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ABSTRACT 

 
Two and three-dimensional seismic data are used to investigate some stratigraphic 
relationships between sedimentation, deformation and fluid flow at the lateral margin 
of a gravity detachment system. Three themes were studied. 
 
In the Niger Delta, a right-lateral strike-slip fault with a displacement of around 7 km 
occurs across 75 km. It is interpreted as the lateral strike-slip domain, linked to the 
updip extensional domain and the downdip compression zone of a gravity detachment 
system. Structural and kinematic evidence, such as present-day propagating strike-slip 
faults, for possible future lateral expansions of the lateral strike-slip domain, is 
described. We expect to observe similar domains at the margins of other preserved 
gravitational collapse sliding over a detachment whose efficiency in causing downdip 
slip may vary laterally. 
 
Using 3D data from both Mauritania and Nigeria, the interactions between tear faults 
and deepwater channels are studied. Structural observations combined with channel 
analysis are performed in four case studies, illustrating that tear faults influence 
channel development throughout their evolution. Some examples across tear fault 
zones are presented, and it is expected to find such interactions elsewhere in the 
world. 
 
A simple model of development of vertical fluid flow pipes is established using two 
examples that are 400 - 600 m wide and ~ 2000 - 2500 m high. Both examples are 
located at the crest of rollover anticlines and rooted in buried channel-complexes tilted 
during fold growth. At the crest of the structures and within the connected permeable 
reservoir intervals of the channel complexes, lateral pressure transfer caused the pore 
pressure to reach critical levels, leading to hydraulic fracturing of the overburden. 
Although hydrocarbons may migrate upwards through the consequent chimney 
systems, the pipes are not necessarily indicators of hydrocarbon charge of the channel 
complexes. 
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CHAPTER 1: INTRODUCTION 
  

1.1 Rationale 
 
 A lot of research focuses on the evolution of gravity detachment systems (e.g. Butler and 

Turner, 2010; Morley et al., 2011). In deepwater continental margins settings, gravity detachment 

systems occur at a variety of scales (Butler and Turner, 2010). They can be mass-transport 

complexes from ~ 10-2 km² to more than 10² km² of extent (e.g. Martisen and Bakken, 1990; Frey-

Martinez et al., 2005; Cobbold et al., 2010) and up to the scale of continental margin collapses 

(e.g. Cobbold and Szatmari, 1991; Morley and Guerin, 1996; Rowan et al., 2004). They are fairly 

ubiquitous and occur on passive continental margins (e.g. Gulf of Mexico: Peel et al., 1995; Niger 

Delta: Cohen and McClay, 1996; Nile Delta: Gaullier et al., 2000; Amazon Fan: Cobbold et al., 

2004; Orange Basin: De Vera et al., 2009) and tectonically active regions (e.g. Champion Delta: 

Van Rensbergen and Morley, 2003; Barbados: Deville et al., 2003; offshore Iran: Grando and 

McClay, 2007). In these regions, a number of processes occur and interact. They include 

sedimentation and loading (e.g. Anderson et al., 2000; Gaullier and Vendeville, 2005), detachment 

weakening (e.g. how deformation styles take place and faulting develops when detachment levels 

are thick or thin: Stewart, 1996; overpressure: Swarbrick and Osborne, 1998; Cobbold et al., 

2004), fluid flow and structural deformation (e.g. Butler and Turner, 2010). In this thesis, the 

investigation will focus on some of the fundamental links between these processes as general 

characteristics of gravity detachment systems. 

 

Over the past three decades, hydrocarbon exploration in deepwater margins initiated a 

dramatic increase in seismic data acquisition, in particular 3D seismic data (Davies et al., 2004). 

Seismic interpretation is nowadays a popular method used to understand geological processes 
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occurring on continental margins, including deepwater sedimentation and its interaction with 

bathymetry created by deformational processes (e.g. Davies et al., 2004). Recent works in gravity 

detachment systems focused on the characterization of the structural growth of folds and the 

influence of this on mass-transport complexes or channel evolution (e.g. Heiniö and Davies, 2006 

and 2007; Morley, 2009). Morphological changes in channel systems due to interaction with salt 

and shale diapirs (e.g. Hooper et al., 2002; Catterall et al., 2010; Mayall et al., 2010). Clark and 

Cartwright (2009 and 2011) proposed a method to assess and quantify these changes in 

contractional and strike-slip settings. In addition, other publications have also focused on these 

interactions in extensional settings (e.g. Broucke et al., 2004; Pochat et al., 2009). Gravitational 

collapse events have also been linked to climate-induced sea-level changes (e.g. Förster et al., 

2010; Jermannaud et al., 2010; Rouby et al., 2011). 

 

In summary, a number of studies now relate some processes interacting between each 

other in gravity detachment systems. But the lateral margins of these systems have not been a 

focus of research. In this study, using relative seismic geometries and relative timing, the lateral 

margins of a gravity detachment system are analysed in order to understand deformation, 

sedimentation and pore pressure and what the likely interactions are between these processes 

are. 

 

1.2 Terminology  
 

1.2.1 Gravity Detachment Systems 
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Figure 1.1 - Gravitational tectonics (after Rowan et al. (2004), not to scale). 

 

Research on submarine gravitational collapse has developed along with exploration of 

oceans since the early 20th century. Gravitational collapses are composed of an upslope head 

region, a transitional zone and a downslope toe zone (e.g. Martisen, 1989; Fig.1.1). The upslope 

region is where occurs extensional deformation, which is characterized by the presence of 

regional listric faults (Crans et al., 1980) which sole out on a basal detachment level. Planar or 

listric antithetic extensional faulting also occur, and collapse of the footwall can also be observed, 

accompanied with a landward migration of the rollover (e.g. Imber et al., 2003). These complex 

structural patterns can be related to smaller-scale deformation occurring at detachment levels 

(Maloney et al., 2011). Gravity-driven movement is accommodated by shear strain along a thin 

basal interface, known as the detachment level (Fig. 1.1; Maltman, 1994). At passive margins, 

gravitational collapse can occur as a response to differential loading and subsidence, tectonic 

uplift and differential thermal subsidence (Fig. 1.1; Rowan et al., 2004).  

 

Growth faulting is common and represents both a lateral translation and subsidence of 
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the down-faulted sedimentary unit. They also are major fluid pathways (e.g. Galloway, 1986). Syn-

sedimentary, gravity-driven growth faults can develop much faster than tectonic faults (e.g. Childs 

et al., 2003). Fault growth generates substantial depocentres and control sedimentary deposits 

thicknesses and facies with thick sand accumulations in fault hanging walls. There are a number of 

examples of this in the Niger Delta (e.g. Rouby and Cobbold, 1996; Pochat et al., 2009).  

 

The transition zone generally shows little evidence of the slide itself (Maltman, 1994). 

Some contractional deformation (detachment folding or shears) exists but overall little evidence 

for slide movement is found, and when they are defined, lateral margins display strike-slip 

deformation. This is important evidence as it can present complex deformation (transpressional 

to transtensional), which may result from an accommodation process of variations in the 

geometry of the basal slip plane (variations in dip or friction coefficient of the slip plane for 

example). Kinematic indicators such as local lateral collapse, lateral ramps and en echelon 

sigmoids can be found (Bull et al., 2009). The fact that such lateral margins can be identified 

shows that a gravity detachment system hosts distinct structural domains between the head or 

toe regions of the system. In these specific domains, key information on the evolution of the slide 

system, such as kinematic indicators, or accommodation structures can be found. In the toe 

region, contractional folding and imbricate thrusting can be found (Maltman, 1994). They are 

assumed to be commonly found in gravity detachment systems and their presence is generally 

related to the location of underlying basement buttresses and changes in detachment dip or 

weakness (Rowan, 2009).  

 

 The contractional domain has largely been studied and a variety of structural styles can be 

found, including detachment folds (e.g. Gonzales-Mieres and Suppe, 2006), imbricate thrusts, and 

backthrusts (Maltman, 1994). Duplexes and imbricate fault geometries are observed at both 
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continental margin and smaller-scale mass-transport complexes, and distributed strain as well as 

volume loss can be observed (e.g. Martinsen and Bakken, 1990; Rowan et al., 2004; Frey-Martinez 

et al., 2005; Butler and Turner, 2010). At passive margins, regional overpressure migrates 

basinward in respect to sediment progradation, resulting in a forward-propagating contractional 

sequence (Rowan et al., 2004). 

 

At passive margins, deformation occurs as a result of a combination of gravity spreading 

process and gravity gliding (Fig. 1.2; Rowan et al., 2004) Loading, for instance induced by high 

sedimentation rates, can trigger gravity spreading (e.g. Pedersen, 1987). Gravity spreading can 

occur above weak detachments and triggers proximal extension (e.g. Galloway, 1986). As the load 

is spreading, a lateral stress component, oriented towards the direction of propagation of 

propagation, takes place (e.g. Galloway, 1986). As a result, in the case of gravity spreading, 

contractional deformation is oriented basinward (Pedersen, 1987; Maltman, 1994). Episodes of 

high sedimentation rate can also reactivate pre-existing structures (e.g. Gaullier and Vendeville, 

2005). Gravity spreading also results in curved or irregular margins; examples of this process can 

be found in the Nile Delta, the Gulf of Mexico and the Amazon Fan (Cobbold and Szatmari, 1991). 

Gravity gliding represents the rigid downslope translation parallel to a detachment plane and 

constitutes deformation caused by generally basinward-dipping detachments, differential thermal 

subsidence and tectonic uplift (Fig. 1.1; e.g. Schultz-Ela and Walsh, 2002). Rowan et al. (2004) 

provided a detailed analysis of the role of both processes at passive margins. The thickness of 

detachment can influence deformation styles and timing in the case of salt (Stewart, 1999). In the 

case of overpressured shale, current discussions are still assessing the existence of “mobile shale”, 

which used to be interpreted from poorer-quality seismic data (e.g. Maloney, 2011; Morley et al., 

2011). One of the primers for deformation in shale-rich successions is high pore fluid pressures 

(e.g. Cobbold et al., 2004). Morley et al. (2011) also proposed an additional classification of gravity 
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detachment systems focusing on the orientation of the detachment dip (basinward or not) and 

the effects of near-field and far-field stresses. This classification notably demonstrates existing 

similarities between gravity detachment systems at passive and active margins, despite different 

tectonic stress regimes. 

 

 

Figure 1.2 - Gravity gliding and spreading, Rowan et al. (2004). a. gravity gliding in which a rigid block 
slides down a detachment; (b) gravity spreading, in which a rock mass distorts under its own weight by 

vertical collapse and lateral spreading; and (c) mixed-mode deformation. 

 

1.2.2 Overpressure 
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Overpressure occurs in sedimentary basins around the world (Fig. 1.3). Basins in 

southeast Asia, offshore Australia, in west Africa, Azerbaijan, off the east coast of north America, 

in the Gulf of Mexico, in the Caribbean or offshore Brazil show a number of examples of gravity 

detachment systems taking place over high pore pressure detachment strata in shale-rich 

successions (e.g. Barbados: Deville et al., 2003; Brunei: Tingay et al., 2009; Niger Delta: Cobbold et 

al., 2009). 

 

Figure 1.3 - Fluid overpressure around the world. After Yassir and Addis (2002). 

 

 Deformation induced by sediment weakening due to overpressure generation has been 

extensively discussed in the past 30 years and the concepts have evolved a lot as a result of the 

improvement of seismic data resolution (e.g. Day-Stirrat et al., 2010; Maloney, 2011). Shale is a 

low permeability sediment which can weaken due to overpressure, its low strength at 

detachment levels being related to elevated pore-fluid pressure (Maltman, 1994). Detachment 

levels are potentially generated depending on strata permeability and the distribution of fluid 

pressure; there can be multiple detachment levels within a given system (e.g. Briggs et al., 2006). 
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High sedimentation rates and compaction prime overpressure and trigger a number of sediment-

remobilization processes such as mud volcanism, fluid escape and associated deformation (Van 

Rensbergen et al., 2003, Huuse et al., 2010; Moss and Cartwright, 2010). Overpressure is also 

recognized to influence deformation styles (Mourgues and Cobbold, 2003).  

 
 

In poorly consolidated materials, mass movement can occur when the shear stress which 

takes place exceeds the material’s shear strength (Maltman and Bolton, 2003), which can be 

defined as a function of cohesion stress-dependent internal friction and pore-fluid pressure of the 

material (Terzaghi, 1943), an application to the Mohr-Coulomb relation: 

 

       
       (1.1) 

 

with  the shear strength,  the cohesion,  the stress normal to the plane of shear stress (or, 

in the case of gravity-driven deformation, the vertical stress, Sv), that is to say the effective stress, 

and the angle of internal friction of a given material (Maltman, 1994). This state can be 

produced when overpressure develops. Overpressure occurs when in a given loaded sediment 

(application of a higher normal stress) pore-fluids have to bear part of the loading as sediment 

permeability is not high enough to allow fluid escape (Maltman, 1994). Overpressure can be 

expressed as a fluid pressure ratio (λ) and graphically represented on a Pressure-Depth plot (Fig. 

