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Abstract :

A series of pockmarks observed at the seabed matches well the perimeter of a large submarine
landslide, called NG1, located on the outer shelf and continental slope of the Eastern Gulf of Guinea.
NG1 extends over 200 km2, is covered by a 120-m thick sedimentary layer which tapers downslope,
and has an internal structure clearly identified in 3D seismic data consisting of three adjacent units on
the upper continental slope. The pockmarks above NG1 have a diameter of several tens of meters and
reveal distinct origins: (1) linked to >500 m deep fluid reservoirs, (2) rooted in NG1 internal
discontinuities between NG1 units, and (3) well above NG1, superficially rooted in a regional conformity
(D40), which marks the lowest sea level of the Marine Isotope Stage 6. The regional stratigraphic
pattern of the study area is composed of muddy sedimentary sequences separated by correlative
conformities and transgressive condensed units of coarser grain size. Mud-confined coarser-grained
units constitute transient gas reservoirs favoring lateral gas migration and formation of pockmarks
rooted in the condensed units. The buried NG1 landslide modifies the layered structure of the
sedimentary column providing (1) overall, a barrier to fluid migration, and (2) localized pathways for fluid
migration. The triggering factor for the formation of pockmarks above NG1 can be the variation of
hydrostatic pressure driven by relative sea-level fall during Marine Isotopic Stages 6 and 2 and
consequent gas exsolution and fluid flow. We anticipate our result to be a starting point for
understanding the role of gas seeps on climate change worldwide. Furthermore, gas release intensifies
during lowstands with relevant implication on global warming after ice ages.
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Highlights

> This is the first study linking the effect of a landslide on gas migration pathways. »Pockmark
formation is reconstructed with geophysical and geotechnical data. » The landslide occurred during a
sea-level fall period. »The timing of pockmark formation is in part controlled by 100-kyr eustatic cycles.
» Once buried, the landslide controls the spatial organization of pockmarks.
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1. Introduction

Since the 1970s, studies of the ocean floor have revealed the presence of pockmarks on passive and
active continental margins worldwide. Pockmarks are described as circular or near circular depressions,
generally 10-200 m in diameter and some tens of meters in depth, but they may reach 1.5 km in
diameter and 150 m in depth (Pilcher and Argent, 2007). When pockmarks are observed in vertical
section (seismic profile), they are associated with a vertical chimney under the depression (Hustoft et
al., 2007). In seismic sections, chimneys are characterized by either an interruption of seismic reflectors
due to the gas charge (wipeout zone) (Hovland, 1983, Hovland, 1991 and Rao et al., 2001), or by an
inflection of seismic reflectors (Hovland et al., 1984) corresponding to a velocity pull down effect or to a
deformation of sedimentary layer where fluids migrate.

Since the first study about pockmarks (King and MacLean, 1970), where they were considered as
randomly distributed features at the seafloor, their understanding has evolved. It is now widely accepted
that pockmarks represent the morphological signature of fluid seepage (Hovland et al., 1984), where
fluid may be biogenic and/or thermogenic gas (Rogers et al., 2006) or water (Harrington, 1985). During
recent years, there has been much interest in the study of pockmarks because they represent potential
pathways for important quantities of gas from sediments to the oceans (e.g. Vogt et al., 1999, Paull et
al., 2002, Ussler et al., 2003, Dimitrov_and Woodside, 2003, Hovland et al., 2002, Hovland et al.,
2005 and Gay et al., 2006a).
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The discovery of pockmark alignments has shown that their spatial organization may be the
result of fluid seepage from underlying sedimentary structures such as fault systems,
channels, mud volcanoes, mud diapirs, and glaciogenic deposits (e.g. Eichhubl et al., 2000;
Pilcher and Argent, 2007; Forwick et al., 2009). The spatial distribution of pockmarks
suggests that all the discontinuities affecting the sedimentary column represent potential
drains for fluid flow, and that simple diffusion through the sediments cannot explain such
structures (Abrams, 1992; Brown, 2000). Today it is recognized that pockmarks can be
subdivided in two groups: non-random pockmarks, when their spatial distribution is related to
identified buried geological features, and random pockmarks, when it is not (Pilcher and
Argent, 2007).

The mechanisms behind pockmark formation are still poorly understood. Some hypotheses
and conceptual models about pockmark formation have been proposed by various authors
(eg. Josenhans et al., 1978; Hovland, 1987; Gay, 2002; Cartwright et al., 2007, Andresen et
al., 2008, Cathles et al., 2010). Josenhans et al., (1978), Hovland (1987), and Gay (2002),
for example, propose schematic models of pockmark formation involving gas pressure in a
transient fluid reservoir, local sedimentation, and action of bottom currents, but are
insufficient to have a comprehensive view of all factors governing fluid expulsion.

Many studies suggest the possible implication of mass transport complexes in pockmark
development (Trincardi et al., 2004; Bayon et al., 2009; Plaza-Faverola et al., 2010; Sun et
al., 2012), but the role of a landslide in the distribution and formation of pockmarks has never
been the central subject of a study. The Eastern Niger Submarine Delta (ENSD; Fig. 1),
situated in deepwater “Niger Delta”, deserves attention because: (1) there is significant
evidence for fluid migration at the seabed (Bayon et al., 2007; 2011; Sultan et al., 2007b;
2010; 2011; Riboulot et al., 2011a); (2) the sedimentation is affected by gravity processes
(Sultan et al., 2007a; Garziglia et al., 2010; Ker et al., 2010; Riboulot et al., 2012); and (3) the
age and main controlling parameters of regional sedimentation for the late Quaternary are
known (Riboulot et al., 2012). The upper-most five depositional sequences of the ENSD were

formed during the last ca. 500 kyr BP, in response to glacial/interglacial fluctuations driven by
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100-kyr Milankovitch cycles. Fluid seepages are expressed at the seabed by the presence of
pockmarks, gas hydrates, mud volcanoes and carbonate constructions (eg. Damuth, 1994;
Cohen and McClay, 1996; Hovland et al., 1997; Brooks et al., 2000; Graue, 2000; Deptuck et
al., 2003; Sultan et al., 2007; 2010).

