entered the coast near 18° 30°N during Miocene/Pliocene time, thereby supplying large
quantities of sediment which are thought to have triggered salt halokinesis in the area
(Wissmann, 1982). The area of salt diapirs lies between 16° - 19° N (Wissman, 1982) and
includes the location of the Mauritania Slide Complex (Figs. 3.2 and 3.3). Currently, the
Senegal River enters the coast in the south near latitude 16° 05°N, i.e. slightly to the south of
the slide area, and its sediment discharges are swept southwards by nearshore currents
(Seibold and Hinz, 1974). Hence, the river is at present unlikely to contribute any significant

sediment inputs into the slide area.

S 500 Salt diapirs off Mauritania N

Pliocene

P NOUAKCHOTT

DAKAR

Figure 3.2: Seismic reflection profile METEOR 25-E 2 in the elongate zone of salt diapirs off Mauritania.
Thickened reflector is interpreted to separate Pliocene from Pleistocene sediments (after Wissman, 1982).
Location of profile is indicated in Fig. 3.3 as well.
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3.3.4 Oceanography

Along the outer shelf and slope areas of the Mauritanian margin, i.e. <200 m water
depth, the current regime is controlled by the southward-flowing Canary Current which splits
up into two on reaching Cap Blanc. From here, the dominant fraction is diverted away from
the coast to the southwest, whilst the minor fraction continues further southwards where it is
transformed into the Guinea Current (Sarnthein et al., 1982). Below the Canary Current, i.e.
between ~150 — 400 m, the current regime is controlled by the northward-flowing South
Atlantic Central Water (SACW) which in turn is underlain by the southward-flowing North
Atlantic Central Water (NACW) operating down to ~600 — 700 m water depths. The deeper
waters are dominated by the southward-flowing North Atlantic Deep Water (NADW), which
operates down to ~3500 — 4000 m water depths, and the underlying northward-flowing
Antarctic Bottom Water (AABW). Present current velocities of the deep waters are thought to
be generally weak, i.e. <5 cm/s, but this may increase significantly up to ~20 cm/s in areas

where the current circulation is focussed by seafloor morphology (Lonsdale, 1982).

3.4 Data and methods

The Parasound and MCS data used for this study were simultaneously acquired during
R/V Meteor Cruise M58/1 in April 2003 as part of a larger marine geophysical survey (Fig.
3.1) undertaken by the Research Center Ocean Margins (RCOM) of the University of Bremen
in order to study upwelling and sedimentation processes offshore northwest Africa. Data
coverage over the Mauritania Slide Complex analysed for this study include more than 1200
km of Parasound profiles and ~900 km of MCS profiles. The areas covered comprised the
outer shelf and the headwall region in the slope areas down to the continental rise and ranged

from 200 m to >3500 m water depths.

3.4.1 The Parasound system

The Parasound system (Grant and Schreiber, 1990) is a hull-mounted high frequency
sediment echosounder that utilizes the so-called parametric effect to generate an operational
signal of 4 kHz which is focused within a cone of opening angle of 4°. This results in a
footprint diameter of ~7% of the water depth, which affords better horizontal resolution than
conventional 3.5 kHz systems. In addition, the broader signal bandwith gives a better vertical
resolution, which is in the order of a few decimeters. Depending on the type of sediment and

attenuation, depth penetration may vary between 0 - 200 m. The ParaDigMA system (Spiess,
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1993) was used to digitally record and store the data in a compressed SEGY format. A band
pass frequency filter of 2.0 — 6.0 kHz was applied before display.

3.4.2 The high resolution MCS system

The MCS data were acquired using a 1.7 1 GI-Gun seismic source shot at a distance of
~30 m. The gun was operated with a high pressure air of 150 bar (2150 PSI). A 450-m-long
Syntron streamer, equipped with separately programmable hydrophone subgroups, was
employed to receive the data, whilst for data recording 36 groups of 6.25 m length at a group
distance of 12.5 m were used. Digital recording of the data was carried out at a sampling
frequency of 4 kHz over 3 s. Positioning was based on GPS (Global Positioning System). The
MCS data were processed using a combination of ‘in-house’ and the ‘Vista’ (Seismic Image
Software Ltd) softwares, and standard procedures including trace editing, setting up
geometry, static and delay corrections, velocity analysis, normal moveout corrections,
bandpass frequency filtering (frequency content: 55/110 — 600/800), stack and time-migration
were employed. A CMP spacing of 10 m was applied throughout.

3.5 Echosounder characteristics and seafloor morphology of the Mauritania Slide
Complex
3.5.1 Echosounder characteristics

The Parasound data allow us to describe the main architectural elements of the slide
under two major morphological divisions based primarily on a major change in seafloor slope
gradient accompanied by a downslope variation in seafloor acoustic characteristics. The
divisions are: (i) the headwall and the proximal slide areas, and (ii) the main debris flow

depositional area.

3.5.1.1 The headwall and proximal depositional areas

Parasound dip-profiles (e.g. Figs. 3.4 and 3.5) which reach out from the outer shelf
and upper slope areas downslope into the main slide area, show that sediments shallower than
600 m have generally not been affected by sliding. The unaffected sediments are acoustically
characterised by sharp prolonged flat, but locally undulating, seafloor reflections. The dip
profiles (e.g. Figs. 3.4 and 3.5) display a feature acoustically imaged as a sharp rise in seafloor
relief to narrow isolated transparent peaks, up to 75 m high occurring between 450 — 550 m

water depths. These peaks have been confirmed by gravity coring to consist of carbonate
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mounds inhabited by fresh water corals (Schulz et al., 2003; Colman et al., 2004). No sliding
activity is observed upslope of the feature.

In most parts of the slide, headwall scars are imaged as a series of distinct steps in
morphology with heights ranging from <25 m to 100 m above the seafloor. This is especially
the case in the southern parts (e.g. Fig. 3.4), where the scars occur between 800 m - 1150 m
water depths. However, in the middle part of the slide, the uppermost headwalls appear to be
associated with a number of detached blocks, up to 40 m thick and some with widths >4 km,
between 600 - 1400 m water depths (Fig. 3.5). The seafloor reflections of these blocks are
acoustically characterised by very sharp prolonged returns, with very faint or no clear sub-
bottom reflectors. The lower headwall scars are step-like, and occur between 1200 - 1400 m
water depths (Fig. 3.5).

In the northern parts of the slide, especially towards its northeastern boundary, the
headwall area is dominated by several canyons and gullies which have given rise to a number
of isolated sediment blocks (Fig. 3.6). Some of these blocks show layered internal structure
while others are acoustically transparent. The largest of the canyons attain depths up to 100 m
or more and widths up to 3 km (Fig. 3.6). In general, the canyon floors do not show any
significant debris flow infill. In the uppermost slope area, towards the northern end of
Parasound Profile GeoB03-046a (Fig. 3.6), a sidewall scar, ~40 m high which is associated
upslope with undisturbed sediments, is seen near 1775 m water depth. The profile also shows
a distal scar occurring near 2100 m water depth close to the southern end, but this clearly cuts
across a pre-existing debris flow deposit which is ~40 m thick.

In most of the profiles (e.g. Figs. 3.4 — 3.6) the deposits occurring immediately
beneath the headwall scars show highly blocky structure, and are acoustically characterised by
irregular hyperbolae of weak to strong surface reflections with vertices often attaining relief
up to 30 m high (Fig. 3.4b). These proximal debris flows are commonly underlain by clearly
visible prolonged strong to weak sub-bottom reflectors (Fig. 3.6). The thickness of these
deposits is usually <25 m but may gradually increase downslope up to ~ 40 m or more. The
headwalls commonly occur between 600 — 1400 m water depths where slope gradients are
typically up to ~2.5° (Figs. 3.4 and 3.5). However, the headwall scars themselves may attain
gradients up to ~8°. The proximal depositional areas extend downslope to between ~2100 -
2150 m water depths (Figs. 3.4 and 3.6), so that the overall average slope gradient for the

headwall and proximal depositional areas, is typically ~1.9°.
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3.5.1.2 Main debris flow depositional area

Downslope ~2100 - 2150 m water depths, the slope gradient is drastically reduced
from the average of ~1.9° observed in the headwall and depositional proximal areas, to <1°.
No scars are seen deeper than this depth but rather debris flow deposition becomes laterally
extensive (Figs. 3.4 — 3.7). The deposits are characterised mostly by prolonged seafloor
reflections which may, however, locally appear blocky (Fig. 3.7). This major reduction in
slope gradient, which is accompanied by a change in acoustic character, marks the transition
into a dominantly debris flow depositional regime which characterises the main depositional
area of the slide in most of our profiles (e.g. Figs. 3.4 — 3.7).

Profile GeoB03-046b (Fig. 3.7) which cuts across the main depositional area in the NE
- SW direction, shows that debris flow deposition extends from the northeast more than 120
km across the length of the profile, and is only delimited in the southwestern end by a small
channel-levee system. In places, the debris flow deposits are underlain by prolonged sub-
bottom reflectors which grow weaker downslope and eventually fade out. The debris flow
deposits display widths from <25 m up to ~45 m. They appear to be composed of several
units which lie side by side and commonly onlap one another, especially within the
northeastern half of the profile (Fig. 3.7). Towards the distal parts of the slide, the seafloor
reflections become more prolonged, and no sub-bottom reflectors are clearly visible, except in
the vicinity of the channel-levee system that bounds the debris flows in the southwestern end
of the profile. The presence of debris flow facies at the floor of the channel indicates that
some of the slide material has travelled down the channel. However, the particularly well-
stratified southern levee facies show that slide material has not moved further southward

beyond the channel-levee system.

3.5.2 Seafloor morphology of the Mauritania Slide Complex

We present a newly compiled map of the seafloor morphology of the Mauritania Slide
Complex (Fig. 3.3), based on the mapping of slide features identified in the Parasound data.
However, the most distal part of the slide that was not covered by our Parasound profiling,
has been incorporated from published data by Jacobi (1976) and Jacob and Hayes (1982) into
the map. The map shows that the slide has affected an area in the order of 34,000 km?, which
is generally in agreement with that previously reported by Jacobi (1976). The affected area
includes the upper slope area, from water depths ~600 m, down to the rise at water depths

>3500 m.
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The seafloor map shows that the slide is delimited in the upper slope area by a slightly
arched to sub-linear headwall boundary, ~150 km long and located below 600 m water depth,
which trends sub-parallel to the shelf edge bathymetric contour (i.e. 100 m contour) and opens
seaward to the west. Immediately west of this headwall boundary, the failed sediments
assume a general westward flow direction forming a complex, more or less, ovate-shaped
body which extends seawards into the continental rise. From 2750 m water depth, however,
the northern part of the sediment flow suddenly emerges into an elongated distal body whose
flow direction is gradually diverted to the southwest by a system of canyons and the Cape
Verde Rise which bound the slide in the north and northwestern parts. The distal slide body
eventually tapers off further seawards near 3500 m water depth. The total run-out distance of
the slide from the uppermost headwall boundary to the most distal slide tongue is >300 km. In
the southern part of the slide, a relatively much smaller sediment flow also emerges from
~2750 m water depth from where it flows within a westward flowing channel. The southern
slide boundary is effectively delimited by a system of westward flowing canyons. Just beyond
the apex of the most distal part of the slide, i.e. near 3500 m water depth, the southwest and
westward flowing bounding canyon systems appear to coalesce to constitute a single major
canyon system. In the upper slope area, the cold water carbonate mound reef is mapped as a
linear topographic feature located immediately between the headwall boundary and the shelf

edge.

