
Chapter 11
Post-failure Processes on the Continental Slope
of the Central Nile Deep-Sea Fan: Interactions
Between Fluid Seepage, Sediment Deformation
and Sediment-Wave Construction

Sébastien Migeon, Silvia Ceramicola, Daniel Praeg, Emmanuelle Ducassou,
Alexandre Dano, João Marcelo Ketzer, Flore Mary, and Jean Mascle

Abstract Voluminous mass-transport deposits (MTD) have been identified on
seismic profiles across the central Nile Deep-Sea Fan (NDSF). The youngest MTDs
are buried under 30–100 m of well-stratified slope deposits that, in water depths
of 1,800–2,600 m, are characterized by undulating reflectors correlated with slope-
parallel seabed ridges and troughs. Seabed imagery shows that, in the western part
of the central NDSF, short, arcuate undulations are associated with fluid venting
(carbonate pavements, gas flares), while to the east, long, linear undulations have
erosional furrows on their downslope flanks and fluid seeps are less common.
Sub-bottom profiles suggest that the western undulations correspond to rotated fault-
blocks above the buried MTDs, while those in the east are sediment waves generated
by gravity flows. We suggest that fluids coming from dewatering of MTDs and/or
from deeper layers generate overpressures along the boundary between MTDs and
overlying fine-grained sediment, resulting in a slow downslope movement of the
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sediment cover and formation of tilted blocks separated by faults. Fluids can migrate
to the seafloor, leading to the construction of carbonate pavements. Where the
sediment cover stabilizes, sediment deposition by gravity flows may continue build-
ing sediment waves. These results suggest that complex processes may follow the
emplacement of large MTDs, significantly impacting continental-slope evolution.

Keywords MTDs • Sediment waves • Deformation • Fluid seepages

11.1 Introduction

Gravity-driven sediment failure is an ubiquitous process on continental margins,
resulting in a wide range of possible morpho-sedimentary expressions (McAdoo
et al. 2000; Canals et al. 2004). Most studies of submarine landslides have concen-
trated on the triggering and dynamics of failures and their impacts as geohazards.
In contrast, less attention has been given to processes following the emplacement
of landslides on continental slopes. Although slope failures are known to decrease
slope angles, which should inhibit further landslides, it has been shown that a return
to stable conditions may involve several processes of erosion/deposition (Joanne
et al. 2010). Moreover, observations of fluid seeps in the vicinity of slide scars raises
the question of their role prior to and/or following failure (e.g. Lastras et al. 2004).

In this study, we examine sedimentary records of post-failure activity in the cen-
tral Nile Deep-Sea Fan (NDSF), using a large dataset including multibeam seabed
imagery, seismic-reflection profiles, and deep-towed side-scan sonar and 2–5 kHz
data collected during the FANIL (2001) and APINIL campaigns (2011). Previous
studies of the NDSF have shown its stratigraphic architecture to be characterised by
large Mass-Transport Deposits (MTDs) (Garziglia et al. 2008; Loncke et al. 2009).
In the central NDSF, stratified sediments form slope-parallel seabed undulations
interpreted to record slope destabilisation in association with widespread fluid
seepage, the latter recorded by high-backscatter carbonate pavements (Bayon et al.
2009). Here we present a first examination of lateral variability in the character
of the undulations and fluid seeps, and consider it in relation to the interaction of
processes of deformation and downslope deposition.

11.2 Methods

Multibeam bathymetric and backscatter data were acquired using hull-mounted
Simrad EM300 and EM302 systems during the FANIL and APINIL campaigns,
respectively. In the water depths of interest (1,800–2,600 m), the EM300 resulted
in DTMs with a spatial resolution of 50 m (bathymetry) and 25 m (backscatter),
while the EM302 yielded higher resolution DTMs of 25 m (bathymetry) and 10 m
(backscatter). Subbottom profiles were acquired during both campaigns using a hull-
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mounted chirp system. During the APINIL campaign, a deep-towed acoustic system
(Système Acoustique Remorqué: SAR) deployed c. 70 m above the seabed provided
both sidescan sonar imagery (resolution of 25 cm across swaths up to 1 km wide)
and 2–5 kHz profiles (vertical resolution of 80 cm). Deeper penetration seismic-
reflection profiles were acquired during FANIL using a 24-channel streamer and 2
mini-GI guns.