1.4): 

 

  (1.2) 

 

  In shale-rich sediment, this ratio characterizes the capacity of the shale to behave as a 

fluid (Bilotti and Shaw, 2005). The principal cause for overpressure generation is disequilibrium 
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compaction amongst many other primers, such as chemical reactions due to diagenesis (e.g. illite-

smectite transformation), thermal effects (e.g. kerogen formation, etc.) including fluid migration 

and buoyancy, as well as mechanical changes such as volume changes (Grauls, 1999; Swarbrick et 

al., 2002). Disequilibrium compaction occurs when pore fluids become trapped during sediment 

burial as a lithostatic load is imposed on pore-fluids (Osborne and Swarbrick, 1997). The lithostatic 

load develops as rapid sedimentation provides an increase of sediment load where dewatering 

does not have time to occur. Thermal and diagenetic effects result from sediment burial either by 

high sedimentation rate, subsidence or structurally-induced burial. Fluid migration effects are 

either conducted by fluid buoyancy, especially in the case of hydrocarbons, or by pressure 

transfer. Transmission of high pressures by fluid flow is termed lateral transfer (Mann and 

Mackenzie, 1990) and can occur in tilted aquifers embedded in shale-rich successions (e.g. 

Swarbrick et al., 2002). It has been demonstrated to be at the cause of seal failures, cold seeps 

and slope failures at margins undergoing sedimentation at high rates (Dugan and Flemings, 2000). 

Research in this field helped to identify the main triggers for overpressure and to quantify the 

amount of overpressure potentially in presence (Grauls, 1999).  
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Figure 1.4 - Pressure gradients. Hydrostatic gradient, shale gradient function of the fluid detention depth 
(FRD, dashed line), minimum stress and lithostatic gradients for different structural settings blue: 

extension, brown: strike-slip, red: compression). Pressure gradient in a given tilted aquifer is shown by 
the thick black segment parallel to the hydrostatic gradient and the centroid depth is indicated. 

Overpressure is displayed in the dashed vertical lines interval. Modified after Grauls (1999) and Yardley 
and Swarbrick (2000). 

 

A hydraulic fracture should develop perpendicular to the direction of minimum 

compressive stress (Secor, 1965; Hubbert and Willis, 1972). Fluid conduits will form if sufficient 

pressure is present to reach the hydraulic fracture pressure and breach the caprock of a given 

reservoir interval (Fig. 5.1). This mechanism has been recognized in previous studies on vertically-

focused fluid flows (Hovland and Judd, 1988; Miller, 1995). Fluid-induced caprock failure implies 

that the reservoir pressures reaches a value close to the minimum effective stress (Grauls, 1999; 

Fig 1.4, Sh). This minimum effective stress value is function of the tectonic stress regime and thus 

the lithostatic gradient (Fig. 1.4; e.g. Tingay et al., 2009). In order to predict pressure distribution 
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at the top of aquifers, an empirical method, the centroid concept has been established and tested 

(Traugott and Heppard, 1994; Yardley and Swarbrick, 2000; Finkbeiner et al., 2001; Seldon and 

Flemings, 2005; Tingay et al., 2009). The centroid concept assumes that within a hydrostatically 

pressured aquifer, there is a specific depth (centroid depth, Fig. 1.4) at which pressure is equally 

distributed above and below (aquifer segment parallel to the hydrostatic gradient, Fig. 1.4). The 

centroid is located at the intersection between the centroid depth, the aquifer pressure gradient 

and the shale gradient which is a given gradient parallel to the minimum stress gradient, and 

situated below the fluid retention depth (Fig. 1.4). The fluid retention depth (FRD) is dependent 

on the local sedimentation rate (Swarbrick et al., 2002) and represents the depth at which fluids 

begin to be retained in the sediment without undergoing dewatering. This process can occur in 

areas where sedimentation rates are high and where dewatering cannot occur properly.  

 

 An increasing number of case studies assessing the role of high pore pressures, reservoir 

properties and stress regime in fluid escape have been published. For example, Reilly and 

Flemings (2010) present a case study showing that pore pressures can be predicted using the 

minimum stress in a connected reservoir. Overpressures can come both from reservoirs and 

deeper levels through critically stressed faults and open fractures (e.g. Tingay et al., 2009). 

Another case study from Deville et al. (2010) also demonstrated the roles between the formation 

of deep overpressure in detachment levels and transmission to overburden aquifers and fluid 

escape through mud volcanism, which can be found in many deepwater environments where high 

sedimentation rate and structural deformation occur (Fig. 1.5). 
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Figure 1.5 - Fluid flow, overpressure and fluid escape in a gravity detachment system. Modified after 
Huuse et al., (2010) and Deville et al., (2010). 

 

The failure of a seal above an aquifer (water and/or hydrocarbon reservoir) can occur 

either by capillary seal failure, or by the development of hydraulic fractures (e.g. Cartwright et al., 

2007). Capillary seal failure occurs when, in a hydrocarbon-filled unit, the hydrocarbon buoyancy 

pressure exerted by the increasing column, exceed the top seal capillary entry pressure (Ingram et 

al., 1999). For both water or hydrocarbon-bearing reservoir, hydraulic fractures can lead to the 

development of a series of fluid escape such as fluid flow pipes, blowout pipes, mud volcanoes 

and also sand injectites (Cartwright et al., 2007). These seal bypass systems are often interpreted 

as direct hydrocarbon indicators in the absence of seabed sampling. However a careful 

assessment of overpressure development should be undertaken as these systems may not require 

the presence of a hydrocarbon column to develop (e.g. Bjørkum et al., 1998). The identification of 

fluid escape is now common from 3D seismic interpretation (e.g. Cartwright et al., 2007) and can 

help in understanding the development of overpressures and hence the local deformation history 

of any given gravity detachment systems. Fluid escape, especially through fluid flow pipes, is an 

important process which conditions to take place are not fully understood yet, and integrated 
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studies of the structural, stratigraphic and overpressure settings in which they occur may help in 

better estimating the fluid volumes that can be involved and their relationship to the evolution of 

gravity detachment systems.  

 

1.2.3 Sedimentation in Deepwater Environments 
 

Driven either by oceanographic research or hydrocarbon exploration, a large number of 

bathymetry and seismic reflection studies have provided morphological descriptions of Plio-

Pleistocene deepwater channel systems around the world (e.g. Normark, 1978; Damuth et al., 

1983; Petters, 1984; Morris et al., 1998; Armentrout et al., 2000, Savoye et al., 2000; Babonneau 

et al., 2002; Krastel et al., 2004; Heiniö, 2007). These observations, added to field studies of 

geological analogues, provide abundant models for deepwater sedimentary processes, 

summarized in a series of thorough classifications. Mutti et al. (2009) provided a detailed 

description of the state-of-the-art in turbidite systems, referring to the origins, research progress 

and current challenges in this research field. Deep-water sedimentary systems depositional 

models were first published in the early seventies from oceanographic surveys (e.g. Normark, 

1978) or outcrop studies in the Appenines (Mutti, 1975). The multiplication of observations 

contributed to a more complex set of classifications depicting the high variability in turbidite 

systems. Reading and Richards (1994) proposed a series of static models established regarding 

their architecture according to grain size and source geometry variations. Dynamic models, which 

try to predict the lateral and downdip variations of sedimentary facies and architectures, are 

derived from sequence stratigraphic models (Vail et al., 1977). These models are built within a 

chronostratigraphic framework of repetitive, genetically related strata bounded by surfaces of 

erosion or non-deposition, or their correlative conformity (Van Wagoner et al., 1987), due to 

relative sea-level variations and sediment input. Some models show that sea-level variations only 
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is sufficient to explain sediment deposition patterns, whereas others use the fact that deepwater 

depositional controls are driven by climate and tectonic-driven sea-level changes, and sediment 

supply (e.g. Schlager, 1993; Fig. 1.6.A).  

 

Deepwater fans are the most abundant sedimentary objects in deep-water clastic 

environments. They often are associated with gravity-driven mass-movement deposits and are 

formed by non-cohesive density flows, mass movement debrites and pelagic deposits. The fining 

upward turbidite deposits with interbedded shale were first described in detail by Bouma (1972). 

Sediment mobilization and deposition occur by specific processes which have been classified 

according to the mechanical behaviour of flow, transport mechanism and sediment support 

system, from elastic to plastic to viscous fluid and settling (Stow, 1986). They include creeping, 

sliding and slumping, debris-flow and grain flow, and eventually turbidite flows. In addition to 

sediment mobilisation processes, normal bottom currents, pelagic and hemipelagic settling 

represent the sedimentary processes occurring in deepwater environments (Stow, 1986). 
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Figure 1.6 - A simplistic compilation of the main architectures and controls of turbidite systems. Compiled 
and modified after Abreu et al. (2003); Arnott (2007); Wynn and Stow (2002); Heiniö and Davies (2009); 

Jégou et al. (2008); Kane et al. (2008); Kolla et al. (2007); Migeon et al. (2006); Posamentier and Kolla 
(2003); Prélat et al. (2010); Schlager (1993); Wynn et al. (2000) and Wynn et al. (2007). 
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A lot of predictive models have been developed for turbidite systems (e.g. Stow and 

Mayall, 2000; Mutti et al., 2009). For example, Posamentier and Kolla (2003) described five key 

architectural elements in submarine fan systems which architecture may show the evolution and 

controls on the studied systems, including sinuous channel-levee systems (e.g. Kolla et al., 2007; 

Wynn et al., 2007; Kane et al., 2008) sediment waves and slope failures (e.g. Wynn and Stow, 

2002; Migeon et al., 2006 ; Heiniö and Davies, 2009; Kane et al., 2008; Fig. 1.6.B), frontal splays or 

distributary channels, as well as avulsion points (Fig. 1.6.C), crevasse, splay complexes and debris-

flow, channels, distal lobes and sheet sands (e.g. Jégou et al., 2008 ; Prélat et al., 2010). In 

addition, detailed analyses of deepwater sedimentary systems have also been published from 

case studies by Wynn et al. (2000) and Posamentier (2003). Channel-levee systems are major 

depositional elements, representing sediment fairways where a basal, central erosional zone is 

found between levee overbanks where High Amplitude Reflection Packages (HARPs) can be found 

(fig. 1.6.B). These packages represent heterolithic, conglomeratic depositing after the initial 

canyon erosion, and pre-dating sand deposition. In the incised channel, sedimentation occurring 

in sinuous channels can also form terraces and/or Lateral Accretion Packages (LAPs; e.g. Abreu et 

al. (2003); Arnott (2007); fig. 1.6.E) filled with sands and silts. Terraces develop as deposits in the 

canyon are re-eroded by following flows while LAPs represent successive stages of deposition 

(e.g. Abreu et al., 2003). 

 

Post-depositional processes such as diagenesis and differential compaction can cause 

overpressure and fluid flow (e.g. Davies, 2003). They can result in pockmarks (e.g. Loncke et al., 

2004) and fluid flow pipes formation (e.g. Davies and Clarke, 2010; Moss and Cartwright, 2010). 

Other processes affecting the sedimentary record in deepwater settings also include structural 

deformations (e.g. faulting, folding and salt diapirism) which are also able to create topography 

and slope instabilities and climate variations controlling sediment supply (e.g. Kneller et al., 2009).  
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1.2.4 Strike-Slip Faulting 
 

Strike-slip deformation occurs when the vertical stress is equal to the lithostatic stress, so 

that subvertical deformation on a subvertical plane mainly occurs in a horizontal direction 

(Christie-Blick and Biddle, 1985). Strike-slip fault zones display a well-defined range of associated 

structures from synthetic Riedel shears; antithetic, conjugate Riedel shears (R’); P-shears, tension 

fractures and en-echelon folds (Fig. 1.7.A; Christie-Blick and Biddle, 1985). Structural complexity is 

extreme and deformation varies from compression (transpression, where a “positive flower 

structure” can be observed; Harland, 1971; Sylvester and Smith, 1976) to connected extension 

(transtension, where a “negative flower structure” develops, Fig. 1.7.B, C, D, E and F; Harland, 

1971). Fault complexity is also illustrated by strike-slip duplexes (Woodcock and Fischer, 1986). 

The deformation kinematics, magnitude of the displacement, rock properties and fluid contents 

as well as pre-existing faulting or lineaments strongly affects the development of strike-slip fault 

zones complexity (Christie-Blick and Biddle, 1985). 

 

 

Figure 1.7 - Strike-slip faults in their plate boundary settings. Woodcock and Daly (1986). 
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Strike-slip faults develop in all kinds of active structural setting (Woodcock and Daly, 

1986; Fig. 1.7). When they occur, more rarely, in seismically quiet regions, as a result of loading by 

crustal thickening and flexural subsidence, they are called wrench or tear faults). In a strike-slip 

fault zone, both extensional and contractional faults and folds develop in respect to the strain 

ellipse, and can respectively form releasing and restraining bends in step over areas. Sedimentary 

basins can develop as a result of this complex deformation (Fig. 1.8.A and B). Basins associated 

with strike-slip faults are small and the evolution of their fill is strongly linked to structural growth. 