3.6 Seismic characteristics

Our MCS profiles have generally afforded a very good resolution of sedimentary
features within the upper 600 m (800 ms TWT) of the seafloor cover, and hence provide
additional valuable information about the Mauritania Slide Complex which is otherwise
lacking in the Parasound echosounder data. Consequently, the seismic profiles have allowed a
detailed visualisation of the internal structure of the Mauritania Slide Complex as well as its
basal sliding surfaces and headwall features. Quite as in the case with the Parasound profiles,
we distinguish between the source region and the main depositional area of the slide based

primarily on changes in the seafloor reflection characteristics and slope gradient.

3.6.1 Headwall and proximal depositional areas
The seismic data (e.g. Figs. 3.8 — 3.11) reveal that the headwall areas of the Mauritania
Slide Complex are strongly characterised by a complexity of seafloor morphologies

comprising of slide scars, detached slide blocks as well as, locally, canyons and erosional
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gullies and their associated isolated blocks. In addition the debris flow deposits occurring on
the seafloor immediately beneath the headwall scars display highly blocky and strongly
hyperbolic seismic reflections.

Seismic dip-oriented profile, Profile GeoB03-056 (Fig. 3.8) which crosses the
southern part of the Mauritania Slide Complex from the upper slope to the rise, shows a
headwall area characterised by a series of step-like slide scars which truncate well-layered
reflectors on the seafloor between 800 — 1150m water depths. Upslope the uppermost
headwall, i.e. at Shot Point 8900, the profile displays an isolated sharp peak ~50 m high
characterised by chaotic to transparent seismic signature which we ascribe to the presence of
the cold water carbonate mound (observed earlier in the Parasound data)

Within the middle parts of the slide, the seismic data show that the upper slope
headwall area is characterised by large detached blocks measuring up to 4 km wide, and some
with thickness exceeding 40 ms TWT (Fig. 3.9). The blocks show preserved mostly well-
layered internal reflectors, and rest conformably over undisturbed generally continuous and
well-stratified reflectors parallel to the general slope stratigraphy. In places, the base of the
blocks appears to be associated with very thin transparent layers which are intercalated within
the well-layered sediment packages. Between 1250 — 1350 m water depths, the lower parts of
the blocks are truncated by seaward facing scars which define the lower headwalls. The
sediment packages in the slope area have been gently updomed by two underlying diapiric
structures occurring near Shot Points 2250 and 4250. A large section of the blocky debris
flow deposit located near the downslope flank of the lower updomed seafloor appears to be
missing. The presence of the carbonate mounds in the middle parts of the slide, is again
observed as a chaotic to transparent piercement structure with a sharp rise in seafloor relief up
to 50 m high.

Most of the headwall area in the northern parts of the slide is dominated by intense
erosion and gully incision of well-layered sediment packages giving rise to a number of
canyons and several isolated sediment blocks on the seafloor (Figs. 3.10 and 3.11). The well-
layered sediment packages are intercalated with thin acoustically transparent layers,
commonly <20 ms TWT, which may locally pass into lens-shaped debris flow bodies. The
overlying sediments have in places been deformed and updomed by sub-surface sediment
remobilization (Fig. 3.10) and upward diapiric growths (Fig. 3.11). In Profile GeoB03-046b
(Fig. 3.10), located close to the northern boundary, an isolated headwall scar ~ 40 m high is
seen to truncate the seafloor debris flow layer near Shot Point 1280. The seafloor topography

towards the northeast is highly irregular, and several gullies and a number of canyons, up to
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Seismic Profile GeoB03-046a
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Figure 3.10: Seismic profile GeoB03-046a recorded in the NE-SW direction across the northern headwall
region of Mauritania Slide Complex. The headwall area in the northern part of the profile is dominated by
canyon and gully incisions. The seafloor at the southern end of the profile appears to be gently updomed by
diapiric structure. Location of the profile is shown in Fig. 3.3.

Seismic Profile GeoB03-047
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Figure 3.11: Seismic profile GeoB03-047 recorded in the N-S direction across the northern headwall region
of Mauritania Slide Complex. Again, the headwall area is dominated by canyon and gully incisions. The
seafloor towards the northern end of the profile is updomed by diapiric structure. Location of the profile is
shownin Fig. 3.3.
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4 km wide and 100 m deep, are observed to incise within the surrounding topographic low
areas of this intensely wasted headwall area. The isolated blocks display mostly blocky

structure with well-layered to chaotic internal reflections (Figs. 3.10 and 3.11).

3.6.2 Main debris flow depositional area

Downslope-oriented seismic profiles (e.g. Figs. 3.8 and 3.9) show that the transition
from the headwall area to the main body of the slide is generally characterised by a major
change in seafloor gradient from ~1.9° to <1° as already observed in corresponding Parasound
profiles. These seismic profiles, together with others which cut obliquely across the main
body of the Mauritania Slide Complex (e.g. Fig. 3.12), reveal that the main depositional area
of the slide occurs immediately downslope of the major slope gradient transition. In the main
slide depositional area, the slide is dominated by a complex stack of sheet-like and lens-
shaped debris flow deposits, seismically imaged as laterally extensive zones of transparent to
chaotic reflections, separated by well-stratified, generally continuous strong amplitude
reflection packages (Figs. 3.12 and 13). In general, the uppermost debris flow deposits within
the main depositional area show less blocky seismic facies on the seafloor, and towards the
distal parts of the slide they commonly display a more or less smooth surface.

In Profile GeoB03-045 (Fig. 3.13), a large buried debris flow deposit >90 km wide
and up to 80 ms TWT thick is seen to lie below 4.200 s TWT and extends from Shot Point
9000 to the northwestern end of the profile. The overlying sediment body between Shot Points
2500 — 8000, which also infills the erosional depression, is characterised by well-layered
strong amplitude reflection packages intercalated by thin, i.e. <20 ms TWT thick, acoustically
transparent layers. This sediment body is up to 150 ms TWT thick and has a mound-shaped
geometry. Towards the southwest the well-layered interval is seen to locally display smaller
mound-shaped forms. At the northwestern part of the profile, i.e. between Shot Points 1000 —
5200, the overlying debris flow deposit, is about 80 ms TWT thick and shows mound forms
on the seafloor. At its northwestern end, this debris flow deposit locally displays very blocky
facies, though it appears less blocky in most parts. At Shot Point 5200, the deposit is sharply
bounded by two relatively thin, generally <50 ms TWT, vertically stacked debris flow sheets
which extend up to the southwestern end of the profile. In Profile GeoB03-046b (Fig. 3.12),
the well-layered sediment intervals show mound-shaped forms in places, especially where
they infill pre-existing topographic lows, e.g. between Shot Point 5000 — 8000 and below
3.500 s TWT. Quite like in the previous profile, the uppermost debris flow layer at the
northeastern part of the profile is seen to sharply bound two vertically stacked debris flow
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layers near Shot Point 7500. The channel-levee system seen in the previous profile, is again
observed to bound the uppermost debris flow layers at the southwest end of the profile. Large
sections of both profiles, show very pervasive acoustically transparent sub-vertical linear
zones originating from the sub-surface which cut upwards through both overlying debris flow
layers and the well-layered sediment intervals. In some parts, these sub-vertical features give
rise to wavy and often disjointed reflectors within the well-layered intervals, and where they
emerge on the seafloor, especially towards the southern parts of the profiles, the features are

associated with small depressions (Figs. 3.12 and 3.13).

3.7 Discussions
3.7.1 Controls on slide geometry and mobility

We note from the seafloor map of the Mauritania Slide Complex (Fig. 3.3) that
whereas the morphology of the main depositional area displays an ovate-like shape, its distal
part is exceptionally elongated, giving the slide complex a long run-out distance of more than
300 km. Our data interpretation suggests that several factors may have contributed in
determining this peculiar geometry of the Mauritania Slide Complex. These factors include
controls exerted by the Cape Verde Rise and the bounding canyon systems, the rheology of
slide material and the presence of diapiric structures.

The Cape Verde Rise acts as a major topographic diversion for downslope mass
sediment movements along the Mauritanian margin (e.g. Wynn et al., 2000). Our seafloor
map of the Mauritanian Slide Complex shows that the southwestern flow direction of the
northern part of the slide has clearly been induced by the flow direction of the system of
canyons that controls the northwestern boundary of the slide complex. The general course of
these canyons may have been pre-determined by the Cape Verde Rise, as noted for the flow
direction of the north-lying distal Cap Timiris Canyon (Antobreh and Krastel, in press).

By acting as a topographic diversion for the canyons and debris flows in the northern
parts of the slide, the Cape Verde Rise may have contributed in focussing the mass sediment
flows. In addition, the predominance of canyons and gullies within headwall areas north of
the slide would have focused flow energy so as to facilitate more rapid downslope evacuation
of the failed sediments. Consequently, flows close to the northern boundary are likely to
remain more fluidised and energised than those in the southern parts, and hence should have
greater ability to travel much longer distance. As a similar example, the development of an

erosional channel within the central scar of the Storegga slide is thought to have enabled
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channelized flow and increased velocity of the debris flows in that part of the slide (Bryn et
al., 2005b).

Our seismic profiles (Figs. 3.10 and 3.11) suggest that in the head region of the
northern parts of the slide most of the upper sediments have been destabilized by underlying
diapiric uplifts and sub-surface sediment remobilization. The resulting sediment
destabilization has led to the remobilization of pre-existing debris flows and also the
disintegration of overlying sediment, thus providing more mobility to the slide material for
further downslope transport.

The seismic data (e.g. Figs. 3.12 and 3.13) show the presence of mound-shaped
sediment units with well-layered internal reflectors which we interpret as contouritic deposits.
Contourite drifts in large slide environments have been found to be more sensitive and brittle
than surrounding coarse grained sediments, e.g. as observed for the Storegga Slide (Bryn et.
al., 2005a) and the Traenadjupet Slide (Laberg and Vorren, 2000). In a similar vein, we
speculate that contouritic deposits which appear to be more widespread in the northern parts
of the slide (Fig. 3.12), should favour an easier sediment disintegration in the area, and hence
give rise to more mobile sediment flows. In contrast, the predominance of intact tabular slide
blocks (Figs. 3.5 and 3.9) as well as highly irregular and blocky debris flow facies (Figs. 3.4
and 3.8) in the headwall areas of the southern part of the slide suggests that pre-slide
sediments in those areas have experienced less disintegration than sediments in the north
therefore rendering the resulting southern slide materials stiffer and less mobile.