11.3 Results

Due to suspected interaction between buried bodies and seafloor features, we first
describe the continental-slope architecture then the main seafloor morphologies.

11.3.1 Architecture and Age of MTDs and Slope Deposits

Seismic-reflection profiles show the upper 400 ms of the central NDSF to be
characterised by up to 10 stacked lenticular bodies with a chaotic acoustic facies,
interpreted as MTDs, and interbedded with high-amplitude reflection packages
interpreted as turbidite channels (Fig. 11.2). The MTDs are 22–220 m (20–
200 ms) thick, with sharp or erosive basal contacts and irregular tops. The youngest
(MTD13) is about 150-km long and 35-km wide (Figs. 11.1 and 11.2; Rouillard
2010) and corresponds in cores to a debrite facies dated at c. 73 kyrs (Ducassou
et al. 2013). MTD13 is buried by a stratified seismic facies 33–55 m (30–50 ms)
thick (Fig. 11.2), corresponding in cores to alternating hemipelagite and turbidite
deposits (Ducassou et al. 2009). To the east across the central NDSF, the stratified
facies thickens up to 110 m above buried MTDs of unknown age but older than
MTD13 (Fig. 11.2).

11.3.2 Seabed Sediment Undulations

Multibeam data show the seafloor of the central NSDF across water depths of 1,800–
2,600 m to be dominated by sediment undulations, comprising elongate ridges
alternating with trough-like depressions (Fig. 11.1). From east to west across a field
of about 3,400 km2, a clear change is observed in both the plan-form morphology
and internal architecture of the undulations.

In the eastern part of the field, the mean slope angle is �0.8ı and undulations
are mainly slope-parallel (Fig. 11.1). Ridge crests are continuous for 2–9 km; most
are linear and parallel with consistent wavelengths of 0.5–1 km, although some are
arcuate and convex upslope or downslope in plain view. Ridges are 10–20 m high
on the upper slope and decrease downslope to �5 m. In cross-section, the ridges



120 S. Migeon et al.

Fig. 11.1 Bathymetric map of the study area in the central NDSF. Red dots are multibeam high-
backscatter patches. White continuous lines display crests of seabed undulations. Blue lines are
small sediment pathways. The red dashed line displays the limit of MTD13. (a) and (b) are
topographic profiles. The inset shows location of the study area on the Nile margin

Fig. 11.2 Seismic profile illustrating occurrence of buried MTDs (red bodies) in the central NDSF.
Some MTDs are affected by faults (F). Yellow and orange bodies are turbidite-channel infillings
with adjacent levees (L). Profile location shown on Fig. 11.1
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are mostly asymmetrical, with shorter upslope flanks (Figs. 11.1, and 11.3a, b), but
symmetrical undulations also occur. In profile, the ridges consist of a well-layered
echofacies, the first 30 ms of which thickens on upslope flanks, indicating higher
sediment deposition, and thins on downslope flanks where truncations are common,
indicating reduced deposition or erosion (Fig. 11.3a, b). Thus these structures have
migrated upslope through time (Fig. 11.3a, b). They overlie a disorganized unit in
which reflectors are tilted, disrupted and shifted vertically by faults (Fig. 11.3a).
This unit overlies a MTD (Figs. 11.2, and 11.3a) which top itself exhibits relief
(Fig. 11.3a). Sidescan sonar imagery across most of ridges (downslope flanks) reveal
abundant furrows, 300–500-m long and 10–20-m wide, oriented parallel or oblique
to slope (Fig. 11.4a), suggesting recent seafloor erosion by downslope flows.