Sedimentary fill reveals the highly asymmetrical aspect of these basins and subsidence rates are 

high (e.g. Crowell and Link, 1982; Fig. 1.8.C, D and E). Nilsen and Sylvester (1995) identified the 

fault bend basins associated with releasing bends (e.g. the Vienna Basin), transrotational basins 

(Los Angeles Basin) or transpressional basins (Ventura Basin, California) and the overstep basins 

between the ends of two sub-parallel strike-slip fault segments (e.g. the Dead Sea Basin). 

Restraining bends and pull-apart basins may develop when different fault segments are 

sufficiently developed to join and link together, as commonly observed in natural examples and 

physical experiments, (e.g. Cunningham and Mann (2007); Fig. 1.8.F).  

 

 Harding (1974 and 1985) described in detail the seismic identification of hydrocarbon 

traps in strike-slip settings. Strike-slip faults on seismic data need to be analyzed from both 

seismic profiles and maps as the structural styles they display along-strike is highly variable. 

Strike-slip deformation can involve prolific hydrocarbon plays and geometries are fairly 

predictable. 

 



Chapter 1: Introduction 
 
 

19 
 

 

 

Figure 1.8 –Strike-Slip Fault Zone and Associated Basins. Modified from Crowell (1974), Crowell and Link, 
(1982), Christie-Blick and Biddle, (1985) and Woodcock and Schubert, (1994). A. Angular relations in right-

lateral simple shear and Riedel shears. B. 3D model showing areas of subsidence and uplift along the 
strike a strike-slip fault zone. C. D. and E. Positive and negative flower structures. F. Evolution of a given 

strike-slip fault zone and representation of shears (1. Early development; 2. Late development). PDZ 
stands dor “Principal Displacement Zone”; PFL: Positive Flower structure ; NFL : Negative Flower 

structure.  
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The development of tear faults represents a differential displacement within the 

sedimentary cover between structural units (Christie-Blick and Biddle, 1985). The term “tear fault” 

may refer either to a crustal fault or flexure linked to either extensional or compressional activity 

(e.g. Escalona and Mann, 2006) or an individual strike-slip fault in a sedimentary basin. In this 

thesis, tear faults represent this second type of faulting. It has been reported in gravity 

detachment settings, for example in the Niger Delta where its potential role in controlling 

submarine channel systems location was mentioned (Armentrout et al., 2000 and Morgan, 2003 

and 2004), and shown on structural maps (Cobbold et al., 2009), and also in the Gulf of Mexico at 

the edges of “cells” detaching over salt layers and defining the lateral margins of the gravity 

detachment system (Jackson and Vendeville, 1994; Peel et al., 1995). However their nature and 

origin in gravitational settings has not been fully analysed, and our current knowledge about tear 

faults is limited to the fact that they can link extension to compressive domains, and 

accommodate different behaviour between structural units. 

 

1.2.5. Current Research Issues 
 

Current research in the study of deepwater setting sedimentary processes is still ongoing 

and has applications in understanding the evolution of sedimentary history of basins as well as 

predicting reservoir architectures. Looking at near-seabed geological processes can provide 

insights into depositional processes (e.g. Steffens et al., 2004). Key questions including the 

significance of sediment record in turbidite beds regarding external, climate-induced controls or 

local topographic effects are investigated (e.g. Kneller, 1995). The self-confinement in turbidite 

channel systems is a current major research topic and currently seems to be a result from initial 

turbidite flow confinement into erosional fabrics or topographic troughs caused by deformation 
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(e.g. Straub and Mohrig, 2009; Fildani et al., 2012; Brunt et al., 2012). Local structural and 

topographic controls can also contribute to sediment fairways confinement. They have largely 

been documented by 3D seismic-based studies in extensional and contractional settings as well as 

around salt diapirs (e.g. Anderson et al., 2000; Haughton, 2000; Hooper et al., 2002; Broucke et 

al., 2004; Gee and Gawthorpe, 2006; Hubbard et al., 2007; Clark and Cartwright, 2009 and 2011; 

Cross et al., 2009; Catterall et al., 2010; Mayall et al., 2010). In this respect the behavior of 

submarine sediment routing systems in strike-slip settings may have been overlooked in the 3D 

seismic record. 

 

Deformation mechanisms above multiple detachment levels and triggers for detachment 

weakening processes, such as overpressure build-up have also recently been analysed (Bilotti and 

Shaw, 2005; Corredor et al., 2005; Briggs et al., 2006; Mourgues et al., 2006; Gonzales-Mieres and 

Suppe, 2006; Cobbold et al., 2009) and modelled (e.g. Ings and Beaumont, 2010). Ongoing 

discussions about overpressure mention potential multiple origins for priming mechanisms of 

overpressure, such as hydrocarbon cracking (e.g. Cobbold et al., 2009) and at shallower levels in 

porous reservoirs, generating hydraulic fracturing (Løseth et al., 2010). Lastly, a number of studies 

evaluated the role of external controls on the development of deepwater fold-and-thrust belts, 

notably the role of the basement acting as a buttress (e.g. King et al., 2009; Morley et al., 2011; 

Sellier et al., 2011). Most regional and sub-regional studies on gravity detachment systems 

concentrate on an updip to downdip analysis (e.g. Cobbold and Szatmari, 1991; Morley and 

Guerin, 1996; Rowan et al., 2004; Corredor et al., 2005; de Vera et al., 2009). The current 

knowledge about lateral margins of gravitational collapse is currently limited to a few examples, 

mostly from mass-transport complexes (e.g. Maltman, 1994; Bull et al., 2009), with an exception 

to “cells” above salt detachments (Peel et al., 1995). In addition, recent research contributions re-

assessed “mobile shale” detachments and overpressure development, showing that deeply buried 
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shale-cored folds and imbricate thrusts, as well as folds associated with kilometre-scale blowout 

pipes have previously been misinterpreted (e.g. Day-Stirrat et al., 2010; Morley et al., 2011; 

Maloney, 2011). These recent observations prove that there is a need to re-examine individual 

“shale diapirs”. Current research interests also concentrate on seismic-based interpretation of 

individual structures, extensional (e.g. Maloney et al., 2010) and contractional (e.g. Higgins et al., 

2007 and 2009; Iacopini and Butler, 2011), in order to reconstruct the deformation kinematics and 

better model potential hydrocarbon traps geometries and fluid migration pathways (e.g. Cobbold 

et al., 2009). These studies show the internal complexity and faults linkages within contractional 

domains of gravitational collapses. Despite the fact that the existence of lateral margins in mass-

transport complexes has been demonstrated to be important to understand deformation 

kinematics (e.g. Bull et al., 2009) and does exists at passive margins (e.g. Rowan, 2009), little work 

has focused on these lateral margins and their implications for sedimentation and structural 

styles. Recent works from Morgan in the deepwater Niger Delta (2003 and 2004) relate the 

potential importance of strike-slip faulting, notably basement-induced (transfer) fault controls for 

channel systems location and petroleum systems. Further investigations in this direction may 

therefore be interesting in other areas of the Niger Delta to understand the importance of these 

zones in gravity detachment systems. 

 

1.3 Thesis Objectives 
 

1.3.1 Focus of the Study 
 

The goal of this study is to characterize specific deformation and sedimentary processes 

occurring at the lateral margins of gravity detachment systems. Regional seismic mapping is 

carried out as well as detailed observations of the relationships between sediment routes and 

deformation. Few studies have focused on gravity-driven strike-slip faulting in deepwater settings 
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and its consequences on sediment routing systems. Herein we assess the sediment routing 

response to slope-parallel syn-sedimentary tear faults using examples from the western Niger 

delta and offshore Mauritania. Close attention is also paid to a case study over a sub-circular 

antifom where interactions between submarine channel systems, structural deformation and 

overpressure development are illustrated. Evidence for deformation timing and geometric 

relationships as well as connections to detachment mechanisms are expected to be found. It can 

also be assumed that in association to these processes, predictions in terms of channel 

morphologies and sediment bypass in strike-slip fault zones will be made. The results and 

implications of this project may improve the current integrated models of gravitational collapse. 

 

1.3.2 Thesis Outline 
 

 Further to this introduction chapter, this thesis is organized into five chapters: 

 

- Chapter 2, “Methodology, Data and Geological Settings”, provides background 

information on 3D seismic analysis, the data used in this study and the geology of the 

Niger Delta and offshore Mauritania; 

 

- Chapter 3 investigates the structural framework of the study area, located at the lateral 

edge of the Niger delta western deepwater sedimentary lobe, using 3-D seismic reflection 

data. The work in this chapter has been published as: “The Lateral Strike-Slip Domain at 

the Margins of Gravity Detachment Systems: A Case Study from the Western Niger Delta”, 

in AAPG Bulletin, a copy of which can be found in the Appendix. Over 70 % of the final 

paper is my own work with remaining 30 % from the other authors. Contributions by the 

authors to the manuscript are as follows: Leduc (seismic interpretation, manuscript and 
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figure preparation) Davies, Imber and Densmore (integration of interpretation and 

manuscript editing advice). 

 

- Chapter 4 describes a potential model for the structural confinement of submarine 

turbiditic slope channels in tear fault zones. This chapter integrates the results from the 

region structural assessment in the Niger Delta, presented in chapter 3, and uses 

additional 3-D seismic data located in another area of the western Niger Delta, as well as 

from offshore Mauritania. This chapter is based on a manuscript entitled ‘Gravity-driven 

tear faults: a control on sediment routing in deepwater settings’, and submitted to Basin 

Research in January 2013, a copy of which can be found in the Appendix). Approximately 

85 % of this paper is my own work, with Davies, Densmore and Imber contributing 

approximately 15 %. Contributions by the authors are as follows: Leduc (original idea, 

seismic interpretation, manuscript and figure preparation), Densmore (advice for channel 

morphological analysis and manuscript preparation) and Davies and Imber (manuscript 

editing advice).  

 

- Chapter 5 investigates the development of kilometre-scale hydraulic fractures and the 

structural and stratigraphic framework in which they form, and produces an attempt to 

pore-pressure prediction. The work in this chapter entitled “Fluid Flow Pipe triggered by 

lateral pressure transfer in the deepwater western Niger Delta” is published in Marine 

and Petroleum Geology, a copy of which can be found in the Appendix. Approximately 60 

% of the final manuscript is my own work, with Swarbrick contributing 10 % and Davies, 

Imber and Densmore contributing the remaining 20 %. Contributions by the authors to 

the manuscript are as follows: Leduc (seismic interpretation, manuscript and figure 

preparation), Swarbrick (advice work on overpressure and overpressure theory, 
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manuscript editing), Davies, Imber and Densmore (advice for structural model and 

manuscript editing advice). 

 

- Chapter 6 includes a general discussion of key findings and their implications in terms of 

research and future work, as well as conclusive remarks. 

 

Chapters 3, 4, and 5 cover the main objectives of this thesis and have been written and 

prepared as manuscripts that have either been published, accepted for publication or are in 

review in peer reviewed journals. Each of these chapters therefore contains its own introduction, 

geological setting, and data and methodology section, which cover some of the points from 

Chapters 1 and 2. In Chapters 3, 4 and 5, pronouns referring to the author (myself) appear in the 

plural form (i.e. we replaces I) throughout as an acknowledgement of co-author in the 

manuscripts. The thesis only contains manuscripts for which I am the first author. Davies, 

Densmore and Imber conceived the original project, and in Chapters 3, 4, and 5 all authors listed 

contributed to the development of the ideas during discussions. A full reference list and additional 

material gathered in the appendices section are provided at the end of this thesis manuscript. 
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CHAPTER 2: METHOLOGY, DATA AND GEOLOGICAL SETTING 
 

2.1 Background and Overview 
 

This chapter provides background information about the data and methodologies chosen. 

It then sets the currently known geology of the areas of interest and states the limits of the study. 

Subsurface geological mapping techniques greatly improved over the 20th century with the advent 

of seismic reflection surveys. The principles of three-dimensional (3D) seismic data acquisition 

were set from the 1970s (Tegland, 1977), commercial use for hydrocarbon exploration purposes 

began in the 1990s (Shell exploration surveys), and it is currently common to acquire, process and 

interpret seismic data for industry exploration and development, as well as academic research 

purposes. 3D seismic data represent a major improvement in data resolution and sampling 

compared to 2D data, but for time volumes, acquisition, processing and interpretation procedures 

remain the same.  