This study presents the influence of the overall stratigraphic organization of the ENSD and of
a buried landslide on fluid migration and pockmark generation. Based on the combined
analysis of industrial 3D seismic data, scattered 2D seismic lines, sedimentological and
geotechnical data (Cone Penetration Tests with pore pressure measurements, CPTu) a
conceptual model is proposed to present the age of sedimentary units hosting pockmarks, to
explain the origin of pockmarks from transient reservoirs at sequence boundaries and to

assess the role of a landslide versus gas seeps.

2. Regional setting

2.1 The Niger Delta

The continental margin off the Niger Delta, named ‘Niger Delta’ by oil companies (e.g.,
Damuth, 1994, Corredor et al., 2005 among others), ‘Niger Delta complex’ (Oomkens, 1974)
or ‘Greater Niger Delta area’ (Morley et al., 2011) is undergoing gravity-driven deformation
due to the presence of a mobile substratum at the base of the sediment fill (Damuth, 1994;
Bilotti and Shaw, 2005; Corredor et al., 2005). This substratum is formed by Early Tertiary
overpressured shale deformed since the Oligocene (Wiener et al, 2006).

The continental shelf of the ‘Niger Delta’ is characterized by an extensional zone dominated
by large offset listric normal faults (synthetic and antithetic) (Damuth, 1994; Morley and
Guerin, 1996). The upper and middle continental slope represent a translational zone
(Damuth, 1994) dominated by folding and faulting in response to rapid sedimentation rates
and shale remobilization (Doust and Omatsola, 1990; Morley and Guerin, 1996). As the thick
stratigraphic column slowly moved downslope (Morley and Guerin, 1996), the lower slope is
characterized by a compressional zone (Damuth, 1994) dominated by a series of linear toe-

thrusts forming a fold-and-thrust belt. On the Nigerian continental slope, fluid seepage
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activity is expressed by the presence of pockmarks, gas hydrates, mud volcanoes and
carbonate build-ups (Damuth, 1994; Cohen and McClay, 1996; Hovland et al., 1997; Brooks
et al., 2000; Graue, 2000; Deptuck et al., 2003; Sultan et al., 2007; 2010; Riboulot et al.,
2011a).

2.2 The Eastern Niger Submarine Delta
The study area is on the continental shelf and slope of the ENSD, roughly 65 km offshore,
between 150 and 800 m water depth, and it covers 2350 km?2. Three prominent structural
folds are formed by shale-cored anticlines expressed by collapse normal faults faintly
discernable at the seabed (folds EA, EB, EC, Fig. 1). These shale-cored folds delimit a large
corridor where submarine landslides and fluid-migration features are present.
The ENSD consists of a stack of mud-dominated sedimentary sequences separated by
marked erosional surfaces on the continental shelf (D10, D20, D30, D40 and D50 from
bottom to the top; Fig. 2a). The shelfal unconformities, formed during sea level falls and
lowstands, correspond seaward to correlative bounding conformities that have regional
extent. The conformities are marked by high amplitude reflectors in seismic data and
correspond to thin sedimentary units, deposited during sea level rise periods, relatively
coarser-grained than over and underlying sediment (Riboulot et al., 2012).
Pockmarks in the ENSD are related to gas hydrate dissolution/dissociation, dewatering,
presence of fault systems, buried mass transport complexes and fluid escape from petroleum
reservoirs (eg., Sultan et al.,, 2010; 2011; Riboulot et al., 2011a). A large number of
pockmarks is observed on the bathymetric map above a Mass Transport Complex called
NG1 and mapped in Garziglia et al. (2010).

2.3 The NG1 landslide

Previous studies by Garziglia et al. (2010); Ker et al. (2010) and Riboulot et al. (2012)
present a large landslide called NG1 buried in the corridor between the three shale-cored
folds of the ENSD (Fig. 1). The most proximal deposits of this landslide are at the outer shelf

where Riboulot et al. (2012) highlighted the occurrence of shoreface sedimentary prisms
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deposed during sea level lowstands. NG1 extends down to the mid slope, covering an area
of ~ 200 km? for an estimated volume of at least ~12 km3. NG1 affects the whole depositional
sequence S2 between the seismic reflectors D10 and D20, the latter being ascribed to a
silty/sandy layer deposited during the sea level rise between MIS10.2 and MIS9.3 (Riboulot
et al., 2012). The fact that this silty/sandy layer has been disrupted but kept its stratigraphic
position suggests that it has undergone little deformation during the emplacement of the NG1
landslide (Ker et al., 2010).
2.4 Seismic signature of gas in marine sediment

The localized accumulation of free gas in marine sediments often yields anomalous seismic
signatures, making seismic methods a useful tool for the identification and characterization of
the sub-seafloor ‘plumbing system’ beneath seep sites. Gas may appear as amplitude
enhancement or suppression (e.g. Judd and Hovland, 1992; Gay et al., 2007; Netzeband et
al.,, 2010), as well as through the disruption of seismic reflections often referred to as
“acoustic turbidity” (e.g. Judd and Hovland, 1992; Schroot and Schittenhelm, 2003; Mathys
et al., 2005; Schroot et al., 2005; Gay et al., 2007; Jones et al., 2010), and/or as “disturbed
zones” (Schroot and Schuttenhelm, 2003). Amplitude enhancement of sedimentary or
structural features (i.e., “bright spots”) may occur when gas preferentially accumulates in
highly permeable layers or structural voids such as faults (e.g. Taylor et al., 2000; Tréhu et
al., 2004).