In the western part of the field, overall slope angles are about 2.5ı and in places
up to 5.2ı. The undulations are mainly arcuate and oriented oblique (10–40ı) to
slope, exhibiting a heterogeneous plan-form organisation that changes westwards
(Fig. 11.1). In the eastern area of the western part, most arcuate crests are convex
downslope; they are subparallel and up to 3 km long, with wavelengths of 1–
1.5 km, and heights of 10–20 m with no downslope change. In the western area,
most ridges are disrupted and <1 km long, with sharp changes of orientation
(Fig. 11.1); they are 5–10 m high and �500 m in wavelength and distributed
randomly along the slope (Fig. 11.1). In some places, they display a blocky pattern,
more chaotic to the west. In profile, ridges are mainly asymmetrical with shorter
and steeper downslope flanks (Figs. 11.1 and 11.3c), the reverse of the eastern
part of the field, but also include symmetrical shapes with flat tops. Subbottom
reflectors are continuous between adjacent ridges (Fig. 11.3c), parallel to seafloor
and slightly wavy with wave amplitude constant with depth (Fig. 11.3c). Sediment
thickness is nearly constant between reflectors across the ridges, providing no
evidence for upslope or downslope migration (Fig. 11.3c). Small vertical offsets
in reflectors across some troughs suggest faulting processes (Fig. 11.3c). Troughs
are characterized by higher-amplitude reflections vertically aligned and resembling
chimney-like structures (Fig. 11.3c; Loncke et al. 2004). Sidescan sonar imagery
show the troughs to contain abundant intermediate-backscatter elongate patches
trending parallel to the trough orientation, as well as smaller numbers of high-
backscatter rounded patches (Fig. 11.4b), both inferred to be carbonate pavements
related to gas venting (Dano et al. 2013). Gas flares identified in the water column
above some of the high-backscatter patches indicate active fluid vents (Dano et al.
2013; Praeg et al. 2013). An absence of furrows suggests limited recent downslope
particle transport/deposition.

11.3.3 Sediment Pathways

Several slope-perpendicular linear structures are located on the continental slope in
water depths of 2,100–2,600 m (Fig. 11.1). They are 6–19-km long and V-shaped in
cross section. They are interpreted as small-scale sediment-transport pathways.
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Fig. 11.3 (a) Hull-mounted subbottom profile illustrating sediment-waves; the white line is the top
of a MTD and the dashed line is the top of a deformed interval (see text). (b) SAR subbottom profile
illustrating sediment-waves; the dotted line is the top of a MTD. (c) Hull-mounted subbottom
profile illustrating extensional deformations associated with fluid upward migration. Profiles
location shown in Fig. 11.1

A well-developed channel-levee system (named DSF4 by Ducassou et al. 2009)
is also located in the middle part of the study area, in water depths of 1,800–2,300 m
(Fig. 11.1). It formed between 73 and 10 kyrs and is now being progressively buried
by the undulations.
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Fig. 11.4 SAR imagery illustrating (a) furrows (F) associated with sediment waves in the eastern
study area, and (b) carbonate pavements (CP) flooring troughs of extensional deformations in the
western study area. The white arrow indicates the main direction of turbulent flows that generated
furrows. Images location shown in Fig. 11.1

11.4 Discussion

Undulating seabed sedimentary structures have been described on levees adjacent
to turbidite channels, open continental slopes and submarine pro-deltas (Migeon
et al. 2004; Hoffmann et al. 2011; Urgeles et al. 2011). They have been in-
terpreted as either sediment waves deposited by turbulent flows, or deformation
structures recording gravity-driven displacement of pre-existing sediment. The
seabed undulations of the central NDSF have previously been interpreted as purely
creeping/gliding features (Loncke et al. 2004; Bayon et al. 2009). We argue instead
that the undulations provide evidence of both depositional and deformational
processes. We first show the two main types of sediment undulations observed
across the study area to correspond to end-member cases of these processes, then
consider their overall relation to the underlying MTDs.
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11.4.1 End-Members: Sediment Waves Versus Deformation
Structures

In the eastern part of the study area, the plan-form morphology of the ridge crests
and their downslope decrease in amplitude and wavelength are consistent with
construction from turbulent gravity flows of decreasing velocity and particle load
downslope (Normark et al. 2002). The presence of furrows on the downslope
flanks of ridges confirms the role of these flows, at least during recent times, as
does the occurrence of small-scale sediment pathways (Fig. 11.1). At the scale
of individual ridges, the activity of successive turbulent flows caused preferential
sediment deposition on their upslope flanks and by-passing or erosion of their
downslope flanks (Fig. 11.3a), leading to upslope migration of the ridges. A similar
pattern was observed in other slope settings, resulting in comparable slope-parallel
sediment waves built by turbidity currents (Migeon et al. 2001; Normark et al.
2002).