 

This study is based upon seismic data that were acquired to conduct offshore 

hydrocarbon exploration where some geological processes are still yet to be understood. A cluster 

of three adjacent, but not merged, seismic datasets located at the northwest margin of the 

offshore western Niger Delta was provided by PGS and ENI. Further southwest of these three 

datasets, another 3D dataset was made available by CGG Veritas with a set of 2D data covering 

the ultradeep water domain of the Niger delta. In addition, a fifth 3D dataset from offshore 

Mauritania was provided by Tullow and Petronas; data are of comparable quality and record an 

analogous succession to the Niger Delta deposits. Data analyses are expected to help building a 

comprehensive model integrating the structural specificities of the study and their interactions 

with sediment routing systems.  
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2.1.1. Seismic Reflection 
 

This section covers some background principles behind seismic data (after Kearey et al., 

2002 and Bacon et al., 2007). Seismic reflection data record contrasts in acoustic impedances as 

the acoustic P-waves propagate at depth through media of varying velocity and density and 

reflect back at media interfaces (dioptres). The technique relies on an application of the Snell-

Descartes law: 

 

    

  
 

    

  
 

 

where “i” is the angle of reflection, “t” the angle of incidence, v1 the velocity of a given medium 

and v2 the velocity of a deeper medium, assuming v2> v1 (Fig. 2.1). 

 

Figure 2.1 - Reflected and refracted P-wave rays associated with a P-wave ray obliquely incident on an 
interface of acoustic impedance contrast. The red angle is the angle of incidence and the blue angle is the 

angle of refraction (after Kearey et al., 2002). 

 

In seismic reflection surveys this law is applied in order to acquire an acoustic image of 
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the sub-surface. In the case of offshore surveys an air gun is used as a source to send elastic 

waves that penetrate the sub-surface, propagate at depth and reflect at encountered lithological 

interfaces. These reflected waves are then retrieved by hydrophones on a streamer and recorded 

as seismic traces. Multichannel seismic acquisition is used in order to reduce potential noise 

recorded on these traces, which reduces the reflection amplitudes with depth and introduces 

artifacts (Lansley, 2004). In order to record accurate seismic data, the horizontal reflector 

sampling distance is typically half of the detector (geophone or hydrophone) spacing. The vertical 

resolution of the recorded data only remains accurate in the “Fresnel zone”, in which seismic 

waves are returned within half a wavelength of the reflected input. Seismic reflection traces can 

be considered as the convolution of the input pulse from the source with a time succession of 

spikes, termed the reflectivity function. Seismic reflection traces are measured in seconds two-

way travel time, noted “twt” (Fig. 2.2). In order to obtain 3D seismic data, acquisition is carried 

out along a grid composed of (downdip) in-lines and cross-cutting traces separated by a defined 

interval (bin size) of typically 10-20 m. This scaling allows detailed interpretation of geological 

features. In comparison, 2D data are acquired with a line spacing of 100-1000 m and above that 

suits regional-scale interpretations. The orientation, extent and frequency parameters of seismic 

surveys are selected according to the geographical features of the surveyed area. In this research, 

the provided data were supplied processed and limited information was available to identify the 

different processing steps done on the datasets.  
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Figure 2.2 – Physical approach to the seismic trace. The trace is composed of seismic wavelets, and is 
obtained from a record of seismic wave reflection on lithological variations at depth. The wavelets are 
established with the individual velocities of each reflection, their coefficient and a time correction (e.g. 

Kearey et al., 2002).  

 

Once the data are acquired and gathered, they go through seismic processing. It consists 

in a series of binning, spatial filtering and repositioning (including time and spatial migration as 

well as dip moveout), which are applied on individual seismic traces to maximize the useful signal 

bandwidth so that accurate geological information is displayed. For 3D seismic data, an additional 

3D migration also needs to be done as the initial data acquisition path may not be a straight line 

and may be disturbed at depth by structural complexities (French, 1975; Brown, 2004). Some 

filtering, gain, deconvolutions and mutes are also applied to reduce the noise present in the data 

record, and to calibrate the seismic data frequencies and amplitudes. The processed data are then 

stacked and can be zero-phased. Data display may differ from one dataset to another: the polarity 

in which they are displayed can be defined where a trace wavelet indicates a high contrast in 
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acoustic impedance (Fig. 2.3). This study is based on zero-phased data under both European and 

American conventions (Brown, 2004), so that an increase in acoustic impedance is represented by 

a transition from a trough to a peak. 

 

 

 

 

Figure 2.3. Phase and polarity conditions for a low-impedance interval (after Brown, 2004). This example shows a 
typical response for hydrocarbon sands. In comparison to the illustration, seabed reflections on the same data 

display would show a reverse signal (high amplitude). 

 

When the frequency content is constant and the data are zero-phased, it is possible to 

determine the tuning thickness. This is the bed thickness at which two events become 

indistinguishable in time, and is expressed by: 

 

  
  

   
      

 

Where Z is the tuning thickness of a bed, equal to ¼ of the wavelength, Vi the internal 

velocity of the target horizon, and fmax the maximum frequency in the seismic section (Bacon et 

al., 2007). 

 

Seismic reflectors indicating contrasts in acoustic impedance can localize a vertical variation 



Chapter 2: Methodology, Data and Geological Setting 
 
 

31 
 

 

in lithology and/or fluid contents. On a seismic section of multi-trace seismic data, the distribution 

of seismic reflectors in horizons follows time lines (Vail and Mitchum, 1977). The mapping of 

seismic reflectors in two-way time can provide accurate geological information from their lateral 

extent, amplitude, truncations and correlations (Kearey et al., 2002). To establish an accurate 

geological model, and in the absence of pre-stack depth migrated volumes (psdm) structural and 

stratigraphic interpretations done in two-way travel time should then be converted to depth 

below the surface – this can be done via an appropriate seismic velocity model. For basin analysis 

purposes, seismic velocity models are established from known lithologies and densities 

encountered in an area, using wells and corrected seismic stacking velocities (Yilmaz, 2011). 

 

2.1.2 Seismic Interpretation  
 

In these sections an overview of the methods used in this study is presented, before 

introducing the seismic interpretations work which has been done for this study. 

 

2.1.2.1 Horizons Interpretation 
 

 In order to interpret the stratigraphic evolution and geometries of a basin sequence 

stratigraphy (Vail and Mitchum, 1977) is generally used. It is a technique that allows the definition 

of a global-scale chronostratigraphic framework based upon horizon discontinuities and the 

correlation of depositional units using the global record of sea-level changes (Van Wagoner et al., 

1987). In addition, interpretations in terms of seismic geomorphology (Posamentier, 2004) allow a 

better understanding of depositional features from 3D seismic data. Seismic geomorphology is 

defined as the analysis of depositional elements in plan view images extracted from 3D seismic 

volumes. Such analysis can easily be applied to near-seabed depositional features (Posamentier et 
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al., 2003) in order to model deeper exploration targets. Morphologies reflect the way deposition 

occurred and became preserved, and can help in interpreting lithologies. In deepwater 

environments it is possible to identify depositional processes (e.g. sediment waves, mass-

transport) their associations and their evolution (channels sinuosity, erosion patterns, fill). As a 

result, this kind of analysis can be applied of the study in order to understand the deepwater 

sedimentary processes which took place in the study area and how they evolved with time. 

 

More specifically, the identification of patterns in seismic reflections, or “seismic facies” 

can depict specific sedimentary architectures (Fig. 2.4) and provide information on the evolution 

of sedimentary basins. For example, onlapping geometries indicate an aggrading sedimentary fill; 

toplaps are typical horizon reflection discontinuities found beneath erosion surfaces and 

downlaps may indicate sediment progradation (Fig. 2.4.A). Similarly, horizontal parallel reflections 

depict the absence of any disturbance in sedimentary fill; draped facies indicates a sedimentary 

fill over a topographic or depositional feature; divergent facies shows an increase in 

accommodation for sediment fill; oblique facies denote a lateral variation in sedimentary fill and 

thickness; sigmoidal reflections visible as clinoforms represent a prograding and aggrading 

sediment package ; and chaotic (or hummocky) reflections imply either a complex sedimentary 

fill, or a structurally disturbed area, or even strong disturbances in seismic reflections caused by a 

loss in resolution (Fig. 2.4.B). Seismic facies analysis hence helps in studying the internal 

parameters of the evolution of a sedimentary basin, defining seismic units and understanding 

facies repartition, and also provides a stratigraphic framework to assess vertical associations and 

structural features through relative chronology. This kind of interpretation can be done on both 

2D and 3D seismic data, and is mainly used in this study to identify specific seismic packages; unit 

compartmentalization caused by faulting and fracturing; and depositional architectures. 
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Figure 2.4 - Seismic reflection packages. After Nely (1985), adapted from Sheriff (1980). A. Reflection 
discontinuities often seen at the boundary between different seismic units. B. Different types of 

reflection spatial relationships can indicate different depositional processes, environments and lithology. 

 

Interpretation is generally done according to a grid which mesh is defined by the 

interpreter who can either opt for a loose or tighter “seed” interpretation regarding encountered 

structural complexities or horizon discontinuities. Ideally the input interpretation grid should be 

as tight as possible considering the amount of time it takes to obtain a relevant framework. This 

“seed” interpretation is then laterally propagated using the “Zap” function (Landmark, 2005). 

Once a horizon is completely interpreted, it is then possible to compute structural maps, including 
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contours, in order to point out the structural framework of the studied area. Horizons to be 

interpreted are selected for their extensive lateral continuity and age interpretations are usually 

only provided once interpretation is complete. 

 

2.1.2.3 Seismic Attributes 

 

 Seismic reflection data contain information on basic attributes such as (geological) two-

way time and amplitude. Post-stack attributes can also be extracted along one reflection horizon 

or through a window and displayed on a map view. Attribute maps interpretation is an additional 

tool in 3D seismic interpretation that again helps in defining more clearly, at a local scale, the 

structural and depositional environments (Brown, 2004). Time-derived attributes such as isochron 

or dip magnitude from selected horizon reflections (and windowed coherence for one dataset), as 

well as horizon amplitude extractions are generally available. The isochron attribute can be 

computed within a window defined by a top and a bottom horizon. It can be of interest to identify 

variations in thicknesses. The dip magnitude is computed at the surface of a single horizon and 

indicates the variation in dip of seismic reflections. It is of interest in the near-seabed to highlight 

features reliefs and discontinuities at the edges of depositional features or induced by faulting 

and fracturing (Dalley et al., 1989). At depth its use however becomes limited by additional noise, 

partly caused by data resolution loss. Coherence is an attribute that can be added to seismic 

volumes and highlights the variations in seismic reflection continuity. It is used for locating abrupt 

changes notably caused by the presence of faults. Lastly, amplitude extractions can be computed 

as a Root Mean Square (RMS) or a Maximum Average Amplitude (MAA). Amplitude extractions 

display on a map view changes in amplitudes that can be caused in ideal conditions by lithological 

and fluid contents changes (Brown, 2004). Seismic attributes are largely used both in current 2D 

and 3D seismic interpretation studies for a variety of purposes, including structural analyses (e.g. 
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Yilmaz, 2001; Chopra and Marfurt, 2005; Morley, 2009; Iacopini and Butler, 2011) and high-

resolution evaluations of sedimentary responses to structural growth (e.g. Frey-Martinez et al., 

2005; Heiniö and Davies, 2006 and 2007; Mayall et al., 2010). 

 

2.1.2.3 Artefacts and Pitfalls 

 

 Understanding the geophysical principles behind seismic data is essential to make 

accurate geological interpretations. Data acquisition and processing are assumed to be accurate 

by the interpreter, but they are not perfect techniques (Brown, 2004). There are many possible 

sources of misinterpretations from the way seismic data were acquired and processed to the 

interpreter’s choices. Among the issues that can be found in the interpretation process, multiples, 

seismic pull-up or pull-down are fairly common.  

 

The primary reflections are generally considered as most relevant to geological record. 

Some raypaths may however return to the surface after incurring more than one reflection during 

its travel. These reflections are called multiples (Bacon et al., 2007). The imprint of multiples is 

attempted to be removed during processing, but some may remain in the final processed data. 

These multiples have generally lower amplitudes than primary reflections as they lose energy at 

each reflection interface. They can also cross cut true strata reflections.  

 

Seismic reflection pull-ups are caused by localized variations in seismic velocities, 

deforming the reflections in the time domain. This is often encountered in salt successions or 

when seismic reflections traverse fluid-rich units. Conversely, seismic pull-downs represent a 

rapid decrease in velocity. They can be seen below extensive erosion surfaces for example. In this 

study data come from a deepwater environment where steep structures and seabed deep 
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channel incisions can be encountered and the likelihood to observe pull-downs and associated 

pull-ups exists. These velocity effects are removed as much as possible with seismic processing 

but some may remain present in provided seismic volumes (Kearey et al., 2002). 