The term “gas chimney” is widely used to refer to vertical/sub-vertical regions of suppressed
reflectivity (e.g. Gorman et al., 2002; Haacke et al., 2008) or of enhanced reflectivity (e.g.
Schroot and Schittenhelm, 2003; Gay et al., 2007) caused by gas. The presence of gas
creates an inflection of seismic reflectors due to a diminution of the acoustic wave velocity.
Moreover, the lack of reflection in the chimney may occur due to physical disruption of
sedimentary layering by migrating, gas-charged pore fluids (e.g. Davis, 1992; Gorman et al.,
2002), or by highly-reflective overlying interfaces that significantly reduce the transmission of

energy (e.g. Judd and Hovland, 1992; Garcia-Gil et al., 2002; Sager et al., 2003).
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3. Database and Methods

3.1 Geophysical data

The primary source of data is conventional, industrial 3D seismic reflection data provided by
TOTAL. These data come from three reprocessed exploration 3D seismic surveys having an
inline and crossline spacing of 12.5 m. The dominant frequency of the seismic data is 70 Hz
in the upper 100 ms, giving a vertical resolution of ~10.5 m (at a velocity of 1500 ms™). The
bathymetry used to characterize seafloor morphologies is extracted from seafloor-reflector
picking within 3D seismic data and has horizontal resolution of 12.5 m (Fig. 1).

Additionally, High Resolution 2D seismic data were acquired during the ERIG3D cruise using
the SYSIF, a recently developed deep-towed acquisition system (Marsset et al., 2010; Ker et
al., 2010). With acoustic transducers working in the 580-2200 Hz frequency range, and a 15
m long dual channel streamer, the SYSIF provides images of the first 100 ms twtt below
seafloor with a resolution of about 0.5 m.

3.2 Seismic attribute analysis

Seismic data were processed on a workstation and the seismic interpretation and attribute
analyses were performed with the SISMAGE software developed by TOTAL (Guillon and
Keskes, 2004 - Fig. 3 and Appendix A). The 3D seismic data were pre-stack time migrated
and short-offset processed. Then, following the identification and initial mapping of key
horizons, SISMAGE was used to calculate isopach and attribute maps. Dip and amplitude
attributes were extracted along specific horizons. Other maps were obtained by extracting
amplitude, coherency and fault attributes from intervals between two horizons. Such an
approach requires previous processing of a coherency and fault cube in SISMAGE (Gay et
al., 2006b). As summarized by Bull et al. (2009), the analysis of isopach and attribute maps
from a geomorphic perspective is key in deciphering the characteristics of depositional units.

3.3 Sediment core data

Calypso piston cores CS18 and CS31 were obtained from the continental slope of the ENSD

in 753 and 762 m water depth, respectively (Tab. 1). Sediment core analysis included
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physical property measurements (gamma density, P-wave velocities, magnetic susceptibility
with a Geotek Multi Sensor Core Logger - MSCL), sedimentological description and
continuous major element analysis (Ca, Sr, Ti...) with an Avaatech XRF core scanner
(Richter et al., 2006). Based on the evaluation of coring parameters during operations using
“CINEMA” software (Bourillet et al., 2007), sediment perturbation during coring is considered
as negligible. The core data acquired in this study are correlated to seismic reflection profiles
and physical and geochemical logs presented in Riboulot et al. (2012).
3.4 In situ geotechnical measurements

In situ geotechnical measurements (Cone Penetration Tests with pore pressure
measurements, CPTu) were carried out with the Penfeld penetrometer. This device
developed by Ifremer allows to perform piezocone tests as deep as 30 meters below the
seafloor (details in Sultan et al., 2010). The Ifremer piezometer (details in Sultan et al., 2011)
was also used to measure the in situ pore pressure at two different sites during more than
one year. Calypso cores, piezocones, and piezometers characteristics are presented in

Table 1.

4. Results

4.1 Morphological description of the buried NG1 landslide
The NG1 submarine landslide is located in a corridor delimited to the west and to the east by
the shale-cored folds EC and EA respectively, and it is limited by the shale fold EB to the
south in about 800 m water depth (Figs. 1, 2 and 3 and Appendix A). The source area of the
NG1 landslide is delimited to the north in about 200 m water depth by the shelf edge and
growth faults affecting the seabed and described in Damuth (1994) as the extensional zone
of the Niger Delta. NG1 is buried under about 120 m of sediment on the upper slope, but the
thickness of the overlaying sediments progressively decreases to about 20 m at mid slope on
the flank of the shale-cored fold EB. NG1 affects the sedimentary sequence S2 between
seismic reflectors D10 (below) and D20 (Fig. 2a). The seismic reflector D10 at the base of

NG1 is mostly continuous and concordant with the underlying sedimentary layers (Fig. 2).
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The seismic reflector D20 is more discontinuous although always traceable at the top of
NG1. In some areas, D20 appears as a sharp, smooth surface, while in other areas it has a
rough, hummocky geometry (Figs. 2, 3a and Appendix A1). The discontinuous character of
D20 reflector, showing the thin coarser sedimentary unit deposited during a sea level rise
period is discontinuous too, demonstrates that the landslide occurred after this highstand
period. NG1 body is generally characterized by lower amplitude, more discontinuous and
chaotic seismic reflections (Fig. 3b and Appendix A2 and 3). The isopach map of the seismic
sequence S2 bounded by reflectors D10 and D20 reveals the complex morphology of NG1
by showing that its thickness varies from about 10 m to 70 m (Fig.3c). By combining
analyses of vertical seismic sections, isopach and attribute maps, NG1 can be divided into
four major areas from north to south (Fig. 3 and Appendix A):

- Area 1 is the source area at the shelf edge. There the clinoforms of a sedimentary prism
show evidence of tilted blocks and loss of sediment (Fig. 2a: close-up view). So a part of the
shoreface prism has been reworked after its deposition, but before the deposition of the
following shoreface prism entirely preserved under reflector D30.

- Area 2 in the upper slope, close to the shelf edge, is characterized by a substantial
overthickening and reworking of sequence S2 (Fig. 3b and c and Appendix A2 and A3).