The two canyon systems that delimit the northern and southern boundaries of the slide
complex are seen to merge immediately downslope near the apex of the distal slide to
constitute a major single channel system, the Mauritania Channel. As turbidity flows are
presumed to generate at the leading edge of debris flows (Middleton and Hampton, 1973;
McHugh et al., 2002), we expect the distal debris flows to potentially evolve into a major
turbidity flow system which is likely to feed this major channel system for enhanced mass

sediment evacuation into the deeper sea.

3.7.2 Sedimentary environments and pre-conditioning for slide development.

Our seismic data (Fig. 3.14) reveal that sediments in the vicinity of the northern parts
of the slide that are unaffected by sliding, display contouritic deposition characterised by
mounded morphology. In addition, we note that several of the well-layered sediments that
separate debris flow deposits within the main depositional area, especially those which infill

pre-existing topographic lows, show contouritic characteristics (e.g. Fig. 3.12). These
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Seismic Profile GeoB03-050
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Figure 3.14: Seismic dip profile GeoB03-050 recorded upslope of Mauritania Slide
Complex showing mound-shaped contouritic sediments unaffected by sliding as well as a
carbonate mound feature. Location of the profile is shown in Fig. 3.3.

observations suggest that a great deal of the failed sediments, particularly in the northern parts
of the slide, were probably of contouritic origin. The nearby Cape Verde Rise may have aided
in focusing bottom current, i.e. the south-flowing NADW, circulation in the area.
Consequently, the increased bottom current speed would have actively interacted with
sediment depositional processes in the area, arising mainly from upwelling-induced and wind-
blown aeolian sediment sources, thereby enhancing contouritic deposition.

Contouritic deposits characterised by sand-rich sediments which are intercalated by
fine-grained layers are known to be especially prone to sediment instability (Bryn et al.,
2005a). In this case, the fine grained layers often serve as suitable planes of weakness for
promoting mass sediment failures. Weak layers facilitate the destabilization of sediments and
the formation of slides. Most weak layers are probably much too thin to be resolved by the

seismic system but the occurrence of very thin acoustically transparent layers within the
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unfailed sediments (Figs. 3.10 and 3.11) in the northern parts suggests that lithologically weak
layers probably exist in this area and may have facilitated the slide process within the mostly
contouritic deposits. Though contourite deposition becomes less widespread in the southern
parts of the slide, the unfailed well-stratified sediments in the area are also intercalated with
very thin acoustically transparent layers (Figs. 3.8 and 3.9) which should serve to promote
gravity-driven downslope sediment movement, as similarly observed on the Aegean Sea
margin (Lykousis et al., 2002) and offshore Norway (Laberg and Vorren, 2000).

Lack of canyons within the arcuate segment of the margin favoured uninterrupted
rapid build-up of sediment piles over relatively long time intervals in a sheltered open slope
setting. This is in sharp contrast to the adjacent north and south bounding areas of the margin
where high concentration of canyons and gullies must have effectively evacuated any
sediment supplies through channelised sediment transport, and therefore precluded any
significant pile-up of sediments in those areas. The high rates of sediment accumulation,
especially in the presence of upwelling-induced organic-rich sedimentation, would have given
rise to underconsolidated sediments charged with excess pore pressure, thus making the

sediments highly prone to instability, and hence pre-conditioned for slide development.

3.7.3 Timing of slide events and failure mechanism

The seismic data reveal that the main depositional area of the Mauritania Slide
Complex is composed of several stacks of debris flow deposits separated by well-stratified
sediments. In addition we note in both the seismic and Parasound data, that the uppermost
debris flow deposits are made up of several lens-shaped units lying side by side or onlapping
each other in places (Figs. 3.7 and 3.10). We also note in both data sets the presence of
multiple headwall scars in the source areas (e.g. Figs. 3.4, 3.5, 3.8 and 3.9).

These observations suggest that the stages of development of the slide complex have
been characterised by several recurrent mass sediment failure events, which may be grouped
into major and relatively minor failure events. We speculate that the termination of each
major debris flow depositional event was generally followed by a period of ‘normal’
sedimentation during which the intervening well-layered sediments were deposited. Also
during this period, pre-existing headwall scars as well as seafloor topographic lows, created
by sub-surface sediment mobilization or diapiric growths and probably erosional removal,
were infilled by ‘normal’ sediments. That some of the well-layered sediments between 700 —

2500 m water depths (Figs. 3.12 and 3.14) display mounded contouritic characteristics, is
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indicative of the prevalent increased bottom current activity, i.e. under the regime of North
Atlantic Deep Water, which characterised the sedimentation process.

Many young submarine slides on deep continental margins which exhibit complex and
multi-staged behaviour are thought to have usually formed through retrogressive sliding
(Canals et al., 2004). The complex internal structure and the step-like headwall morphology
displayed by the Mauritania Slide Complex together with the fact that most of the lower
headwall scars occur at considerable water depths, i.e. up to ~2000 m deep, suggest that its
process of development during a major event was characterised by retrogressive sliding. In
this case, the initial sediment failure was started from the lowermost headwalls and was then
followed by a series of discrete failures which progressed upslope. In the seismic data (e.g.
Figs. 3.8 and 3.9) we observe, especially in the slope areas, the presence of widespread thin
acoustically transparent layers intercalated within thick well-layered sediment units. We
interpret these thin layers which commonly underlie failed sediments as weak layers which
facilitate sediment failure. The process of retrogressive slide development must have
exploited the widespread presence of these weak layers as glide planes. As no slides are
observed upslope of the linearly aligned cold water carbonate mounds (Fig. 3.3), it is most
likely that the mounds played an influential role in halting further upslope slide retrogression
particularly in the southern parts of the slide.

Cl4-age determination of sediment cores from the uppermost debris flow layers
recovered from different locations in the slide returned C14-age dating of 10.5 — 10.9 cal. ka
B.P. representing the age of the last major slide event (Henrich et al., in review). Slide
development during a major event may have been significantly modified by later minor
instability events which included remobilization of pre-existing debris flows as well as
translational sliding (this is discussed in detail in the last section). However, the time lapse
between the phases of multiple instabilities within the last major slide event may have
escaped the resolution of the Cl4-age dating method. The complete age description of the

slide complex has, however, not yet been established.

3.7.4 Possible trigger mechanisms for slide development

Following the creation of a slide ‘pre-conditioned’ environment along the Mauritanian
margin, i.e. the rapid build up of a thick sediment piles intercalated with widespread weak
layers, the stage was then set for a trigger mechanism to initiate the mass sediment failure
events which would lead to slide development. We now examine and evaluate the potential

trigger mechanisms which are likely to have initiated the development of the Mauritania Slide
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Complex based on indications from our data as well as those commonly documented for other
passive marginal settings. These are mainly: excess pore-pressure (generated mostly through
methane gas, decaying gas hydrates and sea level fluctuations, etc), earthquakes and diapiric

movements.

3.7.4.1 Excess pore pressure

Build-up of excess pore pressure in upper sediment layers is known to be capable of
triggering mass sediment failures (Laberg and Vorren, 1995; Vorren et al., 1998). With the
high rates of sediment accumulation within the study area, the potential for excess pore-
pressure generation would have been quite immense. The rapid pile up of huge quantities of
sediments would have entrapped organic matter from upwelling-induced sedimentation as
well as fluvial sources which decomposed into methane gas to give rise to increased excess
pore-pressures. Our data do not provide any clear indications like enhanced buried reflectors
or gas hydrate BSR (bottom simulating reflector) to suggest decaying gas hydrates as being a
possible source of the pore-pressure build-up. However, we note the presence of widespread
and pervasive acoustically transparent linear vertical zones which are often associated with
wavy reflectors in the main slide depositional areas (e.g. Figs. 3.12 and 3.13), and interpret
the features as evidence of widespread distribution of excess pore-pressure from over-
pressurised gas or fluids within the slide complex.

Sea level fluctuations are also known to generate excess pore pressures within near-
bottom seafloor sediments as a result of periodic changes in hydrostatic pressure within the
sediments (e.g. Lee et al., 1996). As noted by Henrich et al. (in review), the timing of the last
major debris flow depositional event, i.e. 10.5 — 10.9 cal. ka B.P., is suggestive that the
youngest major failure event could also have been triggered by the rising sea level during the

transition between the last glacial and the present interglacial.

3.7.4.2 Earthquakes as a possible trigger mechanism

Jacobi (1976) suggested earthquakes associated with the Cape Verde Rise and adjacent
fracture zones extensions may have possibly triggered the slide events. Earthquakes have been
cited in several studies in Atlantic marginal settings as the commonest trigger mechanism for
many large-scale submarine mass sediment failures, e.g. the Storegga Slide (Bryn et al.
2005b), Afen Slide (Wilson et al., 2004) and the Traenadjupet Slide (Laberg and Vorren,
2000) though the margin setting of these slides is different compared to the Mauritania Slide

Complex.



Chapter 3 03

Seismic hazard modelling results have shown that nearby thick offshore sediments are
able to significantly extend the shaking duration of earthquakes (Lindholm et al., 2005). And
for their study of the deep sedimentary More Basin, offshore Norway, Lindholm et al. (2005),
concluded that surface sediment layers located ~100 km from the earthquake source
experienced more seismic shaking than the source region. As the Mauritania Slide Complex is
located within a thickly sedimented rift basin, i.e. up to 10 km deep at its depocenter off
Mauritania (Wissmann, 1982), any earthquake activity from nearby Cape Verde Islands is
expected to have a more pronounced effect in the slide area. Consequently, earthquake
activities from the islands should be considered as a potential trigger mechanism for the

formation of the Mauritania Slide Complex.

3.7.4.3 Diapirism as a possible trigger mechanism and its influence on recent slide
development

We note that the Mauritania Slide Complex is located within the area of salt diapirs,
which lies between latitudes 16 © - 19° N (Wissman, 1982), along the Mauritanian margin.
Our seismic data interpretation shows that most of the slide area has been subjected to sub-
surface sediment mobilization and diapiric growths ( e.g. Figs. 3.9 — 3.11). Salt movements in
the margin, believed to have began in Miocene/Pliocene time following sediment overloading
from the Senegal River paleo-estuary (Wissman, 1982), appear to have continued up to this
time though there might have been several long periods of inactivity. As the depocenter of the
paleo-estuary shifted progressively southwards towards its present location near 16° 05°N,
high sediment accumulation from upwelling-induced sources and wind-blown sediment must
have sustained the salt halokinesis. Consequently, we think destabilization of overlying
sediment layers by salt movements has continued over a long time and may constitute an
important trigger mechanism for the development of Mauritania Slide Complex. Apart from
fracturing and deforming overlying sediments, the upward movement would also have locally
created oversteepening of affected slope and rise areas. This observation is consistent with
studies elsewhere, e.g. in the Gulf of Mexico (Tripsanas et al., 2004) and off North Carolina
(Cashman and Popenoe, 1985) where episodic movements of underlying salt bodies are
believed to have triggered slope failures.