 

Other issues are related to pitfalls of seismic interpretation. They include mapping across 

fault zones or “over-interpreting” an area of poor data resolution may corrupt the interpreted 

seismic model. In addition the resolution of seismic data must be kept in mind when trying to 

reduce uncertainties (Stewart, 2011). Lastly, direct interpretations of lithology and fluid contents 

from attribute maps or sections should be done with care, especially with the identification of 

“direct hydrocarbon indicators” (e.g. escape chimneys; Yilmaz, 2001; Davies et al. 2004). This 

could be a potential issue for this study as it is interested in understanding sediment patterns and 

their potential for being hydrocarbon reservoirs. In order to avoid the wrong interpretations it is 

therefore necessary to test the viability of the interpretations (lateral extent, use of different 

attributes maps) and assess the visibility of the seismic reflections of interests through different 

vertical scales. 
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2.2 Datasets 

 

 
Figure 2.5 - Location of the five 3D datasets and the 2D seismic line used in this thesis. A. Location of OPL 
314, 315, 316 and 324, offshore Nigeria. B. OPL 314, 314 and 316 (from west to east) adjacent datasets. C. 

OPL 324 dataset. D. Offshore Mauritania dataset. 

 

In the Niger Delta a regional 2D and a local 3D dataset (Fig. 2.5; over Oil Prospecting 

Licence – OPL – 324) from CGG Veritas as well as two adjacent, but not merged, 3D seismic 

datasets from PGS (over OPL 321 and 323, formerly 314 and 315) were available at Durham. An 

additional 3D dataset (now called Oil Mining Licence – OML – 125 but formerly covering, and here 

called OPL 316) was accessible in Milan. “Coherency” volumes were only available in Milan for the 

315 and 316 3D datasets. 3D seismic data from offshore Mauritania were also used in Durham in 

order to supplement observations made in Nigeria. 
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2.2.1 CGG Veritas Datasets 
 

 This dataset is composed of two 2D surveys, VERNG982D and VERNG992D, respectively 

acquired in 1998 and 1999. A total of 17,800 km of pre-stack migrated data were acquired in the 

deepwater Niger Delta with a streamer length of 6,000 m and using 12.5 m receiver and 50 m 

shot point intervals. Southwest-striking lines image the translational domain of the western lobe 

of the Niger Delta while a few southeast-striking cross-lines form a grid over the downslope 

structural domains. These seismic lines were used with a view to locate regional NE-striking 

structural features (Fig. 2.5; see Chapter 3).  

 

OPL 324 (Fig. 2.5) was acquired in 1999 in water depths between 1500 and 3500 m over a 

surface of 1630 km2 in the contractional domain of the delta. Data were recorded with a line 

spacing of 25 m and a 12 s shot interval, and were pre-stack time processed. Data are displayed 

such that an increase in acoustic impedance appears as a black-red-black trace. The vertical and 

lateral resolutions in the datasets of interest are estimated to be ~ 8-10 m at the near-seabed 

interval. Data interpretations as well as isochron, dip and RMS amplitude attributes derived from 

these data were used in Chapter 5.  

 

2.2.2. PGS Datasets 
 
 

 OPL 314 and 315 (Fig. 2.5) were acquired in 2003 and respectively cover 1878 km2 and 

1600 km2 of the northwestern margin of the western lobe of the Niger Delta in water depths of 

800-2000 m. The data were recorded from a dual source shooting at 135 and 315 degrees in 

direction and were received on eight 6 km-long streamers. The longest offset is 6300 m, bin 

dimensions are 12.5 by 18.75 m and the pre-stack time migrated data were processed using a 
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bent ray Kirchhoff pre-stack time migration process. An increase in acoustic impedance appears as 

a black-red-black trace. The vertical resolution is 12 m near the sea bed and decreases to 15-20 m 

in the deepest interpreted intervals. Isochron, dip, RMS amplitude and coherence attributes were 

extracted from these data, which form the core information of this PhD work and are used in all 

of the following interpretations. 

 

2.2.3. Eni Dataset 
 

 OPL 316 (Fig. 2.5) data cover the producing Abo oil field. They were interpreted in Milan 

and isochron, dip, coherency and MAA amplitude extractions were used. These 3D data are 

comparable in dimension and level of processing to the PGS datasets, and cover an area of ~ 800 

km2 located at the updip margin of the PGS datasets, in water depths of 500-1000 m. Their 

southwestern edge locally overlaps the PGS dataset enabling seismic horizon correlation between 

both datasets. 

 

2.2.4 Offshore Mauritania Dataset 
 

 Provided by Tullow Oil and Petronas and located ~ 100 km away from the Mauritanian 

coastline in water depths of 300-2000 m, this dataset covers an area of 4000 km2 (Fig. 2.5). Data 

were recorded over 3481 lines and 5521 traces with a 25 by 25 m bin spacing. The dominant data 

frequency is ~50 Hz and vertical resolution is about ~ 10 m in the near-seabed considered interval. 

These data are not European zero-phased: an increase in acoustic impedance is represented by a 

red-over-black reflection. In the studied vertical interval, a frequency of 55Hz in the shallow 

section provides a vertical resolution of ~ 8-12 m. An average velocity of 1481 m.s-1 for seawater 

and 2000 m.s-1 in the sediment record can be used with these data (Schultheiss et al., 1987). 
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Interpretations of these data and use of isochron, dip and RMS amplitude attributes are 

presented in Chapter 5. 

 

2.3 Regional Geological Setting 

2.3.1 Niger Delta 
 

2.3.1.1 Overview 
 

The present day Niger Delta, Gulf of Guinea, equatorial West Africa is one of the largest 

deltas in the world, and has been explored as a major petroleum province since the 1960s (Allen, 

1964; Short and Stauble, 1967; Whiteman, 1982). Its offshore part extends up to 200 km from the 

coast to the furthest toe-of-slope down to seafloor depths of 3500 m (Fig. 2.6). The present-day 

delta is sand-rich, with an architecture that is tide and wave-dominated (Allen, 1964). Large 

quantities of sediments originating from outcropping crystalline basement and Mesozoic to 

Cenozoic sediments are brought to the offshore basin (Allen, 1964). The delta shelf is ~ 50 to 80 

km-wide (Damuth, 1994). The continental slope begins in 85-210 m water depths and extends up 

to ~ 150 km-long basinward, dipping between 1 and 3° to the southwest in the western delta and 

to the south in the other regions of the delta (Damuth, 1994). The slope is mantled by clay-rich 

sediments and numerous slope sedimentary processes (e.g. channel-levee systems and mass-

wasting) have taken place (e.g. Allen, 1964; Burke, 1972). Submarine slope canyons developed 

during sea-level lowstand periods and became sediment-filled during highstands, but the Avon 

and Mahin canyons are still active at present day (Burke, 1972). Current sedimentary processes 

still include mass transport complexes (sediment remobilisation) and structurally-controlled 

turbiditic sedimentation (Damuth, 1994; Morgan, 2004). 

 

Gravity data clearly indicate a separation of the offshore delta deposits into two 7 to 12 
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km-thick sedimentary lobes on the slope by the southwest-striking Charcot Fracture Zone (Fig. 

2.5.B; Evamy et al., 1978; Doust and Omatsola, 1990, and Cobbold et al., 2009). A prominent 

parallel southwest-striking feature also divides the western lobe into two asymmetric halves: this 

is the Chain Fracture Zone (Fig. 2.6.B, Briggs et al., 2008). Magnetic data also show NE-SW 

basement trends which might be associated to fracture zones (Fig. 2.6.C). Deepwater areas of the 

Niger Delta are therefore presumed to lie over oceanic crust (Morgan, 2003; Briggs et al., 2008) 

but there is still an active debate on the location of the continental-oceanic crust transition in 

proximal areas of the delta, where evidence for extended continental crust such as rift geometries 

(normal faults, tilted blocks and transfer faults) may be encountered (Whiteman, 1982; Damuth, 

1994; Bird, 2001; Morgan, 2003; Davies, 2005). An earthquake of magnitude 4.5 and a depth of 10 

km was reported on 7th March 2000; it has been speculated that this event occurred on a fracture 

zone, and be an evidence for far-field activity of the Central Atlantic Ocean (Fig. 2.6.A; Akpan and 

Yakubu, 2010). It however remains unsure whether to locate a fracture zone (mentioned as the 

“Okitipupa High”) beneath the study area or not (Babalola, 1985; Onuoha, 1999). The presence of 

these fracture zones is inherited from the Nigerian margin opening history. In the Early 

Cretaceous, this region was located in the Benue Trough, an opening rift part of a triple junction 

located in the north-east of the area of interest (Fig. 2.6). Local subsidence is thought to have 

contributed to focus sediment supply from the early Niger River during the Middle Cretaceous 

early passive margin stage (Petters, 1984). 
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Figure 2.6 - Location of the seismic datasets in offshore Nigeria. A. Geographical location. The 
approximate locations of the Niger Delta 3D seismic datasets is indicated in the black boxes: from 
northwest to southeast: OPL 314, OPL 315 and OPL 316 (together) and OPL 324. B. Free-air Gravity 

anomalies (after Sandwell and Smith, 1997). The white circle indicates the location of the 7 March 2000 
earthquake. C. Satellite compilation of magnetic anomalies from EMAG2 (Maus et al., 2009). Source: 

http://www.geomapapp.org 

 

 

2.3.1.2 Stratigraphic Setting 
 

The western Niger Delta sedimentary succession overlies the Benue Trough (Doust and 

Omatsola, 1990; Fig. 2.6.C). This Cretaceous failed rift hosts a Berriasian to Santonian syn-

deformational fill overlain by a Campanian to Paleocene marine unit of carbonates and shale 

(Doust and Omatsola, 1990; Morgan, 2003; Corredor et al., 2005). Delta progradation began 
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during the Eocene where deltaic sediment including marine shale deposited, and continues at the 

present day (Burke, 1972; Fig. 2.7.A). The Eocene to present-day sedimentary succession is 

divided into three main formations that can be defined from seismic facies (Corredor et al., 2005, 

Fig. 2.7.B), based upon Short and Stauble (1967): 

 

- The Akata Formation is 2 to 7 km thick and represents shale-rich distal marine 

deposits with some turbidite sands and is Palaeocene to recent. On seismic data, 

this formation displays low amplitude reflections but internal higher amplitude 

reflections illustrate the presence of structural markers, which are associated with 

detachment levels (Corredor et al., 2005; Briggs et al., 2008). At detachments depths 

seismic velocities suddenly decrease (Bilotti and Shaw, 2001; Morgan, 2003) 

suggesting high pore pressure at these stratigraphic levels. Structural deformation in 

the Akata has recently been documented from seismic studies, showing imbricate 

thrusts and duplexes, as well as smaller-scale deformation within detachment strata 

(e.g. Cobbold et al., 2009; Maloney, 2011); 

 

- The Agbada Formation overall displays higher amplitude reflections than those in 

the Akata. These reflections are parallel and occasionally host chaotic events, and 

have been interpreted as a deltaic succession of sands and shale including mass-

transport complexes, submarine channel-levee systems and fans. They represent 

the delta progradation deposits (delta-front and topset). The Agbada, which started 

to deposit during Eocene and is still depositing at present day, has channel and fans 

deposits that form potential hydrocarbon reservoirs in the Niger Delta. It is up to 3.5 

km thick and sediment deposition has undergone local structural controls and 

confinement, impacting on facies and thicknesses locally (e.g. Hooper et al., 2002; 
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Owoyemi and Willis, 2006; Magbagbeola and Willis, 2007; Pochat et al., 2009). A 

number of seismic studies in this formation also contributed to an understanding of 

deepwater sedimentary processes and sediment remobilisation (e.g. Davies, 2003; 

Deptuck et al., 2003; Fonnesu, 2003; Heiniö and Davies, 2006 and 2007; Deptuck et 

al., 2007; Olabode et al., 2008); 

 

- The Benin Formation represents an up to 2 km thick Upper Eocene to Holocene 

continental succession (Avbovbo, 1978), including alluvial and coastal-plain deposits. 

It is overall seen as a high amplitude seismic reflection package caused by its high 

sand content. Its extent spans from the onshore delta and the coastal regions (Fig. 

2.7). 

 

 This study concentrates on the Agbada (and Benin) Formation strata. 
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Figure 2.7 -– Delta southeastward progradation with time. A. Map view (modified after Short and 
Stauble, 1967 and Rouby et al., 2011). B. Cross section modified from Morgan, 2003. FTB stands for “Fold-

and-Thrust Belt”. The oceanic crust is not indicated in this section. On fig. 2.6, magnetic anomalies are 
only visible in the most distal parts of the prodelta, while it is sometimes assumed that oceanic crust 

begins below the delta. Syn-rift fill is not indicated on this section. 

 
The deepwater Plio-Pleistocene record of the Niger Delta was analysed in the southeast 

deepwater region from a combination of seismic and well data by Jermannaud et al. (2010, Fig. 