- Area 3 shows sharp lateral variations (from west to east) in thickness and seismic facies
allowing to distinguish a western, a central and an eastern unit (Figs. 2b, 3 and 4a).

- Area 4 represents the distal part of NG1 on the flank of the shale-cored fold EB. There the
sequence S2 is also substantially overthickened.

Seismic analysis suggests that the degree of sediment deformation in Area 4 is comparable
to that of Area 2 and of the western and eastern units of Area 3. Area 3 constitutes the main
part of the landslide deposit on the upper continental slope. Its central unit has a
homogeneous seismic facies with evident layering and without faults (Figs. 2b, 3a and
Appendix A3). The seismic facies is coherent/consistent (Fig. 3b). The two lateral units, the
western unit and the eastern unit, display two convex-downslope lobe like geometries (Figs.

2b and 3). Based on the analysis of isopach, coherency and fault attribute maps, it is in these
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lobes that the most severe deformation occurred. A far lower degree of deformation can be
inferred from the homogeneous, layered seismic facies characterizing the central unit of Area
3. Moreover, the seismic reflectors at the top (D20) and base (D10) of NG1 are of higher
amplitude in the central unit than in the two bounding lateral units. It is also noteworthy that
the central unit is comparable in thickness to undisturbed sediment out of the landslide (Figs.
2b, 3c and Appendix A1).

4.2 Silty/sandy layers below and above NG1
The 2D HR seismic profiles show several reflectors characterized by high amplitude
corresponding to correlative conformities of sequence boundaries identified on the shelf (Fig.
5a and Appendix B). Reflectors D10, D30 and D40 are relatively continuous with local
interruptions due to fluid chimneys, while D20 is a discontinuous reflector at the top of NG1
landslide deposit (Fig. 5a and Appendix B). The D10 seismic signature is similar to
signatures of enhanced reflections caused by lateral and vertical fluid migration described in
the literature (e.g., Sun et al., 2012 and references therein).
In situ piezocone data show that the high amplitude reflectors D10 and D20 correspond to
silty/sandy layers because they are characterized by high tip resistance, high friction and low
pore pressure (see CPT09S07 and CPT09S08 data in Fig. 5). The reflector D40 is not
detected by in situ piezocone data.
Calypso core CS18 intersects the regional reflector D40 and shows that its high amplitude
can be correlated to a silty/sandy layer at 7 mbsf. The gamma density of this silty/sandy layer
measured in the core is 1.650 g.cm™=. Figure 5a shows that core CS18 reaches NG1 deposits
below reflector D20 marking its top at 17 mbsf. In agreement with piezocone results, core
analysis reveals that D20 reflector corresponds to a silty/sandy layer (Fig. 5a).
The calypso core CS31 (10.56 m long) was collected outside NG1 (Fig. 5 and Appendix B).
By contrast to the observations made on core CS18, the presence of a silty/sandy layer at 10
mbsf in core CS31 cannot be correlated to the seismic reflector D40, which intersects the
core at about 8 mbsf. The gamma density of the silty/sandy layer measured in the core has
relatively low values (1.500 g.cm™; Fig. 6b), probably due to its thinning on the eastern flank

10
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of fold EB: this same interpretation could account for the lack of expression of D40 in
piezocone CPT09S08 close to core CS31.

4.3 Pockmarks

Pockmarks occur in an area of 175 km? between folds EA and EC in water depth of 500 to
700 m. Some 376 pockmarks reach the seafloor, while 155 pockmarks are buried. They are
all regular circular features with diameter of several tens of meters (Figs. 4b, 4c and 6). They
vary in diameter from several meters to a maximum of 200 m, while the depth of the
depression at the seafloor may reach 25 m. The pockmark density in the study area is
approximately 2.15/km?, higher than the concentration described by Pilcher and Argent,
(2007) on the west African continental margin, but lower than densities described in other
areas (e.g., Fader, 1991; Foland et al., 1999; Hovland and Judd, 1988).

In the study area, we distinguish three groups of pockmarks based on their distribution and
origin: 1) random pockmarks (RP) deeply rooted in the sedimentary column; 2) random
pockmarks rooted in the conformity surface D40; and 3) non-random pockmarks (NRP) in

connection with the NG1 landslide (Fig. 6d).

4.3.1 Deeply rooted random pockmarks

We identified as random pockmarks 114 out of the 531 pockmarks present in the study area
(21% of the total number of pockmarks). Random pockmarks are regular cone-shaped
pockmarks with a diameter ranging from 10 to 200 m. Some of them occur at the seafloor
while other are buried (Fig. 4c). Most of these pockmarks occur in the southern portion of
Area 3 and they are restricted to areas affected in depth by small shale folds (Fig. 6¢). They
seem rooted on these small folds. Some chimneys associated to the random pockmarks
cross the NG1 landslide, others terminate in the sedimentary layers underlying NG1 (Fig.
6¢). The vertical chimney of this group of pockmarks can be up to 200 m high. Chimneys are

characterized by a downward deflection or an interruption of seismic reflectors.
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4.3.2 Random pockmarks linked to the D40 reflector

We count 263 pockmarks out of the 531 in the study area (49% of the total number of
pockmarks of the study area) that affect only the youngest sequence S5 with chimneys
rooted in the D40 reflector. These pockmarks are similar in morphology to all the others, but
have smaller sizes; their diameters range from 10 to 100 m with a depth less than 10 m
(Figs. 4 and 6). Vertical chimneys of this group of pockmarks cross-cut the whole
sedimentary sequence S5 so they are about 50 m high. Chimneys are characterized by
downward deflections and low amplitudes of seismic reflectors. The 2D HR seismic dataset
provides better images of pockmark chimneys that are undoubtedly rooted in the D40

reflector (Fig. 7 and Appendix B).