Though we do not have data control over the growth history of the diapirs, our data
interpretation allows us to envisage the influence of diapiric growths on seafloor stability and

recent slide development by a three-stage evolutionary model outlined as follows (Fig. 3.15):
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Figure 3.15: Schematic illustration of the influence of diapiric growths on seafloor stability and recent
development of the Mauritania Slide Complex. The model is based on our interpretation of Profile GeoB03-
054 (Fig. 9). Stage 1: Deposition of debris flows during last major slide event. Stage 2: Continued diapiric
growths cause uplifts of seafloor accompanied by locally increased slope gradients leading to translational
sliding and remobilization of pre-existing debris flows. Stage 3: Further diapiric growths lead to more
uplifts of overlying sediments and then disintegration of seafloor debris flow deposit. See text for detailed
explanation.
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(1) The last major slide event resulted in the formation of widespread debris flow
deposits probably through retrogressive slope failure of previously well-layered slope
sediments (Fig. 3.15, stage 1). The age of this major event is represented by the 10.5 —
10.9 ka obtained from core dating.

(i1))  Following this event continued diapiric growths locally uplifted the upper and lower
slope areas, including: (a) the area immediately upslope the upper headwall scar,
which previously had undisturbed sediments, and (b) the area downslope the lower
scar. In the upper slope area, initial diapiric growths locally increased the seafloor
gradient, thereby inducing translational sliding along planar failure surfaces. In this
case, the very thin acoustically transparent layers within the well-stratified upslope
sediment packages may have facilitated the sliding process by serving as lithological
planes of weakness. In the lower slope area, the seafloor debris flow layer responded
to diapiric growths by gradually thinning and withdrawing towards the downslope
flank of the now uplifting seafloor (Fig. 3.15, stage 2).

(1i11)) In the upper slope area, progressive upward diapiric growths led to a slight
disintegration of the slide blocks accompanied by further downslope movement which
may have eventually slowed down or stopped on encountering the detached debris
flow deposit. In the lower slope area, the growths led to a complete detachment of the
overlying less cohesive and increasingly weakened debris flow layer at the downslope
flank of the updomed crest leaving an isolated debris flow remnant in the upslope
flank (Fig. 3.15, stage 3).

Our model suggests that diapiric growths have the tendency to later destabilize
overlying sediments previously unaffected by retrogressive failures of even major slide
events. In the case of pre-existing seafloor debris flow deposits, the growths would thin or
considerably weaken the layers and eventually dismember or disintegrate them thereby
inducing renewed mobility to the flows.

Translational sliding and debris flow remobilization may still be an active process
within the Mauritania Slide Complex as evidenced by recent updoming and seafloor
instabilities induced by the apparently, still active diapiric growths. In many cases, seafloor
topographic lows created at the flanks of the domed areas have constituted pathways for
remobilized debris flows (e.g. Fig. 3.11). Additionally, the rugged seafloor topography
created by the isolated and detached remnants of the pre-existing slide materials may locally
give rise to increased bottom current velocities, thereby leading to erosional removal of

portions of the deposits for further redistribution into the deep sea.
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Considering all the scenarios for slide initiation discussed above, it is unlikely that any
single trigger mechanism could be solely responsible for initiating all the slide events. In
addition, the marked complexity in morphology exhibited by the Mauritania Slide Complex
suggests that its stages of development must have been influenced by the interplay between
more than one of the triggering mechanisms discussed above. However, because of their more
regional character, factors like earthquakes and excess pore pressure may have been more
dominant in initiating major slide events which were later modified by diapiric growths and

sub-surface sediment remobilization.

3.8 Conclusions

e Recentlly acquired Parasound sediment echosounder and high resolution multi-
channel seismic reflection data have afforded a more detailed characterisation of the
Mauritania Slide Complex than previously reported. Apart from further constraining
the seafloor morphology of the slide complex, the new data have allowed a detailed
visualization and investigation of the internal structure of the slide including headwall
features, basal sliding surfaces as well as the geometry and character of slide
deposition.

e The slide has affected an area in the order of 34,000 km? occurring between ~600 m -
>3500 m water depths, hence ranking as one of the major slides on the NE Atlantic
margin. Headwall scars commonly occur as a series of steps in seafloor morphology
ranging between 25 — 100 m high and occurring between 600 - 2000 m water depths.

e The ovate-shaped slide displays a long run-out distance >300 km as a result of higher
sediment flow mobility induced in its northern parts by bounding canyon systems and
the Cape Verde Rise. In addition, widespread diapiric growths may have enhanced
quicker disintegration of overlying weaker contouritic deposits thus contributing to
increased sediment flow mobility.

e Slide development was pre-conditioned by uninterrupted deposition of probably
upwelling-induced organic-rich sediments in an open slope environment which would
have favoured rapid accumulation of poorly consolidated bedded sediments
interspersed with thin lithologically weak layers.

e The presence of several vertically stacked debris flow deposits separated by well-
layered sediment intervals revealed within the internal structure of the slide is
suggestive that the stages of slide development have been characterised by multiple

failure events. In addition, the series of step-like headwall scars which extend from
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great water depths ~2000 m upslope to~600 m, suggests a retrogressive mode of
failure which may have been facilitated by widespread weak layers during a major
slide event.

e Slide development during a major slide event may have been significantly modified by
later minor instability events which involved remobilization of pre-existing debris
flows as well translational sliding mainly as a result of diapiric growths.

e The data interpretation suggests excess pore pressures, resulting from decayed organic
matter and/sea level rise, could be the most important trigger mechanism for slide
formation. However, seismic shaking could have played a complementary or, at one
time or the other, a leading role in triggering the sediment failures. Diapiric growths
have also been important in destabilizing overlying sediments including unfailed
areas. The combined activities of these factors are the most likely cause of the

complex morphology of the Mauritania Slide Complex.
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4 Sedimentation processes along the slope and rise offshore Uruguay

inferred from reconnaissance high resolution seismic reflection survey

Andrew A. Antobreh, Sebastian Krastel and Volkhard Spief3

To be submitted to Marine Geology

4.1 Abstract

Our interpretation of recently acquired high resolution multichannel seismic reflection
data from the continental margin off Uruguay suggests that sedimentation processes in the
slope and rise areas, whilst dominated by gravity-driven processes, have been significantly
influenced by bottom current activity and recent structural deformation in the margin. The
highly unstable slope area is dominated by extensive mass sediment movements. In particular,
several discrete slide and slump blocks, measuring >5 km in width and >70 ms TWT in
thickness in dip direction, occur at the upper and middle slope. Downslope mass sediment
movements have been facilitated by widespread lithological weak layers which serve as glide
planes. The continental rise is dominated by widespread debris flow deposits occurring as
stacks of lenses, extensive sheet-like forms and massive bodies separated by thin veneers of
well-layered hemi-pelagic deposits. Three regionally traceable seismic reflectors associated
with hemi-pelagic deposition, group the debris flow units into distinct stratigraphic horizons.

Build-up of excess pore pressure, mainly from entrapped water during the rapid
sediment accumulation and decayed organic matter from terrigenous inputs as well as high
productivity, appears to constitute the most important trigger mechanism for large sediment
failures in the margin. Though slope oversteepening may also be very important for triggering
the large scale slope failures, its influence is mostly observed for the relatively smaller-scale
failure events. Recent structural deformation in the margin has resulted in an intensely faulted
and deformed bathymetric swell at the toe of the slope which now acts as a local topographic
barrier to downslope sediment movement. The resulting rugged seafloor topography serves as
a site for enhanced bottom current activity. Our study suggests that the slope has been
unstable for quite a long time. The mass sediment movement events may have been dominant
during lowered sea level stages, and curtailed during the subsequent rise in sea level when

sedimentation was dominated by hemi-pelagic deposition.

Keywords: slide blocks, weak layers, glide planes, debris flows, bottom current, slope

oversteepening, €Xcess pore pressure.
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4.2 Introduction

Huge quantities of terrigenous sediments discharged into the South Atlantic by the Rio
de la Plata are swept northwards from the estuary by longshore currents, and deposited at the
Uruguayan continental shelf and slope (Lonardi and Ewing, 1971, Spiess et. al., 2002). The
high rate of sediment accumulation is accompanied by high water retention and low sediment
rigidity. Consequently, the deposits become potentially unstable on the steep slope and often
result in extensive mass wasting activities (Klaus and Ledbetter, 1988; Spiess et. al., 2002). In
addition, the Uruguayan continental margin is uniquely located within a region of intense
oceanic mixing (Fig. 4.1) involving south-flowing tropical and north-flowing Antarctic water
masses (Peterson and Stramma, 1991).

Current knowledge about the sedimentation processes along the Uruguayan margin
has largely been derived from more regionally based studies of the Argentine margin and
related provinces (e.g., Lonardi and Ewing, 1971, Ewing and Lonardi, 1971, Klaus and
Ledbetter, 1988, Milliman, 1988). However, the complexity of sedimentary structures along
the slope and rise (Lonardi and Ewing 1971) and the strong influence of bottom current
activity in the region (Peterson and Stramma, 1991) call for a more focused study in order to
afford reliable interpretations of the factors and processes that have governed the sedimentary
dynamics of the margin. This is especially important for a better understanding of the
sedimentation process history of the region which 1is crucial for resolving the
palaeoceanographic circulation patterns as well as climatic events in the South Atlantic since
the late Neogene.

From their regional study of deep-sea sedimentary processes in the Argentine Basin
using 3.5 kHz echograms, Klaus and Ledbetter (1988) identified large mass flow deposits east
of the Rio de la Plata and the adjacent abyssal plain. Interpretations of Parasound sediment
echosounder data by Bleil et al. (1994) and Hensen et al. (2003) also suggest frequent and
widespread downslope mass movements of the near-surface sediments in the margin.
Widespread episodic downslope mass sediment movement events have been recognised in
many passive continental margins, e.g., the eastern Scotian margin (Piper and Ingram, 2003),
the New Jersey continental margin (McHugh et al., 2002), the Norwegian-Greenland Sea
continental margins (Vorren et al., 1998), the northwest African (Wynn et al., 2000) and the
northeast Atlantic continental margins (Weaver et al., 2000), and are perceived as being
important components of the modern stratigraphic record. Consequently, the events have been
associated with global climatic cycles, particularly sea level changes (McHugh et al., 2002).