In the western part of the study area, the chaotic convex-downslope morphology
of the undulations, their ‘reversed’ asymmetry and absence of furrows suggest
a limited impact of gravity flows in their formation. Their internal architecture
provides no evidence of migration over time (Fig. 11.3c), consistent with either low-
energy depositional draping of a pre-existing wavy topography, or with extensional
deformation of the sediment cover. The presence of faults beneath the intervening
troughs, many associated with gas seepage (Figs. 11.3c and 11.4b), favours the role
of post-depositional rotational movements generated along shallow normal faults,
as noted by previous authors (Loncke et al. 2004; Bayon et al. 2009).

The end-member cases of sediment-wave construction and extensional defor-
mation are not exclusive. Thus in the eastern part of the study area, rotational
structures are observed at depth (Fig. 11.3a), sandwiched between the undulating
seabed sediments and the top of the MTD, suggesting that extensional deformation
following MTD emplacement provided the pre-existing morphology that led to
sediment-wave growth, as has been described in other areas (Hoffmann et al. 2011).
In contrast, in the western part of the study area, sediment geometries continue
to be dominated by extensional deformation involving rotating fault blocks, with
widespread fluid venting along troughs aligned with fault planes.

11.4.2 Post-failure Slope Evolution

This work suggests that across the central NDSF, the formation of undulating
sediment structures is initially linked to extensional deformation following the
emplacement of large MTDs. Many extensional faults root within the MTDs and
could result from differential compaction of these deposits, while others only affect
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the overlying sediment cover and suggest slow gliding above MTDs. Because MTDs
are younger and shallower to the west and the sediment cover thickens to the east
(Fig. 11.2), extensional features should not be synchronous over the study area
but must become younger to the west. Thus the west-east transition from irregular
extensional features to well-developed sediment waves could reflect the increasing
age of post-MTD processes affecting the slope.

After the emplacement of a large MTD, new sediment pathways develop on
the slope and facilitate the deposition of a sediment drape. With time, the MTD
experiences compaction, dewatering and eventual fluid release. Overpressures
generated between the MTD and the overlying fine-grained sediment cover could
then facilitate the slow gliding of the sediment cover along extensional faults rooting
in the MTD. However, fluid seepage taking place across the central NDSF are also
likely to be derived from deeper layers, including suspected gas hydrates (Praeg
et al. 2008). This suggests another hypothesis that gas may accumulate at the base
of an MTD, forming an overpressured horizon that contributes to the deformation
of the overlying (and thickening) sediment mass and the development of fluid
migration pathways allowing gas release.

In either case, rotational movements must be favoured by upward fluid flow along
faults acting as conduits (Dano et al. 2013; Praeg et al. 2013). At seabed, gas-
rich fluids lead to the construction of carbonate pavements. Carbonate precipitation
may also take place within the conduits characterized by high-amplitude reflections
(Fig. 11.3c). Such a process is thought to increase the cohesion of deposits and could
contribute to the progressive stabilization of the sediment cover. Where sediment
pathways exist, inactive rotational features will gradually be buried by gravity flows
that may build sediment waves.

Additional high-resolution seismic profiles and 3D seismic data are now nec-
essary to investigate the sediment cover above older MTDs to see whether this
evolution is applicable or not to any time intervals.

11.5 Conclusion

An integrated analysis of multibeam and side-scan seabed imagery, and seismic
profiles reveals lateral variations in the character of undulating features built on
top of large MTDs across the central NDSF. They are interpreted to record the
interaction of two end-member gravity-driven processes, extensional deformation
associated with faulting and fluid migration, and sediment waves built by turbulent
flows. Deformation features provide an initial morphology for sediment deposition
and, where extension is reduced or ceases, may be progressively transformed into
sediment waves. These results indicate that complex processes of continental-slope
evolution may follow the emplacement of MTDs.
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