4.3.3 Non-random pockmarks linked to NG1

A series of NW-SE alignments of pockmarks matches with the perimeter and the internal
structure of NG1 landslide (Fig. 4c). These pockmarks are rooted in the discontinuities
present within the NG1 landslide, at the limits between the western, central and eastern NG1
internal units and may either reach the seafloor or end in the D40 reflector (Fig. 6). Non-
random pockmarks linked to NG1 are sub-circular seafloor depressions corresponding in
depth to seismic reflector packages with a local downward deflection. Their crater has a
diameter of 10 to 140 m with a depth of about ten meters.

In total we note 154 pockmarks, 29% of the total number of pockmarks of the study area,
whose chimney begins in discontinuities within NG1 landslide at the contact between the
three internal units (Western, Central, and Eastern). Of these 154 pockmarks, 85 are rooted
at the transition between NG1 and the surrounding sediments, that is along NG1 perimeter,
while 69 originate in correspondence with the limits of the internal units (Fig. 4c). In addition,
of these 154 pockmarks, 87 end up on the surface D40 and 67 at the seabed.

Chimneys of this group of pockmarks are characterized by a downward deflection or an
interruption of seismic reflectors associated to an alternation of low and high amplitude

anomalies in the center of the chimneys (Fig. 6). Figure 7 shows more precisely the rooting
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of the chimney in NG1 landslide. The chimney of the non-random pockmark appears
transparent with an interruption of seismic reflectors between D20 and D40. At D40, the
pockmarks observed in this seismic section are completely infilled. The chimney of the last
sequence rooted in the upstream flank of the D40 pockmark is characterized by an inflection
of the seismic reflectors. The observations about the repartition of pockmarks in the
sedimentary column are summarized in Figure 6d.

4.4 Piezometer data description and interpretation
Long-term piezometers deployed at PZS13 and PZS14 sites (Figs. 1, 5 and Appendix B)
aimed to detect any potential fluid activities in the most frontal part of NG1, where
deformation processes are active today (Garziglia et al., 2010). PZS13 and PZS14 data are
presented in Figure 8 and show relatively limited pore pressure fluctuations during the almost
1-year long monitoring period. However, data from Figure 8 confirm the presence of free gas
at the top of NG1. In fact, piezometer data show that at given locations pore pressure
perturbations occur in 12-hours cycles and 15-days cycles. The pore pressure fluctuates with
semi-diurnal tides and with the spring/neap tides. It is important to mention that the tidal
cycles effect on differential pore pressure sensors is an indication of the increase of the
compressibility of the pore fluid and, therefore, demonstrates the presence of free gas in the
pore fluid. Figure 8 shows that free gas is present at levels P3, P4 and P5 for PZS 13 and
levels P2, P3, P4 and P5 for PZS14.
For PZS13, pore pressure fluctuations generated by the 15-days tidal cycle recorded by P3,
P4 and P5 show that the highest amount of free gas occurs at P3 (Fig. 8a) which fits with the
D40 reflector (see Fig; 5 and Appendix B).
Data recorded by PZS14 (Fig. 8b) show the 15-days tidal cycle recorded by P2 to P4. Here,
the highest amount of free gas occurs at P4 and P5, which are located around D10 and D20
reflectors. Moreover, pore pressure increases during almost two months at P2 level (between
the 27th of May and the 29th of July 2008 — Fig. 8b). The fluid accumulation is followed by
long-term, smooth pore-pressure dissipation (between the 29th of July and the 1st of October
2008). The P1 sensor of PZS14 has recorded during almost the same period (14th of June to
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1st of October 2008) a small depression (pressure lower than hydrostatic) which may
indicate gas bubbles rising up and generating a decrease of the hydrostatic pressure due to

the low gas density.

5. Discussion

5.1 The role of silty/sandy layers in muddy successions
A thin permeable silty/sandy layer between two layers that have very low permeability could
act as a reservoir of fluid or preferential fluid conduit as it was suggested in the eastern flank
of the shale-cored anticlines EB (Sultan et al., 2011). There are two possible transient
storage zones of gas in the study area based on seismic data, sediment cores and in situ
piezocone and piezometer measurements: (1) the first reservoir is located under the NG1
landslide and corresponds to the silty/sandy sedimentary unit marked by reflector D10 (Figs.
5a and 6); (2) the second reservoir is formed by the coarse grain-size sedimentary layer
marked by seismic reflector D40 on seismic data but the very high resolution of the seismic
line presented in figure 7 show this layer is above the reflector D40. This upper reservoir is
marked in 3D seismic data by a very high amplitude reflector (Figs. 2, 4 and 6), in core and
CPTu data by a silty/sandy layer and in piezometer data by the presence of free gas. This
layer was deposited during the sea level rise that followed the MIS 6 glacial interval (Riboulot
et al., 2012).

5.2 The interplay of NG1 landslide and fluids within sediment
Data presented in this study complete the interpretations of Garziglia et al., 2010 and Ker et
al., 2010 and suggest a possible link between fluid dynamics and NG1 landslide. Some lines
of evidence in support of this link are listed below:

- Pockmarks are localized in the most deformed area of NG1 and at the discontinuities
between the NG1 internal units (Fig. 4c). Indeed, the Area 3 of NG1 in the upper
continental slope is composed of three units. The central unit is much less affected by
deformation than the two peripheral units: it is layered and underwent a translational

motion to the south without changing its original structure. The internal discontinuities
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between the three parts are the preferential pathways for fluid migration.

- NG1 landslide overlays a silty/sandy permeable layer (seismic reflector D10) with
evidence (piezometer and seismic data interpretation) of fluid circulations and free
gas occurrences (Figs. 5, 6, 8 and Appendix B). This basal layer, covered by
impermeable shale layer, can play the role of gas storage area.

- Sediment failure of NG1 landslide occurs during sea level fall where free and
dissolved gas may generate important excess pore pressure due to gas exsolution
and expansion, with a mechanism that could be similar to that proposed for Ana Slide
in the Balearic Islands (Lafuerza et al. 2012).