In recent years, the growing interest in the study of mass sediment transport processes has



Chapter 4 103

(a)

South America

Latitude [S]

Depth (m)

1000
2000
3000
4000
5000
6000

50°
Longitude [W]

(b)

Latitude [S]

37°

550 54° 53° 52° 51° 50W
Longitude [W]

Figure 4.1: (a) General bathymetry of SW Atlantic continental margin
showing the location of study area (in box) in relation to large-scale upper-
level current circulation patterns in the South Atlantic Ocean (modified after
Peterson and Stramma, 1991 and Wefer et al., 1999). RP = Rio de la Plata
estuary; Black star = location of recent recorded seismicity in the margin
(U.S.G.S., 2004). (b) Bathymetric map of a close-up of the study area (Gebco,
2003), enclosed in dotted-line box, showing Meteor Cruise M49/2 ship track
lines. Locations of selected high resolution MCS profiles presented in this
study are shown in thick black lines.
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further been boosted by their crucial importance in geo-hazard assessment studies for
engineering and environmental projects connected with offshore economic resource
exploitation and development (Baraza et al., 1999, Piper and Ingram, 2003). Furthermore,
several analyses aim at studying the tsunami generation potential of the failed sediments (e.g.,
Dawson, 1999; Fryer et al., 2003; Trifunac et al., 2003; Fine et al., 2004).

In this present study, we interpret reconnaissance high resolution multi-channel
seismic reflection (MCS) data, to investigate slope processes and sedimentation patterns along
the Uruguayan continental margin. In particular, we analyse the mechanisms of mass
sediment transport and re-deposition along the slope and rise, and attempt to derive their
relationships with sea level fluctuations, bottom current circulation and structural

deformations.

4.3 Physiography and oceanographic setting

The study area is located within 36° - 37° S and 51° - 53° 30° W along the Uruguayan
continental margin (Fig. 4.1). The area is slightly to the northeast of the Rio de la Plata
estuary. Structurally, the Uruguayan margin is located in the northwestern part of the
continental rim of the extensive Argentine Basin. Descriptions of the main physiographic
features and sedimentary structure of the Argentine margin and related provinces are provided
by Lonardi and Ewing (1971) and Ewing and Lonardi (1971). In the study area, the shelf
break occurs between 130 and 150 m, and is thought to coincide with a relict erosional
surface. From a relatively wide width of up to ~300 km south of 38° S, the shelf becomes
narrower north of this point to widths <150 km offshore Uruguay. At the same time, the slope
becomes broader northwards from the Uruguayan margin. In the interval between 36° 30’ and
37° 10°, the slope is quite steep, attaining 3 — 3.5° around 2500 m water depth. Several
submarine canyons incise the slope and rise off the Rio de la Plata. The continental rise is
characterised by a gentle gradient and occurs from depths around 2900 m seaward. The
presence of the N-S striking Polonio Fault (Ewing and Lonardi, 1971), which cuts across the
slope and rise north of the Rio de la Plata, and other minor faults observed on the slope off the
Rio de la Plata, might provide indications of a recent tectonic event along the margin.

The Uruguayan margin, together with the adjacent lying southern Brazilian and
Argentine margins, is situated within the confluence region of intense mixing of oceanic
currents (Fig. 4.1) where the northward flowing cold Antarctic water masses of the Falkland
(Malvinas) Current meet the southward flowing warm and saline tropical waters of the Brazil

Current (Peterson and Stramma, 1991). These mixing water masses control the dynamics of
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the upper-level current regimes, and the front separating them currently migrates between 32°
and 40° S in response to the relative strengths of the currents (Olson et al., 1988). Apart from
giving rise to a high regional productivity, the intense mixing leads to increases in current
velocities extending to the seafloor (Antoine et al., 1996; Peterson et al., 1996). Along the
shelf and upper slope offshore Uruguay, the increased current velocities are thought to be
mainly responsible for winnowing and re-distribution of the huge terrigenous sediment inputs
received from the Rio de la Plata (Peterson et al., 1996). The confluence region is also set
within the crossroads of several major deep-water masses including the northward flowing
Antarctic Intermediate Water (AAIW) and the southward flowing North Atlantic Deep Water
(NADW) operating between 500 — 4000 m water depths. In addition, from water depths
below 3800 — 4000 m, current circulation is dominated by the Antarctic Bottom Water
(AABW) which forms a strong deep-water circulation gyre centred around the Argentine

Basin (Reid, 1989; Flood and Shor, 1988; von Lom-Keil et al., 2002).

4.4 Seismic data

Our study is based on MCS data acquired offshore Uruguay during R/V Meteor Cruise
M49/2 undertaken by the University of Bremen in February 2001. The data were primarily
collected as part of a larger geophysical survey of the South Atlantic continental margins in
connection with a pre-site survey for the ODP (Ocean Drilling Program) drilling proposal
‘Brazil-Falkland (Malvinas) Confluence: Paleoceanography of a Mixing Region’ prepared by
Wefer et al. (1999). Seismic data recorded within the study area comprised ~325 km total
length of profiles, and coverage included areas in the upper slope, at ~1200m water depth,
down to the continental rise, at ~3600 m water depth.

The data were acquired using a 1.7 1 GI-Gun as seismic source. The gun was shot at
~25 m intervals, being operated by a high pressure air of 150 bar. A 600 m-long Syntron
streamer, equipped with separately programmable hydrophone subgroups, was used to receive
the data. Recording was done by 48 groups at a group distance of 12.5 m. The data were
digitally recorded at a sampling frequency of 4 kHz over 3 s time. Positioning was based on
GPS (Global Positioning System). The MCS data were processed using a combination of ‘in-
house’ and the ‘Vista’ (Seismic Image Software Ltd) softwares. Processing procedures
involved trace editing, setting up geometry, static and delay corrections, velocity analysis,
normal moveout corrections, bandpass frequency filtering, stack and time migration. A CMP

spacing of 10 m was used throughout.
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4.5 Results and data interpretation

We present four dip-oriented seismic profiles, GeoB01-147a, GeoB01-147b, GeoBO1-
149 and GeoBO01-152 (Figs. 4.2 — 4.5), and one strike-oriented profile, GeoB01-151 (Fig. 4.6),
to describe the dominant features and that characterize the shallow sedimentary structure of
the continental slope and rise areas of the Uruguayan margin. The seismic data have generally
afforded a high resolution image of the sedimentary features within the upper ~600m (i.e.,

800 ms TWT) of the seafloor cover.

4.5.1 Continental slope

Profile GeoB01-147a (Fig. 4.2) extends from the upper slope area at a water depth of
~1150 m down to the upper rise at a water depth of ~2900 m. The roughly ENE-WSW
oriented profile is slightly oblique to the margin. The profile shows that the sedimentary cover
of the slope, i.e., from Shot Points 0 - 4000, is made up of a thick sediment package (>400 ms
TWT) characterised seismically by parallel to sub-parallel well-layered medium to high
amplitude reflectors which are intercalated by thin units (<70 ms TWT) of very low amplitude
to transparent reflection events. The continuity of these slope reflection events, especially in
the steepest part of the slope between Shot Points 2200 and 4000, is interrupted by several
glide planes and listric faults. The well-layered reflectors are sharply truncated in the upper
slope, e.g., between Shot Point 1800 and 2500, by what appears to be buried slide or slump
scars, and in the uppermost slope, the sediment package is down-faulted into a depression
measuring ~6 km wide and >50 m deep. The entire seafloor of the slope, especially between
Shot Points 800 to 3700, is disrupted by a number of scars. In addition, the seafloor
morphology displays several isolated blocks, some with disturbed internal structure, which
measure up to 5 km wide and 70 ms TWT. We interpreted these as either slump or slide
blocks.

At the lower part of the slope, a broad updomed zone, ~30 km wide, is seen to occur
between Shot Points 4000 and 7000. This zone which is associated with a number of fault-
bounded blocks, shows intense deformation as well. To the immediate west of Shot Point
4000, a wedge shaped down-faulted block, ~ 4 km wide and bounded in the west by shallow
faults, shows slightly folded internal reflectors. Lying immediately east of this block, is a
much larger block, ~9 km wide, characterised by intensely folded and deformed, very low
amplitude internal reflectors. This second block is bounded by very steeply dipping to near-
vertical faults. The intensity of folding within the block appears to progressively increase

upwards. The two blocks appear to be downthrown in a step-wise fashion forming a ~16 km
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wide depressed zone. Another fault-bounded block is seen close to Shot Point 5000. This
block which is wedge-shaped, tapers from a >7 km base to less than 2.5 km in its upper part,
and internally displays folded and deformed low to medium amplitude reflections. The upper
surface of this wedge-shaped block shows a scar. A sediment slump which displays chaotic
internal and blocky surface reflections is observed to the immediately east of the seafloor scar.
This slump material is associated with a gully which coincides with the upward trace of a
fault. To the east of the wedge-shaped block is a much broader block, ~ 9 km wide. This
block is, however, less deformed and displays thin (<100 ms TWT) units of well-layered
medium amplitude reflectors separated by thicker (up to 200 ms TWT thick) very low
amplitude to transparent reflection zones. The eastern surface of this block also shows a scar
and a gully associated with faulting. Again, a sediment slump with a blocky seismic structure
at its upper surface is observed immediately to the east of the scar. East of Shot Point 6700,
and within what appears to be the transition to the continental rise, the area is dominated by
widespread debris flow deposits acoustically imaged as several stacked units of chaotic to
transparent internal reflections often with mound-shaped external geometry. The deposits are
draped on the seafloor by a thin, well-layered medium to strong amplitude reflector packet

which in-fills a locally depressed zone between Shot Point 6500 and 8300.

4.5.2 Continental rise

All the profiles located in the continental rise (Figs. 4.3 — 4.6), show the presence of
widespread debris flow deposition. The debris flow deposits are imaged predominantly as
stacks of acoustically chaotic to transparent lenses, as well as massive units of very weak or
chaotic reflections, separated by thin veneers of well-layered medium to strong amplitude
reflectors. The dip-oriented profiles GeoB01-147b (Fig. 4.3) and GeoBO01-152 (Fig. 4.4) show
that the debris flow units assume more sheet-like geometry seaward from the mainly mound-
like shapes which characterise the upslope deposits, e.g., as described earlier in the
easternmost part of Profile GeoB0O1-147a (Fig. 4.2).

The debris flow units appear to group within a number of distinct stratigraphic
horizons whereby the base of each group of debris flows is defined by a key reflector which
separates it from an underlying thin sediment veneer. We recognise at least three key
reflectors which are traceable in the dip-oriented profiles in the rise (Figs. 4.3 —4.5) as well as
the strike-oriented profile (Fig. 4.6) over a wide area in the continental rise. We denote these

reflectors, from the deepest to the shallowest, as DR, MR and SR respectively.
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Reflector DR is generally characterised by a blocky and hyperbolic seismic reflection
signature upslope (Figs. 4.3 and 4.4), but which becomes slightly undulating seaward, e.g. as
observed on Profile GeoB01-149 (Fig. 4.5). In dip profiles (Figs. 4.3 — 4.5), DR has quite a
low relief, which is sub-parallel to the seafloor. It is moderately continuous within the rise,
and can be traced with a fair degree of confidence from depths >5400 ms TWT upslope to
depths of ~4500 ms TWT (Fig. 4.3) beyond where the reflection becomes generally weaker,
and is eventually lost. DR is in places associated with broad depressed zones, up to 30 km
wide and >50 m deep, e.g. between Shot Points 2000 — 5000 in Profile GeoBO1-152 (Fig.
4.4). DR is overlain by a generally thick, relatively massive sheet of debris flow unit which
may attain up to 300 ms TWT thick, although it shows what appears to be several sections of
intense erosion (Figs. 4.3 — 4.6). Strike profiles (Figs. 4.3 and 4.4) show that this unit can be
followed more than 80 km downslope from the upper rise. However, we do not know how far
the unit continues downslope due to missing data coverage in water depth >3600 m.