2.8). They established a relationship between the delta sequence stratigraphic interpretation and 

a climate record in the deepwater southern Niger Delta. Their results indicate that 13 flooding 

surfaces can be identified in their record and can be correlated to the Plio-Pleistocene climate 

variations. They also identified two scales of climate feedback loops that affected the regional 
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sedimentary record through global sea-level changes and drought in the upstream areas where 

sediments are sourced over the late Pliocene and Pleistocene. This work may provide a tool for 

correlations around the delta, and has implications for potential relationships between sea-level 

changes and deformation events (e.g. Rouby et al., 2011). Climate-induced changes in sediment 

supply, hence in loading rates may have impacted the evolution of gravity-driven structures 

kinematics (Rouby et al., 2011). 

 

Figure 2.8 - Niger Delta stratigraphic chart compared with the East Atlantic δ
18

O record (Tiedemann et al., 
1994) and global data (Lisiecki and Raymon, 2005), after Jermannaud et al. (2010). Here are correlated 

the sequence stratigraphic interpretation identified from well and seismic data in the Eastern Niger Delta 
with the climate and eustacy proxies in order to identify a relationship between sediment deposition and 
global variations. This correlation indicates that sedimentation and following gravity-driven deformation 

can be correlated with global events. 

 

2.3.1.3 The Niger Delta Gravity Detachment System 
 

Rapid delta progradation over the mechanically weak Akata Formation generated the 

Niger Delta gravity detachment system, regional structural interactions of this system with 

sedimentation have been explained in detail by Damuth (1994), Cohen and McClay (1996), Morley 

and Guerin (1996), and Corredor et al. (2005) after a notably large amount of pre-existing work on 
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individual structural domains. Deformation styles are important to predict how sedimentation can 

strongly interacts with individual structures in these domains (e.g. Hooper et al. 2002). In the 

Niger Delta, deformation occurs over multiple levels of detachments occurring in overpressured 

shale (e.g. Briggs et al., 2006). Detachments dip towards the continent as a result of the sediment 

load (Morley et al., 2011). Five kinematically linked structural domains have been established 

from their display of structural styles (Fig. 2.9): 

 

- The proximal extensional domain (Extension I, fig. 2.9) (e.g. Evamy et al., 1978; 

Rouby and Cobbold, 1996; Koledoye et al., 2003; Pochat et al., 2004; Back et al., 

2006; Pochat et al., 2009, Maloney et al., 2011). Large-scale regional (10 – 100 

km) and counter-regional arcuate growth faults characterize this domain (Doust 

and Omatsola, 1990; Cohen and McClay, 1996). Main displacements are assumed 

to occur on the larger fault traces, whereas later stages of deformation are 

accommodated by smaller faults (Rouby and Cobboldd, 1996). Synsedimentary 

strata reveal the different episodes of faulting and topographic fill (Pochat et al., 

2004). Faulting occurred in continuously linked events (0.1 mm.y-1 over 10 My; 

Pochat et al., 2009) as depicted by complex fault segmentation (Koledoye et al., 

2003) and structural styles indicate several imbricate scales of deformation and 

the important role played by localized high pore pressures in faults orientation 

and geometries (Mourgues and Cobbold, 2006; Maloney et al., 2011); 

 

- An intermediate domain comprising reactivated counter-regional normal faults 

and “shale diapirs” (Extension II, fig. 2.9; e.g. Cohen and Mc Clay, 1996; Hooper et 

al., 2002). Mud volcanoes over rollover anticlines and shale diapirs (?) are also 

present in this area (Graue, 2000), as well as km-scale blowout pipes indicating 
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that seal failure primed by overpressure (Løseth et al., 2010). Some authors state 

that mobile shale exists in this domain (e.g. Morley and Guerin, 1996; Ajakaiye 

and Bally, 2002; Ings and Beaumont, 2010; Morley et al., 2011) but this 

hypothesis is still currently under discussion and disagreements, and the 

interpretation of shale-cored folds is preferred (e.g. Duerto and McClay, 2002; 

Maloney et al., 2010; Maloney, 2011); 

 

- The inner fold-and-thrust Belt where regional imbricate thrusting has been 

observed, a remnant of the paleo fold-and-thrust belt partially buried by delta 

progradation and an evidence of the complex structures in these structural 

domains; and a translational domain hosting detachment folds and slope 

depocentres . Buried paleo-folds are up to 3 km in height and approximately 5 km 

of extent, and are associated with thrusts (e.g. Hooper et al., 2002). It is now 

comprised in the translational domain, which extends between the extensional 

and contractional domains;  

 

- The modern outer fold-and-thrust belt consisting of thrust faults and associated 

fault-propagation folds (e.g. Bilotti and Shaw, 2005; Corredor, Shaw and Bilotti, 

2005; Briggs et al., 2006; Higgins et al., 2007; Cobbold et al., 2009, Maloney et al., 

2010). Deformation occurs over thin detachment strata. (E.g. Corredor et al., 

2005; Cobbold et al., 2009) It is characterised by imbricate thrusts, pop-ups and 

triangle zones, and folds wavelengths is between 5 to 10 km (e.g. Morgan, 2003; 

Higgins et al., 2009; Iacopini and Butler, 2011; Morley et al., 2011). 

 

The OPL 314 and 315 and OML 125 datasets are all located at the margins of the four 
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downdip structural domains presented above, whereas OPL 324 is located in the outer fold-and-

thrust belt (contractional domain, red area in fig. 2.9). It is then expected to observe in the seismic 

data regional growth faults, detachment folds and contractional structures in the outer thrust 

belt. Morgan (2003 and 2004) also discussed the occurrence of transfer and tear faults. Transfer 

faults are strike-slip faults going through the whole sedimentary overburden and may come from 

transfer faulting occurring between basement normal faults (Morgan, 2003). They are notably 

observed in the western Niger Delta over the Chain Fracture Zone and may have a role in lateral 

changes in structural styles in the outer thrust belt (e.g. Briggs et al., 2006 and 2008; Higgins et al., 

2007). Strike-slip faulting in the Niger Delta has already been observed (e.g. Morgan, 2003) but 

has however not been the main focus of recent studies (e.g. Armentrout et al., 2000; Cobbold et 

al., 2009).  
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Figure 2.9 - Structural domains in the Niger Delta. Inner FTB stands for “Inner Fold-and-Thrust Belt”. Map 
view adapted from Armentrout et al. (2000); Corredor et al. (2005); Heiniö and Davies (2006); Deptuck et 

al. (2007); and Cobbold et al. (2009). The thick black line locates the cross section in Fig. 2.7.B. 

 

2.3.1.4 Submarine Channel Systems 
 

Hydrocarbon exploration has stimulated a lot of research work on submarine channel 

systems in the Niger Delta. The study area covers several of these systems. From the northwest to 

the southwest, they are (Fig 2.10): 

 

- The Avon canyon system (Allen, 1964; Burke, 1972; Petters, 1984), trending NE-

SW and identified from the shelf to deepwater areas. At least four stages of 

development have been associated to sea-level changes and local morphological 

modifications caused by mass-wasting events (Olabode and Adekoya, 2008). It is 

assumed to have been in place since the Miocene. Morphologies from seismic 

reflections include V-shaped incisions into channel fills indicated with basal 

chaotic reflections overlain by parallel seismic reflections; toplap geometries 

overlain by parallel reflections at the canyons margins and slope failures on the 

canyon edges and an overall increase in channel width assumed to be resulting 

from mass-wasting events. Deposits are assumed to include clastic sediment 

resulting from local erosion and terrigenous sediment brought from the 

continent. It is locally affected by syn-sedimentary deformation (Olabode and 

Adekoya, 2008). Further downslope, the Avon canyon system confluences with 

the Mahin canyon system; 

 

- The Mahin canyon system is similar in many ways to the Avon canyon (Allen, 

1964; Burke, 1972; Petters, 1984; Fonnesu, 2003). It is also a NE-SW long-lived 
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channel system, displaying low, and then high sinuosity and a characterising 

depositional succession including: an early-stage aggradation channel-levee 

system associated with lobe deposits and a second stage of sediment bypass 

followed by an upslope muddy channel fill and a downslope more sand-rich 

sediment fill (Fonnesu, 2003); 

 

- Slightly to the south of the study area the Benin system, where have been 

identified transient fans, in opposition to terminal fans; transient fans 

representing initial deposition stages followed by channel incision and sediment 

fill (Adeogba et al., 2005). Further details on the channel morphologies and 

depositional processes have been published by Deptuck et al. (2003); 

 

-  In OPL 324, the Ramos/Dodo, or Epe/Ijebu/Iwo canyon systems which interact 

with active contractional structures (Deptuck et al., 2007; Heiniö, 2007; Heiniö 

and Davies, 2007). 
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Figure 2.10 - Submarine canyons in the western Niger Delta. Canyons location after Deptuck et al. (2007) 
and Allen (1965). The purple line indicates the location of the “older sands” (Allen, 1965). A. Regional 
overview, bathymetric map after Rouby et al. (2011). Seismic datasets locations are indicated by the 
black boxes. B. The Avon and Mahin canyons in OPL 314 and 315, seabed dip magnitude maps. C. The 

Ramos (Ijebu) and Dodo (Ewo) canyons in OPL 324.  

 

An architectural succession of the submarine channel systems in the deepwater western 

Niger Delta was documented by Fonnesu (2003), Adeogba et al. (2005), Deptuck et al. (2007), and 

Heiniö (2007). It is valid for regions where structural deformation did not strongly affect sediment 

deposition. A first stage of deposition illustrated by a transient sand fan followed by a bypass 

event of low-relief, low-sinuosity channel has been identified (Adeogba et al., 2005; Fonnesu, 

2003). Sedimentary bypass can be triggered by a sea-level fall but also can locally arise from a 

decrease in base level associated with upslope knickpoint migration (Heiniö and Davies, 2007). 

Large channels are incised during the bypass and are filled by aggradation of sub-linear to 

meandering self-confined migrating channels. Progressive channel fill consequently occurs with 

the vertically and spatially heterogeneous deposition of clastic sediment and mud in the channel 
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axis (Stage 2 in Fonnesu, 2003; full description in Heiniö, 2007) when sea level rises or when local 

base level moves upward (Kneller, 2003). Occurrence of sediment waves is also recorded at this 

stage over the canyon fill (Heiniö, 2007). Sedimentary fill occurring at this stage is also identified 

as a potential primer for channel migration. This is more likely to occur at sharp bends as 

accommodation is filled and lateral levee incision is likely to become facilitated in the 

heterogeneous levee deposits than in the central canyon fill (Deptuck et al., 2007). Frontal splays, 

or terminal fans, deposit heterogeneous, possibly sand-rich sediment at the channel mouth 

(Adeogba et al., 2005 and Heiniö, 2007). When a channel system becomes completely sediment-

filled and abandoned, trails of hummocky features are often observed (Heiniö, 2007). Channel 

depositional architecture (terraces, incision valley shapes, etc.) is suggested to be strongly 

influenced by local topographies. Channel fill is possibly controlled by climate-induced sea-level 

changes; however deciphering both effects from a single channel system might not be easily done 

(Deptuck et al., 2007). In terms of autocyclic and allocyclic processes, channel fills can be 

controlled by relative sea-level changes. In lowstand periods, when the sea level is relatively low, 

deepwater channels are less likely to develop in comparison to basin floor fans and lobes. A 

subsequent sea-level rise will not contribute much to the deposition of sediments in deeper water 

environments since most sediment will be trapped in the upper parts of the basin. Remobilization 

of sediments is more likely to occur when the sea level falls, as incising canyons can develop and 

form slope channels in which sediments are transferred to the deeper parts of the basin. 

Turbiditic sedimentation is expected to best develop in periods of sea-level fall, when more 

deltaic and shelf sediments are mobilized basinwards.  

 

Understanding the part of sea-level and local controls on deepwater channels may require 

an extensive detailed knowledge of the whole delta. It would therefore be ideal to carry out this 

kind of study in all possible channel systems in the study area, but it can be assumed that the 
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overall channels trends for the deepwater Niger Delta will reproduce similar architectures, unless 

local structural deformation strongly affects sedimentation. To make sure some channel 

depositional architectures may be linked to sea-level changes, well data are necessary. The lack of 

well data in this study prevents a sea-level related sedimentary record analysis in the study area. 

Depositional changes observed at a local scale can be assumed to be a response to local structural 

deformation. 

 

2.3.2 Offshore Mauritania 
 

Mauritania is part of the Central African Passive Margin (Fig. 2.11.A). Its geological record 

is related to the opening of the Central Atlantic, which started in the Late Triassic to the Early 

Jurassic, earlier than the Nigerian margin, which opened during the Cretaceous. The stratigraphic 

record spans from the Lias to the present-day including Early Jurassic syn-rift evaporites, 

carbonate platforms, marine shale and a post-Late Cretaceous clay-rich succession which became 

incised by canyon systems and complex slope failure processes throughout the Neogene (Davison, 

2005; Vear, 2005; Schwab, 2007). Slope failures may either originate from underlying salt 

deformation or from high slope gradient. Salt deformation, induced by a difference in material 

density between evaporates and overlying sediments can occur as sediments deposits (e.g. 