Fluids use preferential migration pathways such as discontinuities created by a landslide to
migrate to the surface as outlined by the geographical distribution of the pockmarks rooted in
the NG1 landslide (Fig. 4C) and the rooting of many chimneys in NG1 landslide (Fig. 7). This
is consistent with models for pockmark conduits as pipe-like zones of enhanced fracturing
(Cartwright et al.,, 2007; Moss and Cartwright, 2010; Lgseth et al., 2011), where certain
hydrodynamic conditions dynamically re-open pathways from the available fracture network
permitting a renewed phase of focused fluid expulsion and pressure bleed-off (Moss et al.,
2012). Submarine landslide deposits can influence fluid circulation within the sediments in
various ways: they can release their intrinsic fluids, play the role of impermeable caprock of
fluid reservoir (Plaza-Faverola et al., 2010; Dugan, 2012), play the role of gas storage zone
(Sun et al., 2012), or create preferential pathways for focused fluid flow (Bayon et al., 2009).
Landslide deposits may have low porosity in comparison to the encasing hemipelagic
sediments, and may thus result in enhanced consolidation related to shear deformation
(Dugan, 2012). Our observations and interpretations show that NG1 landslide deposit has
both played the role of impermeable caprock and created discontinuities in sedimentary
layers acting as preferential migration pathway for gas to migrate to the surface: this fact
depends on the intrinsic small-scale variability and complexity of landslide deposits. It can be
noted that vertical chimneys, rooted in NG1 and ending in D40 (Fig. 7), can form a high-

permeable vertical zone, analogous to what is called a “seal bypass system” (Cartwright et
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al., 2007), where fluids and gas can be transported faster than would otherwise be allowed
by the normal permeability in the pore network of the sediments. High fluid overpressure
opening a hydro fracture through low permeable sediments is a common first phase of all
these bypass structures (Arntsen et al., 2007; Cartwright et al., 2007; Lgseth et al., 2009;
Rodrigues et al., 2009).
5.3 The role of sea level fluctuations

Many studies suggest that landslides occurred during periods of rapid sea-level rise (e.g.
Maslin et al., 2004; Quidelleur et al., 2008; Georgiopoulou et al., 2010; McGuire, 2010; Smith
et al., 2011). Maslin et al. (2004) maintained that, based on landslide volume, 70% of
continental slope failures during the last 45,000 years occurred in periods of rapid sea-level
rise. Certainly, the time distribution of submarine landslides is uneven, more frequent during
or shortly after the last glacial/deglaciation period and probably dominated by glacial cycles
and related phenomena (Lee, 2009). Landslides triggered during sea level fall period include
among others Ana Slide (Berndt et al., 2012; Lafuerza et al., 2012) and the present study.
The spatial match between the NG1 landslide and fluid flow indicators strongly suggests that
fluid migration has played a role in the destabilization of slope sediments in the ENSD, and
reminds of previously suggested relationships between repeated destabilization and fluid
flow in the Eivissa Channel (Berndt et al., 2012; and references therein). This relationship
was proposed also for the Storegga Slide off mid-Norway, where the most deeply incised
slope failures occur precisely above a leaking gas reservoir (Blinz et al., 2005). A plausible
mechanism at the origin of the NG1 event could be the presence of free and dissolved gas in
the basal silty/sandy layers marked by D10 reflector. The decrease of hydrostatic pressure
generated by sea level fall could have induced an important increase in pore pressure and
therefore an important decrease of the effective stress. The shear strength of sands is
directly linked to the effective stress (no cohesion), and an important decrease of the
effective stress can cause sediment to slide even with an extremely reduced initial slope.
Indeed, pore pressure accumulation may cause liquefaction of sand.

The main cause of overpressure generation on passive margins is disequilibrium compaction
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due to rapid and high sedimentation (eg. Flemings et al., 2008; Talukder, 2012). In most
cases, the generated overpressure is not sufficient to induce hydrofracturing in the
overburden to initiate focused fluid flow. This requires external factors, and tectonic stress
appears to be the most efficient trigger mechanism for seeps (Talukder, 2012). The
overpressure could be due to sea level fall (Lafuerza et al., 2009). Recent studies suggest
the possible impact of sea level changes to explain the origins of pockmarks (Lafuerza et al.,
2009; Hammer et al., 2010; Andresen et al., 2011; Plaza-Faverola et al., 2011). Sea-level fall
appears to be the most efficient trigger mechanism for pockmark formation as it was
suggested in the Lower Congo Basin (Andresen et al., 2011) and in the Nyegga region,
offshore Norway (Plaza-Faverola et al., 2011) where pockmark activity appear to coincide
with sea-level fall periods. Indeed, relative sea-level changes modify hydrostatic pressure:
when the sea level falls, gas volume in fluid reservoir increases, and the formation of gas
bubbles may induce pockmark formation (Lafuerza et al., 2009).

Riboulot et al., (2011b) show that late Quaternary sea-level changes with 100-ky cyclicity are
one of the main driving factors in pockmark formation in the Gulf of Lions and possibly
elsewhere. This control of 100-ky cyclicity in pockmarks development is deduced from the
observation that pockmarks affect well-identified and discrete stratigraphic units and function
episodically during the final phase of lowstand periods and the onset of sea level rise
(Riboulot et al., 2011b). Also in the ENSD most of the observed pockmarks are present
within stratigraphic units bounded by surfaces that correspond to times of sea-level changes
(and in particular of sea level fall; Figs. 6a and 7). The drop in sea level of about 100 m
during the Marine Isotope Stage 6 could be the cause of overpressure in gas storage zones
underlying the NG1 landslide, which creates a fracture in the overlying sedimentary layers or
reactivate pre-existing discontinuities like those creating by the NG1 gravity sliding.
Pockmark formation may occur in the catastrophic way initially proposed by Hovland (1987).
The same process during the Marine Isotope Stage 2 could originate pockmarks observed at

the seabed and rooted either in D40 or in D10 surfaces.
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5.4 Model of pockmark formation linked to a landslide

For the formation of pockmarks above the NG1 landslide, we propose a scenario consisting
of five phases taking into account temporary gas storage, preferred pathways of gas
migration, the role of sediment deformation and failure, and the influence of relative sea-level
changes.