Reflector MR is also characterised by blocky and irregular reflection signature upslope
(Figs. 4.3 and 4.4) but develops broader waveforms seaward, with wavelengths reaching up to
2.5 km, e.g., Profile GeoB01-149 (Fig. 4.5). The waveforms commonly form the upper
surface of drift-like bodies which internally display well-stratified wavy medium amplitude
layers (Figs. 4.3 — 4.5) with upslope migration (Fig. 4.5). The reflector is also generally sub-
parallel to the low seafloor relief, and may be followed within the rise from ~5000 ms TWT
depth (Figs. 4.3 and 4.4) upslope with a good degree of confidence to the slope/rise
transitional area (Fig. 4.3), where it is lost among the several other strong reflections that
bound the mound-shaped debris flow lenses. MR is also locally associated with depressed
zones (Figs. 4.3, 4.4 and 4.6). The immediately overlying debris flow package is especially
characterised by several relatively large discrete flat lenses, >32 km long and <70 ms TWT
thick, some of which locally infill the underlying depressed zones.

The shallowest reflector, SR, has a relatively linear seismic signature upslope which
gradually develops into smaller waveforms in deeper waters (Figs. 4.3 — 4.5). Locally, SR is
associated with drift-like bodies which measure up to 17 km wide (Fig. 4.3). SR has good
continuity and may be traced from within ~4900 ms TWT in the rise, close and sub-parallel to
the seafloor, with a good degree of confidence up to the lower slope where its continuity is
lost under the deformed zone (Fig. 4.2). The overlying debris flow unit is particularly
extensive and sheet-like, and is ~ 100 ms TWT thick and exceeds 80 km long in strike
profiles (Figs. 4.3 and 4.4). The top of this debris flow sheet is dominated by irregular, often

relatively smaller blocky and hyperbolic reflection events. The unit is draped on the seafloor
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Seismic Profile GeoB01-149

SP: 1800.0 1600.0 1400.0 1200.0 1000.0 800.0 600.0 400.0 200.0
| L | 1 ol o L | . | |
NwW i E
Sheet-like S
debris flow

Sediment waves
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Massive debris flow

Figure 4.5: Multi-channel seismic reflection dip profile GeoB01-149 located slightly deeper in the rise. Here, the three
key reflectors, DR, MR and SR, are very prominent and show various waveforms. The interval between DR and MR is

dominated by a massive debris flow unit. Location of the profile is shown in Fig. 4.1.

Seismic Profile GeoB01-151
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Figure 4.6: Multi-channel seismic reflection strike profile GeoB01-151 also recorded in the continental rise. Again, the
three key reflectors, DR, MR and SR, are associated with thin veneers of well-layered reflections which separate the
debris flow units. We also notice the massive debris flow unit between DR and MR. Location of the profile is shown in

Fig. 4.1.
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by an acoustically well-stratified thin sheet (<70 ms TWT) of medium to high amplitude
reflection events which may thicken to infill locally depressed zones. The seafloor sediment

layers are locally associated with gully-like features (Fig. 4.4).

4.6 Discussion
4.6.1 Patterns of debris flow deposition

Our data (Figs. 4.2 — 4.6) show the increasing dominance of debris flow deposition
from the lower slope towards deeper waters. The continental rise, especially, is dominated by
widespread debris flow deposits which occur in various forms including stacks of lenses,
extensive sheet-like forms and massive bodies separated by thin veneers of well-layered
hemi-pelagic deposits. The mound-shaped geometry displayed by the deposits in the upper
rise might have been locally induced by slow creeping of sediments on the eastern flank of the
bathymetric swell.

The three key reflectors, DR, MR and SR, identified with the debris flow units in the
rise, group the units under at least four major depositional periods. The morphology, scale and
surface boundary characteristics displayed by the upper surface of the different groups of
debris flow units in seismic profiles, suggest that they formed through the deposition of
sediments sourced from different scales of mass sediment failures in the slope.

The extensive blocky and hyperbolic seismic signature displayed by the deepest
reflector, DR, suggests that the reflector constitutes the upper surface of an underlying
extensive group of debris flow units that is probably dominated by massive bodies, but whose
geometry is unresolved by the limit of seismic penetration. We note also that the upper
surface of the debris flow units that overlie reflector DR is similarly associated with extensive
blocky and hyperbolic reflection events. This group has been shown to be dominated by
massive debris flow units with only a few lenses in places (Figs. 4.3, 4.4 and 4.6). We
speculate that the deposition of these two earliest dominantly massive debris flow deposits,
involved huge volumes of mass sediment movement and included several large sediment
block fragments. The mass sediment flows must have been sourced mainly from large-scale
or catastrophic sediment failure events in the slope and probably shelf areas, punctuated only
by intermittent small scale failure events which we associate with the few debris flow lenses.

In contrast to the earliest massive debris flow units, the deposits which lie between
reflectors MR and SR have been shown to be dominated by several stacked lenticular shapes
suggesting that their deposition involved sediments derived mainly from repeated and

relatively smaller-scale slope failures. Consequently, the deposition of these debris flow
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lenses probably resulted predominantly from the persistent release of discrete slide or slump
blocks in the slope. The data show that the youngest debris flow deposit, i.e. which overlies
reflector SR, is sheet-like and quite extensive. The irregular, often blocky and hyperbolic
seismic signature of its upper surface imply that this unit also contains several block
fragments. However, quite unlike the two earliest debris flow deposits, this unit probably
contains a greater percentage of smaller block fragments, as depicted by the seismic signature.
Large sediment volumes are known to give rise to increased sediment flow mobility (Laberg
and Vorren, 1995). That both the earliest and most recent debris flow units can be followed
downslope over 80 km from the upper rise, implies that their depositional events involved the
movement of large volumes of sediment, thereby favouring long run-out distances of the mass

sediment flows.

4.6.2 Source of the debris flows and pre-conditioning for mass sediment failure

The mostly well-layered nature of the slope sediments in Profile GeoB01-147b (Fig.
4.2) suggests relatively long periods of uninterrupted sediment accumulation in this area. In
addition, we see no indications like remnants of major headwall scars in this part of the slope
to suggest previous removal of huge volumes of sediments. Hence, whereas the profile shows
indications of recent instability and downslope mass sediment movement in the slope area, it
is unlikely that this portion of the Uruguayan slope has been the main sediment source for the
extensive debris flow units seen in the rise. However, because of the paucity of data in the
adjacent slope areas, we can only speculate that the bulk of the debris flow sediments has
been sourced from the slope and shelf areas to the immediate north of Profile GeoB0O1-147b
(Fig. 4.2). Presumably, this area is the most likely source area for the debris flow sediments as
sediments remobilized immediate north of Profile GeoB01-147b and following the maximum
slope gradient would be re-deposited in the debris flow area surveyed by us. We also note that
unlike the slope areas off the Rio de la Plata and the adjacent south where downslope
sediment transport is facilitated by several deeply incised canyons, the absence of any major
canyon systems in the study area must have created a depositional environment that allowed
rapid and widespread sediment accumulation in an open slope setting. It is from this setting
that the failed sediments moved downslope towards the southeast direction to the present
depositional area in the rise.

Our slope profile (Fig. 4.2) clearly shows that the entire slope is currently undergoing
extensive gravity-controlled mass sediment movement occurring both as large-scale and

relatively smaller-scale sediment failures in the form of slides and slumps. Our interpretation
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suggests that the thin acoustically transparent layers, which alternate with the thick well-
layered high amplitude reflection packages, are associated with widespread sediment glide
planes in the slope area. We accordingly interpret these thin layers as lithological planes of
weakness which promote widespread slope instabilities in the area. Similar examples where
thin mud-rich sediment layers have facilitated large slope failures of thick well-stratified sand
rich turbidites have been reported elsewhere, e.g., in the Barents Sea (Laberg and
Vorren,1996) and the Aegean Sea (Perissoratis and Papadopoulos, 1999; Lykousis et al.,
2002). The rapid deposition of huge quantities of fluvial sediments along the Uruguayan
margin from the Rio de la Plata would have favoured the formation of thin clay-rich sediment
layers within thick well-layered, probably, sand-rich sediment packages. The depositional
setting along the Uruguayan margin would therefore have already pre-conditioned the slope
area for massive sediment instability, and thus needed only a trigger mechanism to set off the

massive sediment failures.

4.6.3 Possible trigger mechanisms for the mass sediment movement

We list potential trigger mechanisms for the failure events along the margin including
slope oversteepening, build-up of excess pore pressure and earthquakes. The several isolated
blocks which characterise the present upper slope seafloor morphology have been identified
as either slide or slump blocks. The presence of slide/slump scars immediately upslope of
these blocks and the fact that most of the blocks have their layered internal structure
preserved, suggest that they may have been recently released, having moved only short
distances away from their points of release. Again, the presence of buried slump/slide scars in
older well-stratified sediments of the steeper parts of the upper slope indicates that the slope
had in previous times persistently released several of similar sediment slides and slumps. It is
also likely that a number of the subsequent failures had been induced by locally increased
slope gradients created from earlier scars. That the scars are particularly widespread in the
steep upper slope areas, suggests that slope oversteepening from the rapid sediment
accumulation constituted a very important triggering mechanism for sediment failures in the
slope area. Our data also show that the downslope movement of sediment blocks in the slope
area are also associated with widespread faulting most of which we interpret as listric growth
faults. These faults may have contributed in oversteepening the slope so as to trigger off
sediment failure.

Build-up of excess pore-pressures is known to be capable of triggering sediment

failures (Laberg and Vorren, 1995; Vorren et al., 1998). The large fluvial terrigenous
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sediments supplied to the margin by the Rio de la Plata would have included significant
amounts of organic-rich material (Lonardi and Ewing, 1971, Spiess et. al., 2002; Hensen et
al., 2003). In addition, we note that the Uruguayan margin is located within a region of high
primary productivity as arising from intensely mixing surface waters (Behrenfeld and
Falkowski) which would also give rise to additional large export of organic matter to the
seafloor (e.g. Hensen et al., 2003). Consequently, increased pore pressure would have been
generated from bogenic gas formed through the decomposition of organic matter (Hensen et
al., 2003) as well as the high amounts of water entrapped during the rapid sediment build-up.
In addition, rapid falls in sea level have been shown (e.g. Lee et al., 1996) to directly lead to a
lowering of hydrostatic pressure on near-bottom seafloor sediments, thus generating excess
pore pressures within the sediments. The influence of sea level fluctuations on sedimentation
in the margin (discussed in the next section) is also likely to be another potential source for
episodic build-up of high pore pressures in the upper sediment layers. Though our data do not
show any clear evidence of gas charged sediments, the several potential sources of excess
pore-pressure generation in the margin suggest that build-up of excess pore pressure may be
the most important trigger mechanism for mass sediment failure along the margin.