Vendeville and Gaulier, 2005) but also by processes that do not require a rapid and important 

sediment input. A number of studies have assessed the hydrocarbon potential of this margin 

(Lane, 2005). This area also provided important examples for the understanding of deepwater 

turbiditic sedimentary processes (Weaver and Canals, 2003; Wynn et al., 2000; Krastel et al., 

2004) and sediment remobilisation with slope failures (Wynn et al., 2000). A thick overall 

sedimentary cover is seen on free-air gravity data (Fig. 2.11.B). Local variability in this cover is 

assumed to result from a complex crustal topography including seamounts which origin may be 
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related to the Cape Verde Islands and is visible on magnetic data (Weaver et al., 2003; Fig. 2.11.C).  

 

At present-day a 25-60 km-wide continental shelf bounds the Mauritanian coast (Seibold 

and Fütterer, 1982; Fig. 2.11.A). The continental slope extends more than 100 km beyond the 

shelf edge, dips basinward by 1-6° (occasionally up to 40°; Wynn et al., 2000; Hagen, 2001) and 

hosts deep water carbonate mounds (Lane, 2005). The study area is located just south of the 

major Cape Timiris submarine channel system (Krastel et al., 2004). Rapid sedimentation is 

illustrated by the formation of major turbiditic channel systems (Antobreh and Krastel, 2006). A 

high-resolution climate record can be identified from bathymetric, seismic and core analyses of 

these channels architecture (Holtz et al., 2007; Zühlsdorff et al., 2008; Henrich et al., 2010). 

Complex slope failure processes primed by high pore pressure (Antobreh and Krastel, 2006) and 

resulting in a varying sediment consolidation (Förster et al., 2010) have also been previously 

studied. Recent work by Davies and Clarke (2010) showed that these critically pressured 

stratigraphic fluid traps may also contain episodically released high quantities of methane. Seismic 

record of channel systems and slope failures from offshore Mauritania therefore presents high 

quality data of an area where structural deformation is presumably not as important as in the 

Niger Delta, since little salt deformation is reported to occur where the data are located.  

 



Chapter 2: Methodology, Data and Geological Setting 
 
 

56 
 

 

 

Figure 2.11 - Location of the Mauritania seismic dataset. A. Geographical location. B. Free-air gravity 
anomalies (after Sandwell and Smith, 1997). C. Magnetic anomalies (EMAG2, Maus et al., 2009) indicating 

a magnetic anomaly beneath the study area. 

 

2.4 This Study 
 
 

The aims of this thesis are to establish the stratigraphic, structural and sedimentological 

relationships at the lateral margins of a regional deepwater gravity detachment system. This study 

provides a geological and geometrical interpretation as well as a relative timing of events as there 

was no access to well data. Although both 2D and 3D seismic data were available for this study, 

the decision was made to focus on the 3D datasets as available 2D data have already supported 

quite a lot of research studies (Morgan, 2003 and 2004; Briggs, 2006 and 2008 and Maloney, 

2010).  

Horizon interpretation was carried out across the whole area of interest using eight key 

strong reflective and continuous horizons. This horizon list was initially provided by the industry 
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sponsor. Focused interpretations were then done using as many local horizons interpretation as 

possible. Each chapter illustrated a different study that was carried out independently of the 

other. A different seismic stratigraphic scheme is therefore used in each study.  

 

Structural interpretation was carried out with the help of structural and contour maps. 

Details were refined using isochron, dip magnitude, isochron and coherence attributes for some 

data. The extent of the maps was adapted to the considered geological features. Dip magnitude 

was also used to interpret near-seabed morphologies as a supplement to amplitude extractions. 

MAA amplitude extractions were initially preferred for the industry sponsor, whereas choice was 

made to continue the research using RMS amplitude extractions. Interpretation was performed 

on Seisworks in picking horizons maximum or minimum trace wavelets according to data polarity, 

using the “auto-dip” mode. 3D seismic interpretation was carried out on Linux workstations at the 

Sir Kingsley Dunham Earth Imaging Research Laboratory, Department of Earth Sciences, Durham 

University and in Eni S.p.A., Divisione Exploration & Production, Milan, using Landmark 

Openworks Seisworks 2D3D, 3D3D and 3D and StratAmp 2003.12. 

 

Some published material helped in establishing a velocity estimate in order to provide a 

depth-converted seismic section (Fig. 3.6) using the software Move™. Seismic stacking velocities 

published by Morgan (2003) helped in building this depth conversion and provided metric depths 

estimates for the Niger Delta study area (Table 2.1). 

Medium P-wave Seismic Velocity (m.s-1) 

Seawater 1480 

Seabed 1800 

Poorly compacted clastic sediments and 
overpressured shale 

1900-2100 

Compacted clastic sediments 2100-3000 

 
Table 2.1- Average P-wave seismic velocities encountered in the study area (Morgan, 2003). 
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Stratigraphic mapping was done using a provided list of dated horizons which details are 

confidential (Table 2.2; Fig. 2.12). Interpretation commenced in collaboration with ENI in Milan 

with the Late Miocene intervals in OPL 316. Mapping thereafter continued further west over OPL 

315 and 314 over the Late Miocene intervals in order to understand the sub-regional structural 

setting in the study area. Mapping carried on over shallower reflections in OPL 316 in order to 

better understand the evolution of an identified sub-circular structure. Lastly, sub-regional 

mapping was done for a series of well-defined reflections in the Plio-Pleiostocene succession in 

order to track channel system migration and late recent structural activity in the study area. 

Seismic analysis in the offshore Mauritania dataset and in OPL 324 was then performed in order 

to obtain several additional examples of interacting channel systems with tear faults as an 

analogue for the observations made in OPL 314-315-316.  

 

Horizon Approximate Age 
(My) 

Provided 
Chronostratigraphic 

Age 

 

seabed 0 Present-Day 
(Holocene) 

 

H 050 1.81 Plio-Pleistocene Piacenzian to 
Gelasian 

H 100 3.6 Pliocene Zanclean 

H 200 5.5 Late Miocene Messinian 

H 300 7.8  Tortonian 

H 500 16.4 Early Miocene Burdigalian 

H 700 28 Oligocene Chattian 

H 900 97 Cretaceous Top Albian 

 
Table 2.2 - Chronostratigraphic ages provided by ENI (2008). These ages are only an approximate 

indication based on global sea level curves and are not used to precisely estimate ages in this thesis. The 
corresponding horizon reflection are shown on Fig. 2.12.  
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Figure 2.12 - Reference horizon reflections for H200, H300, H500, H700 and H900 on a W-E section from 
verng99 and a SE-NW section from OPL 315. Horizontal scale: no scale given. Vertical scale given in two 

way travel time. Source: Eni (2008), reference uninterpreted section not provided.
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CHAPTER 3: THE LATERAL STRIKE-SLIP DOMAIN IN 
GRAVITATIONAL DETACHMENT DELTA SYSTEMS: A CASE STUDY OF 

THE NORTHWESTERN MARGIN OF THE NIGER DELTA  
 
 

ABSTRACT  

 
We use two-and three-dimensional seismic data to describe the structural geology of the lateral 

margin of a deep-water delta lobe within the Niger Delta that has undergone basinward, 

gravitationally driven translation. We term this region the “lateral strike-slip domain.” 

Deformation is characterized by a strike-slip fault system that can be followed for a distance of 

approximately 75 km (∼47 mi) from the shelf to the slope and toe of slope. On the northwestern 

side of the fault system, a fold and thrust belt that propagated north to northwest has developed 

within a large-scale restraining area of 460 km
2 

(180 mi
2

). On the southeastern side of the strike-

slip fault system, widespread extension has occurred, characterized by several graben and 

kilometer-scale rollover structures. Lateral margins of gravitational collapses give key information 

on how they deformed. We estimate a minimum horizontal dis-placement on the main strike-slip 

fault of approximately 7 km (∼4 mi). Structural and kinematic evidence, such as present day 

propagating strike-slip faults, for possible future lateral expansions of the lateral strike-slip 

domain, is described. We expect to observe similar sets of deformation styles at the margins of 

other preserved gravitational collapse sliding over a detachment whose efficiency in causing 

downdip slip may vary laterally.  
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3.1 INTRODUCTION  
 

Gravitational collapse occurs at a variety of scales from individual landslides and mass-

transport complexes up to the dimensions of passive continental margins. Despite this variability, 

comparable processes and structural features occur (Butler and Turner, 2010). During the last 

three decades, a focus on describing gravity-driven deformation in large deltas has been observed 

(Cobbold and Szatmari, 1991; Damuth, 1994; Morley and Guerin, 1996; Gaullier et al., 2000; 

Gaullier and Vendeville, 2005; Maloney et al., 2010). This deformation is typically expressed as a 

complex that consists of an updip extensional domain, a translational domain where little internal 

deformation is observed, and a downdip compressional domain where fold and thrust belts and 

toe thrusts develop (Damuth, 1994; Stewart, 1999; Morley, 2003; Rowan et al., 2004; Bilotti and 

Shaw, 2005; Corredor et al., 2005; Cobbold et al., 2009).  

 

A strike-slip domain, located at the lateral margins of a slide mass, has only been 

described in mass-transport complexes. For example, Frey Martinez et al. (2005), in the Levant 

Basin of the eastern Mediterranean Sea, and Bull et al. (2009), on the Storegga slide offshore 

Norway, provide well imaged seismic examples of the lateral margins of large-scale slumps. Bull et 

al. (2009) illustrated a series of kinematic features that characterize strike-slip deformation on the 

lateral margins of mass-transport complexes in the translational do-main. These features include 

en echelon sigmoidal scarps and dragged flow banding (material included in the complex and 

affected by strike-slip deformation). Important clues to the evolution of the slide, such as 

evidence for the timing of the deformation, the amount of horizontal downslope displacement of 

the mass, or the interaction between the slide mass and undeformed material along strike, may 

be found at the lateral margins. At the delta scale, strike-slip deformation has been documented 

in the Gulf of Mexico (Peel et al., 1995; Rowan, 2009), in the Nile Delta (Loncke et al., 2006; Clark 
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and Cartwright, 2009), and in the Amazon Fan (Cobbold and Szatmari, 1991). Recent work from 

Cobbold et al. (2009) and Løseth et al. (2010) has shown the presence on the seabed of en 

echelon kilometer-scale strike-slip faults in the deepwater Niger Delta. Morgan (2004) mentioned 

the presence of transfer faults in western Niger Delta that control the position of submarine 

channels, but the geometries and extent of the strike-slip fault zones were not described in detail. 

Despite these examples, generally, the literature is dominated by examples of strike-slip faults 

identified from two-dimensional (2-D) seismic data, and most of the focus on strike-slip fault 

morphology has been on structures in the continental crust instead of those associated with 

gravitational collapse. Looking into more detail, these strike-slip structures could provide informa-

tion on how deformation occurs at the margins of gravitational collapses, how fast they will occur 

and how far the mass moves downslope, and what the controls on their development are.  

 

In this article, we interpret 2-D and three dimensional (3-D) seismic data to describe a set 

of large-scale structural features at the lateral margin of the northwestern Niger deep-water delta 

lobe that is undergoing downslope translation driven by gravity. We observe and interpret the 

structural complexity of coexisting extensional, compressional, and strike-slip deformation in the 

lateral margin. The lateral strike-slip domain is defined as a discrete structural domain that forms 

at the margins of a gravity detachment system, linking the extensional, translational, and 

compressional domains of the system.  
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3.2 DATA AND METHODS  

 

3.2.1 Geological Setting  

 

 
 

Figure 3.1 – Overview of offshore Niger Delta structural domains (modified from Armentrout et al., 2000; 
Corredor et al., 2005; Heiniö and Davies, 2006; Deptuck et al., 2007; and Cobbold et al., 2009). Gray 

dashed lines are bathymetric contours. The structural domains relative to the main structural styles are 
indicated. The lighter shading corresponds to the potential location of the lateral strike-slip domains. 
Main canyon positions in the northwest offshore delta are shown by dotted lines; from west to east, 

these are the Lagos, Avon, Mahin, and Benin canyons. LSSD = lateral strike-slip domain as described in 
this article. Locations of Figs 3.2 (here mentioned as fig. 3.2) and 3.3 (here mentioned as fig. 3.3) are 

indicated with thick black lines, and Figure 3.4 (here mentioned as fig. 3.4) is indicated with a rectangle. 