Phase 1 (Fig. 9a) - The origin of pockmark formation is linked to the presence of faults
crossing gas-bearing sedimentary units, similarly to what has been proposed elsewhere by
several independent studies (e.g., Papatheodorou et al. 1993; Boe et al. 1998; Soter, 1999;
Pilcher and Silver, 2007; Forwick et al., 2009). This process can cause the formation of two
types of pockmarks: the fault-strike pockmarks and the fault hanging-wall pockmarks (Pilcher
and Silver, 2007).

Phase 2 (Fig. 9b) - A condensed layer is formed during sea level rise on top of lowstand
shoreface prisms and coeval distal marine deposits. After burial, the condensed layer with
grain size coarser than encasing sediment becomes a potential fluid reservoir. This is the
case, for example of the condensed unit marked in seismic data by the reflector D10.

Phase 3 (Fig. 9c) - During the following sea level fall, the decrease of the hydrostatic
pressure in the transient fluid reservoir above D10 induce an important increase of the pore
pressure and therefore an important decrease of the effective stress. This layer becomes a
weak layer; a part of the continental slope is destabilized reaching the outer shelf. The NG1
landslide has a complex internal organization with distinct less permeable units (due to
partial reworking of sediments during sliding) and discontinuities between the units that
constitute preferential paths for fluid escape.

Phase 4 (Fig. 9d) - After two 100 kyr climatic cycles, the landslide is buried and the
underlying sedimentary layer has charged again in gas. During the lowstand MIS 6.2, many
pockmarks are formed through the discontinuities created by the NG1 landslide. The
presence of a landslide deposit with less permeable layers and internal discontinuities may
influence both gas pressure increase, and gas release through preferential paths. The
presence of a landslide becomes the controlling factor of the non random organization of
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pockmarks.

Phase 5 (Fig. 9e) - During the lowstand MIS2.2, the mechanism of pockmark formation
linked to NG1 is the same as in Phase 4. In addition, the migration of gas through the NG1
discontinuities feeds a second transient fluid reservoir. The layer above D40 acts as a source
area for random pockmark formation affecting the uppermost sequence S5. Two generations
of pockmarks (linked to NG1 landslide and to the layer above D40) show a marked

stratigraphic segregation.

6. Conclusions

While pockmarks have been recognized in many zones of the African coast, we extend

the known range of formation processes of these features in three ways: 1) we show the
relevance of the knowledge of the stratigraphic context (stratigraphic units and their age)
where pockmarks are present to understand their timing and mode of functioning; 2) we link
the spatial distribution and origin of pockmarks to well identified buried features: the
presence of a landslide represents the main controlling factor of non random spatial
organization of pockmarks in the study area; and 3) we propose that sea level changes are
the main controlling factor for the timing of pockmarks formation. The timing of pockmark
formation is in part exclusively controlled by 100-ky cyclicity, in part dependent (for deeply
rooted pockmarks) on the presence of deep structures.
Pockmarks observed in the Eastern Niger Submarine Delta (ENSD) include pockmarks
rooted in a large buried submarine landslide and pockmarks linked to coarser grain size
sedimentary layers formed during phases of sea-level rise. The pockmarks above the buried
NG1 landslide are similar in morphological terms, but can be broadly distinguished in three
well identified groups: 1) deeply-rooted random pockmarks whose chimneys end under NG1
landslide or at the seafloor; 2) non-random pockmarks linked to the NG1 landslide (reaching
the seafloor and/or ending within D40); and 3) random pockmarks rooted in D40 reflector
marking the presence of a coarser sedimentary layer.

The integrated study of pockmarks provides the first detailed evidence of the implication of a

19



518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537
538

539
540
541

542
543
544

545

landslide into the development of a pockmark field. The spatial distribution of pockmarks can
be controlled by a buried landslide deposit in a comparable way of pockmark alignments
depending on underlying channels. The processes of pockmark formation imply the
concomitant action of several factors: (1) a gas source, (2) preferential gas migration
pathways, (3) gas accumulation zones and (4) global sea-level change.

Our results provide useful information about the role of sea level changes and indirectly
climate change on gas seeps: gas release intensification during sea level lowstand can have

relevant implication on global warming after ice ages.
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Tables

Length Water Date deployed .
Name Tool (mbsf) depth (m) (DD/MM/YY) Observations
cs18 Calypso 17.76 762 20/05/2008 Silty layer at about 10 mbsf
piston corer
CS31 Calypso 10.56 752 06/06/2008 Silty layers at about 6 and 17 mbsf
piston corer
CPT09S07 CPTu 30 761 10/05/2008 Cone resistance peak at 16 mbsf
CPT09S08 CPTu 30 761 11/05/2008 Cone resistance peak at 19 and 26 mbsf
Piezometer Deployment duration: 389 d
PzS13 5 sensors 12 761 20/05/2008 Depth of sensors (mbsf): P1 - 0.83, P2 - 3.88,
P3-6.93,P4-9.98,P5-11.48
Piezometer Deployment duration: 412 d
PZS14 5 sensors 12 753 20/05/2008 Depth of sensors (mbsf): P1 - 0.83, P2 - 3.88,
P3-6.93,P4-9.98 P5-11.48
Table 1: Basic information about Calypso sediment cores, piezocone tests (CPTu) and