Evidence of recent seismicity in the vicinity recorded during the last 30 years
(U.S.G.S., 2004) suggests earthquakes as a possible triggering mechanism for some of the
slope sediment failures in the area. Since sedimentation in the margin had already pre-
conditioned the slope for sediment instability, especially with the introduction of widespread
lithological weak layers, a number of even small single earthquakes, occurring in succession,
could potentially trigger large-scale failures (e.g. O’Leary 1991; Laberg and Vorren, 2000).
The sustained seismic shaking would have caused continued deterioration of the shear
strength along failure planes (Laberg and Vorren, 2000). Consequently, large slabs of
sediment are released in the slope, and these undergo progressive fragmentation as they move
downslope subsequently evolving into debris flows. In the absence of sufficient data about the
earthquake history in the margin, however, we can only speculate about earthquakes as a

potential trigger mechanism for failures in the margin.

4.6.4 Sea level fluctuations and bottom current influence on sedimentation

The presence of alternating thin acoustically transparent layers within thick well-
layered high amplitude reflection packages that dominate the thick slope sediments (Fig. 4.2)
suggests that the margin has experienced marked cyclicity in sedimentation patterns probably

in response to glacial eustatic controls on the sedimentary environment, as similarly reported,
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e.g., in the Aegean Sea (Lykousis et al., 2002). We interpret the deposition of the thick well-
layered high amplitude reflection packages as representing periods of increased sediment
influx of mainly coarse-grained or sand-rich terrigenous sediment into the margin. These
periods correspond to stages of glacial sea level lowstands when the exposed proximal margin
was likely to have received huge quantities of terrigenous sediment supplies. The thin
transparent layers represent deposits of fine-grained or mud-rich material associated with the
intervening periods of reduced sediment input under an inter-glacial sea level highstand
regime.

Our seismic data show that most of the present seafloor, especially in the continental
rise, is draped with a thin veneer of well-layered reflectors which may presumably represent
hemi-pelagic sediment deposited under the recent interglacial highstand regime. Accordingly,
we infer that the three key seismic reflectors, DR, MR and SR, identified in the rise, constitute
the top of thin well-layered sediment veneers, and mark the end of relatively short intervals of
hemi-pelagic sediment deposition of intervening highstand periods. Due to lack of borehole
data in the vicinity, we are unable to determine the age calibration for the reflectors. However,
we accordingly speculate that most of the debris flow depositional events occurred under
glacial stages of falling sea level which generally followed the transient intervals of hemi-
pelagic deposition.

We note that the Uruguayan margin is located within a region of intense oceanic
mixing of major geostrophic currents (Fig. 4.1). Mixing of water masses of different origin
are thought to generate drift-like morphologies in hemi-pelagic sediments (Knutz et al., 2002).
Along the Uruguayan margin, the intervals of hemi-pelagic deposition coincided with periods
of increased bottom water influence on sedimentation as depicted by the presence of erosional
features, drift-like bodies and sediment waves, particularly, from water depths >3000 m (Figs.
4.3 —4.6), possibly, in a current domain controlled by the NADW. However, interpretation of
erosional features in Parasound profiles located in the adjacent slope south of the study area
shows contour current activity extended upslope to about 850 m water depth (Bleil et al.,
1994), and was probably influenced by the AAIW. Because reflectors MR and SR are
associated with pronounced erosional depressions and better developed contourite drifts and
sediment waves, their time were probably marked by the most intense bottom current activity.
Apparently, with its better contourite development in the upper rise, SR time may have
witnessed much stronger bottom current circulation in less deeper waters, i.e. around 3000 m
water depth (Figs. 4.3 and 4.4). However, with its more pronounced erosional depressions and

sediment drifts in the lower rise, MR time apparently produced the stronger bottom water
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circulation in deeper waters, i.e. >3500 m water depth. These bottom water circulation

regimes must have been governed by the NADW.

4.6.5 Influence of recent structural deformation on sedimentation

Recent structural deformation of the proximal margin may have significantly
influenced present sedimentation processes as well as bottom current activity in the region.
Being located on the passive SW Atlantic margin, the Uruguayan margin is expected to
generally remain tectonically stable during the post-rift period (Rabinowitz and LaBrecque,
1979 ). Consequently, the updomed area and associated faulting observed at the toe of the
slope may be ascribed to gravitational gliding or spreading of the upper sediment layers over a
weak regional detachment surface as similarly observed for passive deltaic margins e.g. the
Gulf of Mexico (Cobbold and Szatmari, 1991) and the Niger Delta (Cohen and McClay,
1996). However, further evidence like the presence of a detachment plane, tilting of faulted
blocks against listric faults as well as regionally remobilized salt or shale to facilitate such
large-scale gravitational failure (Cohen and McClay, 1996; Mauduit et al., 1997) from more
extensive, and probably deeper seismic survey method, would be required to substantiate a
gravitational origin for this feature. Ewing and Lonardi (1971) provide some evidence for the
N-S striking Polonio Fault, which they ascribe to possible tectonic origin. Therefore tectonics
might have played a role during the evolution of the margin and the updomed area and
associated faulting. However, for the scenario described above, additional deep seismic data
would be necessary to support it.

Though the paucity of our data neither allows us to determine the areal extent of the
updomed area on the lower slope nor the causes for this feature, our interpretation of Profile
GeoB01-147a (Fig. 4.2) allows us to outline a schematic model (Fig. 4.7) to illustrate the
influence of recent structural deformation observed in the area on sedimentation processes
and bottom current activity along the margin. We are also aware that Profile GeoB01-147a is
slightly oblique to the margin and therefore we would like to stress the fact that we only
present a schematic model not taking into account the three-dimensionality of this problem.

The initial updoming process gave rise to a broad bathymetric swell, about 30 km
wide, in the lower slope accompanied by widespread extensional faulting within the upper
sediment layers (Fig. 4.7a). Downward movements of large faulted blocks along high angle
faults (Fig. 4.7b) gave rise to the development of a graben and horst-like feature in the
updomed area. The graben created at the toe of the slope must have induced massive

downslope sediment movement in the slope area as a result of a local increase in seafloor
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Figure 4.7: Schematic representation of recent structural deformation on sedimentation processes offshore
Uruguay. The cause of the deformation is unknown. The model is based on our interpretation of Profile GeoB01-
147a (Fig. 4.2). (a) Onset of updoming process leading to bathymetric swell (in lower slope) and extensional
faulting (in the uppermost and lower slope). (b) Formation of fault scarps as well as 'graben and horst' feature
following downward movement along faults. (c) Present shape of margin. See text for detailed explanation.



Chapter 4 120

gradient. However, as the gravity-flow process of the slope sediments is obstructed by the
action of the updomed zone, intense compressive stresses are applied by the sliding sediments
on the intervening sediment blocks, i.e. at the toe of the slope and on the western flank of the
updomed area, leading to systematic folding and deformation of the blocks (Fig. 4.7¢c). The
especially intense folding and deformation of the sediment blocks against the fault planes on
the western flank of the uplifted zone, clearly demonstrate that the bathymetric swell is
currently acting as a topographic barrier to active downslope mass sediment movement.
Whilst our data coverage is not dense enough to allow a good determination of the strike
extent of the swell, the presence of widespread recent terrigenous deposits in the rise (Bleil et
al., 1994; Hensen et al., 2003) suggests that a great deal of the slope-derived mass sediment
flows from the adjacent slope areas are able to by-pass this barrier. Hence, the bathymetric
swell may be viewed as a local, albeit prominent, topographic barrier to recent downslope
mass sediment movement.

Complex topographic irregularities on the sea floor are known to significantly
intensify bottom current flow (Stoker, 1998). The ‘graben and horst’-like features associated
with the bathymetric swell have created a local rugged seafloor topography hence giving rise
to an intensification of bottom current activity, possibly dominated by the NADW. In
addition, the associated fault scarps on the seafloor serve as sites of enhanced erosion by the
increased current strength, resulting in the development of several contour-parallel erosional
gullies. Furthermore, the highly unstable nature of the fault scarps, commonly results in
slumping into the adjacent gullies and a further widening of the upper gully walls, thereby
facilitating stronger bottom current circulation. The partly eroded slump deposits within the
gullies attest to the efficiency of the powerful currents in evacuating slump sediments for
onward re-deposition into the deep sea. The especially intense deformation of sediments on
the western flank of the swell may have rendered the soft sediments more susceptible to
erosion by strong bottom currents. Consequently, the swell constitutes a potential area for
future sediment re-working for further re-distribution.

The influence of recent structural deformation on sedimentation and the structural
model presented above only discusses possible scenarios which we consider as plausible
based on the available data. A complete appreciation of the nature and scale of the influence
of this bathymetric swell on sedimentation in the margin would require a detailed seismic

investigation of the adjacent areas.
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4.7 Conclusions

1.

The slope of the Uruguayan margin is highly unstable, and is characterised by
extensive gravity-flow processes. The slope seafloor morphology is dominated by
slide/slump scars and several isolated slide and slump blocks. Downslope mass
sediment transport has been facilitated by widespread lithological weak layers which
serve as glide planes for sediment failures.

Slope oversteepening as well as build-up of excess pore pressure generated mainly
from decayed organic matter and entrapped water during the rapid sediment build-up
may be the most important trigger mechanism for the slope failures. Fluctuations in
sea level could also be important in generating high pore pressures to trigger failures.
However, the relatively smaller-scale failures associated with slide blocks and slumps
may have been largely caused by slope oversteepening. Earthquakes may also
constitute a potential trigger mechanism but in the absence of adequate data about
earthquake activity in the margin, their influence could only be speculative.

The continental rise is dominated by widespread debris flow deposits occurring as
stacks of lenses, extensive sheet-like forms and massive bodies separated by thin
veneers of well-layered hemi-pelagic deposits. Three regionally traceable seismic
reflectors associated with the hemi-pelagic sediments, group the debris flow units into
distinct stratigraphic horizons. In deeper waters, the key reflectors are commonly
associated with sediment waves and drift-like bodies as well as large erosional
depressions, pointing to strong bottom current influence on hemi-pelagic depositional
events.

The debris flow deposits were sourced from mass sediment movements originating
from the adjacent shelf and slope areas through large-scale, or catastrophic, as well as
small-scale failure events. The mass movement events must have been largely
episodic, with each major depositional event of the debris flow units having occurred
within a lowered sea level stage and terminated by the deposition of thin hemi-pelagic
sediments under the influence of increased bottom current circulation during the
subsequent rise in sea level.