piezometers.
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772  Figure 1: Location map of the Eastern Niger Submarine Delta. The seafloor dip map of the
773  study area with 50-m spaced bathymetric contour has a 25 m horizontal resolution (modified
774  from Riboulot et al., 2012). This map is generated from seismic seabed picking with Sismage
775  software provided by Total. The red lines and boxes are the figure location presented in this
776  paper.
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Figure 2: Geometry of the stratigraphic organization of the ENSD with NG1 landslide. a:
Uninterpreted regional random line oriented NW-SE, from reprocessed exploration 3D
seismic data, showing depositional sequences from the outer continental shelf to the upper
continental slope. This line shows the structural organization of the study area (location in
Fig. 1). The NG1 landslide affects the outer shelf and finishes on the shale fold EB. The Dxx
seismic reflectors represent regional surfaces marking lowstands. The close up view of the
outer shelf shows the stacking pattern of shoreface prisms detailed in Riboulot et al., (2012)
and the upper part of the NG1 lanslide affecting a shoreface prism. b: Transversal inline 910
oriented W-E, from reprocessed exploration 3D seismic data, showing NG1 with its 3 internal
units. The D60 seismic reflector is in blue, and the NG1 landslide in orange.
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791 Figure 3: NG1 landslide characteristics illustrated by seismic attribute maps extracted from
792  Sismage software. a: Seismic reflection dip magnitude map of the top of the NG1 landslide.
793  b: Chaotism map exhibiting a variety of forms including the extent of NG1 landslide and the
794  remained character of the internal units of NG1. c: Isopach map of the Top ‘NG1’ horizon —
795  Base ‘NG1’ horizon interval, showing the sedimentary accumulation heterogeneities due to
796  the slide (dashed lines separate Areas 1 to 4).
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Figure 4: a: Geomorphologic map of NG1 landslide and surrounding area obtained from the
interpretation of the bathymetric map and of the 3D seismic data. Faults affecting the seabed
are in black, pockmarks in black and white, shale folds in grey and outer continental shelf in
yellow. b: Dip map of the study area with location of the following figures in red. c:
Geomorphologic map of the study area showing the different group of pockmarks described
in the study area from the interpretation of 3D seismic data. The non random pockmarks (in
red) are rooted in the NG1 internal discontinuities, while the random pockmarks (in blue) are
connected to D40 reflector and the random pockmarks (in green) are more deeply rooted.

31



808

809
810
811
812
813
814

a | Close up view of Sy07Pr01 + interpretation g ©g <
& 3 & <
1.00 - [3) o O o
1.01 -
1.02 -
1.03 -
- D50
1.04 -
1,05 - D40
- D30
1.06 -
- D20 D40 Major bounding surface
1.07 - NRP Non random pockmark
- Gas front
1.08 - & [ Shale anticline
_E |  Core/CPTu station
1.09 -

B% Piezometer station
4 200m

D10 § :
b | CPT09S07 a§ Cs18 5  CPT09S08 3% CS31 >
auykPa) 8 & Mass density (g.cm”) 2 auykPa) S & Mass density (g.cm”) ]
. 0 20 =3 o0 15 = " 0° 20 =3 o0 15 £
5 5 D 5 5-
10 10 10 10- —
E ] ]
£ 154 | 15 15
g . - ]
20- D 20
g t D ] Legend
254 —Q | 25
] it |:| 1—qt [ softclay
N | 1 —xu [ silty layer
30+ o 02 2 [0 silty/Sandy layer
0 400 800 1200 0 400 800 1200
qt (kPa) qt (kPa) [] Freegas

Figure 5: a: Close up view of the 2D HR seismic lines presented in Appendix B with
interpreted piezocone and core data. NRP = Non Random Pockmark. b: Corrected cone
resistance qt and excess pore pressure Au2 versus depth from sites CPT09S07 and
CPT09S08. Mass density values versus depth and lithology presented for cores CS18 and
CS31. See text for details.
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Figure 6: a: Seismic transversal inline 1446 oriented W-E, from reprocessed exploration 3D
seismic data, with its seismic interpretation showing: (1) non random pockmarks connected
with NG1 landslide ending up in D40 reflector, and (2) random pockmarks rooted in the D40
reflector. b: Seismic transversal inline 969 oriented W-E, from reprocessed exploration 3D
seismic data, with its seismic interpretation showing: (1) non random pockmarks rooted in
NG1 landslide internal discontinuities, and (2) pockmarks rooted in the D40 reflector. c:
Seismic transversal inline 634 oriented W-E, from reprocessed exploration 3D seismic data,
with its seismic interpretation showing: (1) non random pockmarks rooted in NG1 landslide
internal discontinuities, (2) random paleo-pockmarks, and (3) random pockmarks deeply
rooted. d: Summary of organization of the stratigraphic pattern and location of all types of
pockmarks observed in the study area. See text for details.
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828  Figure 7: 2D HR seismic lines acquired with the SYSIF system along the same track of the
829  seismic line presented in Figure 2, showing more details about the features described and
830 the precise location of fluids within sediment.
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835  pressure of 2 sensors (P1 and P2) of PZS14. See text for details.
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Figure 9: Conceptual model (Idealized scenario) of development of pockmark field controlled
by fluid seepages throughout a landslide. The scenario, valid for the observations made in
this paper, is composed of 5 phases (a, b, ¢, d, e) detailed in the discussion. f: Sea-level
change curve (Waelbroeck et al., 2002) indicates the timing of phases 1 to 5 of pockmarks

and landslide formation.
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Appendix A: NG1 landslide characteristics illustrated by seismic attribute maps extracted
from Sismage software. 1: Seismic reflection amplitude map of the top of the NG1 landslide.
2: Amplitude map showing the stratification of the central unit and the reworked character of
the western and the eastern units. 3: Fault map showing faults, pockmarks and the
discontinuities within NG1 (dashed lines separate Areas 1 to 4).
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854  Appendix B: 2D HR seismic lines acquired with the SYSIF system along the same track of
855 the seismic line presented in Figure 5 with location of piezocone and core stations. The high
856  amplitude reflectors named Dxx are interpreted as coarse grain layers from coring and in situ
857 measurements. D20 reflector on top of NG1 is discontinuous with local deformation and

858  disruption.
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