Recent structural deformation in the margin has given rise to an intensely faulted and
deformed bathymetric swell at the toe of the slope which now acts as a local
topographic barrier to downslope sediment movement. The resulting rugged seafloor
topography, which is dominated by fault scarps and a ‘graben and horst’ feature,

serves as a site for enhanced bottom current activity.
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6. Whilst the study provides new insights for understanding controls on slope processes,
sediment transport mechanisms and re-deposition along the Uruguayan margin, a
complete understanding of the sedimentation process history of the margin would
require a more detailed and broader seismic investigation, also including age

calibrations of key reflectors.
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Chapter 5: Summary and perspectives

Processes of mass sediment transport in two geologically diverse Atlantic margins
which are associated with high marine productivity, i.e. the Mauritanian margin and the
Uruguayan margin, were investigated using hydroacoustic (Hydrosweep swath bathymetry
and Parasound echosounder) and high resolution multi-channel seismic reflection (MCS)
methods. The Mauritanian margin is dominated by hyper-arid conditions and receives large
amounts of offshore wind-blown eolian sediments. The margin is also the site of high rates of
sediment accumulation related to upwelling-induced high productivity. The Uruguayan
margin, on the other hand, is a fluvial-dominated margin which receives large volumes of
organic-rich terrigenous sediments from the Rio de la Plata, but is also additionally influenced
by high primary productivity arising from intensely mixing surface waters. Though both
margins offer good opportunities for studying mass sediment transport processes, especially
geologically recent events in two geologically unique settings, the margins are poorly
surveyed. The main investigations in this thesis are centred around two major features
associated with processes of mass sediment transport off the Mauritanian margin, i.e. the Cap
Timiris Canyon and the Mauritania Slide Complex, both of which were surveyed in detail
with hydrocoustic methods and high resolution MCS profiling during RV Meteor Cruise
M58/1 in April/May 2003. An additional area offshore Uruguay, which is dominated by
extensive slope instabilities and mass sediment transport, was also investigated based on high
resolution MCS data acquired from the area during RV Meteor Cruise M49/2 in February
2001.

Results of the thesis document for the first time the detailed morphology and seismic
structure of Cap Timiris Canyon, which was discovered during RV Meteor Cruise M58/1. The
combined interpretation of Hydrosweep swath bathymetry and high resolution MCS data
acquired over the canyon has afforded deep insights into processes leading to canyon
development as well as the role it has played in the sedimentary dynamics of the margin. Cap
Timiris Canyon is dominantly V-shaped and displays many fluvial features. The head region
is composed of a series of dendritic canyons and gullies that funnel sediments from a large
area, >5000 km?, along the Mauritanian margin into the main canyon. Canyon incision and
meander evolution have given rise to a number of terraces of different genetic origin. Seismic
characterization of the terraces reveal a variety of internal structures which suggest that they
originated through a number of different processes including sliding/slumping, uplift-induced
incision and lateral accretion. Canyon development is strongly influenced by variations in

underlying geology, seafloor gradient, sediment supply and tectonic controls. The nature of
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the influence is directly reflected in the style and patterns of meandering as well as processes
of terrace formation.

The origin of Cap Timiris Canyon is ascribed to an ancient river system that flowed in
the adjacent presently arid Sahara Desert and breached the shelf during a Plio/Pleistocene sea
level lowstand in order to deliver sediment directly into the slope area. The data interpretation
suggests that the initial invading unchannelised sheet of sand-rich turbidity flows initiated
canyon formation by gradually mobilizing along linear seafloor depressions and fault-
controlled zones of weakness. The study proposes that the development of canyon
morphology and structure was influenced by the stages of active flow of the coupling river
system, and hence could act as a proxy for understanding the paleo-climatic evolution of a
‘green’ Sahara since Neogene time. Though the canyon is currently decoupled from any
potential river point source under the present highstand regime, it has been kept preserved
mainly through sediment supplies from a number of sources including upwelling-induced
sedimentation, offshore wind-blown sediments from the Sahara Desert and remobilized
sediment from the shelf areas and canyon vicinities.

The extensive coverage of the Mauritania Slide Complex by Parasound and high
resolution MCS profiling during RV Meteor Cruise M58/1 afforded a more detailed
characterisation of the slide complex than previously reported. The seafloor morphology
reveals that the Mauritania Slide Complex is a major feature that has destabilized an area in
the order of 34,000 km? which lies between ~600 - >3500 m water depths. The headwall scars
is characterised by a series of steps in seafloor morphology ranging between 25 — 100 m high
and occurring between 600 - 2000 m water depths. The slide, which is ovate-shaped, displays
a long run-out distance >320 km as a result of higher sediment flow mobility induced in its
northern parts by bounding canyon systems and the Cape Verde Rise. In addition, the
increased mobility in the northern parts may have been aided by diapiric growths which
promoted the disintegration of overlying widespread contouritic deposits. The area became
slide-prone as a result of a number of pre-conditioning factors which include undisturbed
rapid sediment accumulation from upwelling-induced organic-rich sediments and wind-blown
eolian sediments in a sheltered open slope setting as well as the formation of widespread thin
lithologically weak layers interbedded within thick well-stratified, often contouritic, sediment
piles.

The data interpretation suggests that the development of the Mauritania Slide Complex
was characterised by multi-staged processes of slide formation which took place under major

and minor failure events. Slide formation during major failure events was dominated by
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retrogressive sliding which was promoted by lithological weak layers. However, later minor
instability events mainly remobilized pre-existing slide deposits and also, locally, gave rise to
translational sliding. Excess pore pressures, resulting from decayed organic matter and/or sea
level rise, appear to be the most important trigger mechanism for slide formation. However,
seismic shaking may have played a complementary or, at one time or the other, a leading role
in triggering the sediment failures. The effects of diapiric growths are mostly observable as
minor instability events. The combined activities of these factors are the most likely cause of
the complex morphology of the Mauritania Slide Complex.

The studied area in the Uruguayan margin is dominated by extensive mass sediment
movements. Slope instabilities have given rise to the downslope movement of large sediment
packages as well as several discrete slide and slump blocks which are observed in the upper
and middle slope areas. As similarly observed in the Mauritanian margin, the mass sediment
movements here have been facilitated by lithological weak layers which served as glide
planes. Extensive debris flow depositions dominate the continental rise. The debris flow
deposits occur variously as stacks of lenses, extensive sheet-like forms as well as massive
bodies separated by thin veneers of well-layered pelagic sediments. Regionally traceable
reflectors associated with the thin hemi-pelagic intervals group the debris flow deposits into
distinct stratigraphic horizons.

Slide development was also pre-conditioned by the formation of widespread weak
layers during rapid sediment build-up. Mass sediment failures may have been triggered
mostly by build-up of excess pore pressure arising from entrapped water during the rapid
sediment accumulation process as well as decayed organic matter from fluvial sources and
high primary productivity. Slope oversteepening may also be important in triggering large
scale slope failures, but its influence is mostly observed for the relatively smaller-scale failure
events. Earthquakes appear to constitute a potential trigger mechanism but in the absence of
adequate data about the earthquake history of the margin, their influence could only be
speculative. Evidence of block faulting associated with a locally updomed seafloor suggests
part of the Uruguayan margin has experienced recent structural deformation. The updomed
feature acts as a local topographic barrier for recent mass sediment movement and also
enhances bottom current circulation. The study suggests that the sedimentation process
history of the margin has been characterised by episodic major mass sediment movement
events which predominated during lowered sea level stages, and was curtailed during the

subsequent rise in sea level when sedimentation was dominated by hemi-pelagic deposition.
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In general, the main results of the thesis indicate that margin physiography may have
played a key role in determining the style of mass sediment transport. Along both the
Mauritanian and Uruguayan margins the style of mass sediment transport displays a sharp
transition from channelised flow processes to large scale mass sediment movements in open
slope environments. Entry points of major fluvial systems along the coast were likely to have
given rise to canyon processes as noted for both margins. Subsequent canyon evolution may
have been influenced by the stages of flow of the connecting river system. Where the entry
points coincide with regional structural lineations in the margin, the process of canyon
formation was significantly enhanced.

The open slope areas in both margins allowed undisturbed rapid sediment build-up
which gave rise to sediment instabilities arising primarily from underconsolidation of the
deposited sediments. Build-up of excess pore-pressures appears to be the most important
trigger mechanism for large-scale mass sediment failures in both margins. Furthermore, both
margins display widespread distribution of lithological weak layers which were exploited as
glide planes for mass sediment movement. Whereas the Uruguayan margin additionally
receives organic matter from the fluvial source at present times, the Mauritanian margin
currently does not receive any fluvial input. However, the occurrence of the Cap Timiris
Canyon and its postulated coupling to an ancient river as well as the fact that the mouth of the
Senegal River was located further to the North during Miocene/Pliocene times also suggest
significant fluvial input to this margin in past times. It appears high marine productivity has
been very instrumental in significantly elevating the organic inputs into both margins which
enhanced the generation of excess pore pressures and also, perhaps, introduced more organic
matter into the formation of the mud-rich lithologic weak layers.

The thesis provides fundamental insights for understanding canyon processes and open
slope mass sediment movement along passive continental margins influenced by high
productivity. Results from the Cap Timiris Canyon call for further research efforts to
completely establish the temporal and spatial relationships between canyon origin and its
fluvial source. The resulting information could be a useful proxy for resolving the paleo-
climatic evolution of the Sahara Desert since Neogene time. In addition, a detailed
investigation is required of the distal channel segment of the canyon and its associated levees
as well as the down-system depositional environment for a complete understanding of the role
the canyon has played in the sedimentary dynamics of the margin. New data addressing these

aspects were collected during Meteor-Cruise M65/2 in July 2005.
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In the case of the Mauritania slide Complex, further work should investigate the
temporal and spatial relationships between diapiric growths and sediment destabilization in
the slide area. Further data coverage is needed for especially the distal parts of the slide in
order to completely constrain the seafloor map of the slide complex. A more detailed data
coverage of the slide would also allow a much closer investigation of the sediment flow
mobility history of the slide complex.

Whilst the study of the Uruguayan margin provides new insights for understanding
controls on slope processes, sediment transport mechanisms and re-deposition along the
margin, a complete understanding of the sedimentation process history of the margin would
require a more detailed and broader seismic investigation, also including age calibrations of
key reflectors. Future research efforts should in particular expand coverage to the presumed
source area of the debris flows in order to allow firm conclusions to be drawn about the mode
of sediment failures that have given rise to the extensive debris flow distribution. In addition
the cause of the bathymetric swell as well as its influence on sedimentation processes should
be of great interest for further investigations. A pre-proposal for a Meteor-Cruise with the aim
of studying the sediment transport at this margin from the shelf to the deep sea was
successfully reviewed and the full proposal is to be submitted by the end of this year. The
proposed work includes acoustic, sedimentological and geochemical investigations for a
detailed characterization of the sedimentary process of the margin. Additionally, geotechnical
analyses including in situ pore pressure measurements of selected slides and their glide planes

should examine the slope stability and therefore potential trigger mechanisms.
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