 
The deep-water Niger Delta consists of two lobes in the south and in the west that developed 

contemporaneously (Fig. 3.1) (Doust, 1990; Damuth, 1994). Deltaic sedimentation began in the 

Tertiary, and regional seismic lines (Figs 3.2 and 3) show that a 7-to 8-km (4-to 5-mi)-thick 

sedimentary succession is located above the basement. Immediately above the basement, the 

Akata Formation is composed of Paleocene to Eocene marine shale. An abnormal decrease of 
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seismic velocity of 1000 m s
–1 

(3000 ft/s) at the top of the Akata has been interpreted as 

representing overpressured conditions (Morgan, 2003). The overpressured interval is roughly 

coincident with the level at which normal and thrust faults sole out to become bedding-parallel 

detachments, allowing gravity-driven deformation to occur (Damuth, 1994; Cohen and McClay, 

1996; Morley and Guerin, 1996; Briggs et al., 2006). The Akata Formation is covered by a 

succession of turbiditic mass transport and hemipelagic deposits (the Agbada Formation). Over 

the Agbada Formation, the Benin Formation is sometimes mentioned (Fig 3.2), which has been 

defined from seismic facies interpretation in the proximal parts of the delta. Deformation is 

partitioned into three main structural domains: the Extension domain and the Translation 

domain, both also divided into two other sub-domains and the Compression domain. The 

Extension domain comprises of an area in extension, and further downslope an area undergoing 

extension reactivating previous translational and contractional structures. Likewise, the 

Translation domain now divided in two, includes an inner domain where pre-existing gravity-

driven contractional structures are no longer active, and folding linked to the current translation 

in the gravity detachment system. Both the western and southern lobes are also partitioned by 

strike-slip faults into several parallel sections sliding at different rates (Morgan, 2004; Cobbold et 

al., 2009) (Figs 3.1 and 3.3); these faults are visible on seismic data as subvertical reflection 

terminations and fault-plane reflections.  
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Figure 3.2 – Simplified west-southwest–east-northeast cross section showing the structural features of 
basement and the sedimentary overburden of the offshore Niger Delta. The structural domains relative 

to the main structural styles are indicated (modified from Morgan, 2003). 
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Figure 3.3 – Interpretation of a regional north-northwest–south-south-east two-dimensional seismic 
section in the western lobe of the Niger Delta. No data between the vertical dotted lines exist; the 

Charcot fracture zone structure is adapted from Briggs et al. (2009). LSSD = lateral strike-slip domain. The 
Benin Formation is assumed not seen in this section. 

 

We analyze three adjoining 3-D seismic data sets acquired in 2004 that cover most of the area 

of interest, as outlined on Fig. 3.4. Water depths are between 500 and 2000 m (2000–7000 ft), the 

seismic surveys cover an area of approximately 4300 km
2 

(∼1660 mi
2

), and bin dimensions are  

12.5 × 18.75 m (41.01 × 61.52 ft; see Brown, 2004). At considered depths, frequency bandwidth is 

estimated to be approximately 30 Hz. Data are zero phased and are displayed in two-way travel 

time. Combined use of time-structure maps and seismic attributes (coherency, dip, and amplitude 

extractions) from high-amplitude continuous reflections allows us to identify faults and folds in 

the area of interest (Fig 3.4). At considered horizon reflections, we extracted windowed amplitude 

maps (+100 and –100 ms) to observe the main structures. Time-thickness maps were computed 

between given top-and bottom-interpreted horizon reflections. The succession is subdivided into 

units A, B, and C based on changes in reflection character and the mapping of four reflections 

(H1– H4; Fig. 3.5). Ages are roughly estimated based on an assumed uniform sedimentation rate 

of approximately 100 m/MY (Davies, 2003). A depth conversion of a key seismic section is 

presented in Fig. 3.6. The description herein starts with an overview of the regional structures and 

stratigraphic units. We then focus on structural features identified from both map and seismic 

cross sections. B).  
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A 

 
B 
 

Figure 3.4 – A. Detailed structural map of the lateral strike-slip domain from horizon interpretations at 
3000 to 4000 ms two-way travel time depth (between interpreted horizons H3 and H4). The positions of 

Figures 3.6 to 3.10 and 3.12 to 3.14 are indicated by the dotted straight lines. The extensional zone is 
located in the southeastern part of the map and the compression zone in the northwest. PAB = pull-apart 

basin. A = fault trace marked A in Figure 3.8. The asterisk indicates the normal fault discussed in the 
section titled Extensional Zone. Figure numbers are referring to chapter 3 figures (read fig. 3.X). B. 

Examples of time (west) and coherency (east) maps used for fault mapping. Blue to purple are -2500 to 
4000 ms twt; white are high coherency factor, black lower coherency factor. 
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Figure 3.5 – Age and depth of stratigraphic units A, B, and C and horizons used in this article, from the 

seabed to the basal strong reflection. Depths are estimated from the seismic velocity model of Morgan 
(2003); velocities and depth are estimated from Morgan (2003). Ages are taken from Morgan (2003) and 

Lawrence (2002). Unit A, defined between the seabed and the interpreted horizon H1 (Pliocene), is 
composed of high-amplitude reflections within a background of lower amplitude continuous reflections. 

These reflections are interpreted to be silts and sands deposited within deep-water channels (e.g., 
Deptuck et al., 2007). Horizon H2 is estimated to be Messinian based on extrapolation from regional 
sedimentation rates (Davies, 2003). Unit B (situated between horizons H1 and H3) displays parallel 

reflections that are lower in amplitude than in those in unit A. It displays a sharp erosive contact with the 
underlying reflection packages. Unit C lies between H3 and the near top Akata reflection (associated with 
the top of the Akata Formation). Horizon H4 is another prominent reflection within unit C. Horizons H1 to 

H4 correspond to H100 to H400 in Table 2.2. 
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Figure 3.6 – (A, B) Northwest-southeast–oriented interpreted seismic sections selected from a three-
dimensional seismic data set crossing the three structural zones of the area of detailed study. Folds are 

numbered S1 to S4 from the northeast-southwest fault trace to the west. (C) Depth conversion applied to 
the section displayed in Figure 5.6A and B. The section is depth converted using interval velocities as 

shown in Figure 5.5. This section shows that the geometries and dips of the structures remain 
comparable on both time-and depth converted seismic sections. The location of Fig. 3.8 is indicated by 

the dotted square annotated fig.8. All the following sections are converted. TWT = two-way travel time. 
Approximate vertical exaggeration x4. 
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3.3 OBSERVATIONS  

 
Three structural trends are identified both in map view (Fig. 3.4) and in seismic sections 

(Figs 3.6A and B). A major subvertical northeast-southwest– trending fault marks the boundary 

between two structural zones located to the northwest (compressional zone) and southeast 

(extensional zone). This distinction is also clear on a vertical section across the northeast-

southwest fault (Figs 3.6A and B). The compressional faults to the northwest of the northeast-

southwest fault appear generally much steeper (∼60° dips) than the extensional faults to the 

southeast (∼30°). This is only because the section chosen is oblique to the normal faults, whereas 

it is perpendicular to the shortening structures. Below, we examine each of these trends.  



Chapter 3: The lateral strike-slip domain 
 
 

71 
 

 

 

 
Figure 3.7 – Southwest-northeast–oriented seismic section and interpretation showing a compound 

graben in the extensional zone. TWT = two-way travel time. Below the detachment, deeper extensional 
fault corresponds to the pre-Eocene synrift succession. 
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3.2.1.1 Extensional Zone  

 
Most of the structures in the extensional zone (marked “extension” in Fig. 3.4) are normal 

faults that strike northwest, dip steeply to the southwest (∼60°), and have lengths of as much as 

10 to 15 km (6–9mi; Figs 3.4 and 3.7). The largest northwest-striking normal fault is in the east of 

the study area. It can be traced over a distance of 30 km (20 mi) and connects to a northeast-

striking normal fault (marked with an asterisk in Fig. 3.4). The northwest-striking normal fault 

defines the northeast border of a graben of an approximately 10-km (∼6-mi) width (Figs 3.4 and 

3.7). A large number of the northwest-striking faults deform H1, H2, H3, H4, and the top Akata 

reflection. They consist of a series of conjugate normal and growth faults with variable 

movements and variable length. It is probable that these faults represent several deformation 

episodes because the related growth sequences appear to have formed during multiple episodes 

of extension. The main episode of extension is recorded in the upper part of unit C where onlap 

geometries prograding to the west are found. Other normal faults also exist in the compressional 

zone, some of which are likely to be the continuation of some northwest-striking normal faults of 

the extensional zone. They may predate the formation of the strike-slip fault zone. Another 

hypothesis is to relate these extensional features to a degradation of the fold and thrust belt as 

they strike perpendicularly to the fold hinges.  

3.2.1.2 Strike-Slip Faults  
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Figure 3.8 – Detailed view of the compressive strike-slip structure shown in the center of Figure 3.6. The 
steep fault trace at the north western side of the fault zone is bounded by a steep fold. Deformation 

occurs while sediments are being deposited and eroded. The fault trace marked A represents the 
southeastern limit of northeast-southwest fault zone. TWT = two-way travel time. Approximate vertical 

exaggeration x3. 

 

The northeast-southwest fault zone is composed of a variety of faults with geometries 

that are kinematically linked (Fig. 3.4). The longest fault trace is 75 km (47 mi) long. Because of its 
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complexity, we describe its main geometries from its northeast mapped tip to the southwest 

along strike (kilometer 0 is at the northernmost mapped point of the fault; kilometer 75 is at the 

inferred southwest tip). A northern segment (kilometers 0–10) and a central segment (kilometers 

33–43) show contraction. On a seismic section, these segments display two subvertical fault 

traces, both dipping subvertically to the southeast (Figs 3.6A, B and 3.8), that extend from the top 

Akata detachment to the seabed. The southeastern fault trace (Fig. 3.8, marked A) is kinematically 

linked to the fault trace connecting the northeast-southwest fault to a large normal fault in the 

extensional zone (Fig.3.4). The northwestern fault trace is a thrust fault with pronounced folding 

in the hanging wall that branches into several segments toward the surface. We interpret this 

fault system as a compressional strike-slip fault system (Harding, 1985). Unconformable contacts 

are identified at the base of unit A, on H2 and H3. Variations in the thicknesses of these units 

suggest the occurrence of three episodes of erosion and/or deposition that can be related to 

possible pulses of activity on the northeast-southwest fault. Another strike-slip fault, oriented 

east-west, is located in the north of the study area and connects to the northeast-southwest fault 

at kilometer 10. Assuming that the fault connects between its eastern and western documented 

parts, in the area of no seismic coverage, it is approximately 35 km (∼22 mi) long (Fig. 3.4). In a 

vertical section, the east-west fault is expressed as a subvertical fault array that branches and 

offsets reflections between the seabed and H3 (Fig. 3.9). The east-west fault displays a negative 

flower structure (Harding, 1985) with the south-southwestern block downthrown. From kilometer 

43 to its southwestern tip, the northeast-southwest fault splays into a series of normal faults that 

form small pull-apart basins (Fig. 3.4, marked PAB). These basins are bounded on their 

northwestern side by the northeast-southwest fault zone and by an east-northeast– west-

southwest normal fault dipping northwest on its other side. They are, respectively, from northeast 

to southwest, 8 km (5 mi) long and 2 km (1 mi) wide, 5 km (3 mi) long and 2.5 km (2 mi) wide, and 

14.5 km (9 mi) long and 3 km (2 mi) wide. A typical seismic section along the strike of the 
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northeast-southwest fault in this segment displays a set of high-angle faults that we interpret as a 

negative flower structure (Harding, 1985) (Fig. 3.10). The horizons within this structure display 

geometries indicating a rapid subsidence between the border fault lines. The northwestern fault 

trace (Fig 3.10, marked X) is a steep fault with an apparent down-throw of 200 m (700 ft) to the 

north on H2 to H3. Offset decreases upsection and goes to zero at the seabed. The other segment 

branches and cuts reflections between the top Akata reflection and H2. Units B and C are 

thickening progressively to the south-east, and onlaps suggesting growth sequence are observed 

in unit C. Extension occurs by the northeast-southwest fault and is likely to occur before and 

during strike-slip motion. Thus, the same northeast-southwest–striking fault system evolves along 

strike (on vertical sections) from subvertical fault-propagation fold geometries (Fig. 3.8) to a 

combination of linked normal faults and pull-apart basins in the southwest (Figs 3.4 and 3.10). 

This observation is consistent with a strike-slip fault system interpretation (Harding, 1985). An 

amplitude extraction map of H3 and a time-thickness map of unit C show that areas of high 

amplitude and previous fault traces are offset along the main northeast-southwest fault zone (Fig. 

3.11). They can be restored by a lateral translation of matching blocks of the map that show the 

state of the region as it probably was in the late Miocene. These blocks are delineated by the 

northeast-southwest and the east-west strike faults and by the large northwest-southeast normal 

faults in the south of the study area. A horizontal displacement of as much as 7 km (4 mi) is found 

on the northeast-southwest fault, and 3 km (2 mi) of displacement is observed on the east-west 

fault. 
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Figure 3.9 – 1North-northeast– south-southwest–oriented seismic section and interpretation showing 
the east-west strike-slip fault, normal faults dipping southwest, and the northeast-southwest strike-slip 

fault system. The thickening of the reflection packages in the northeastern part of the figure is caused by 
the presence of fold S3, obliquely crosscut by this section. The dashed line shows the position of a thrust 

fault trace (?) associated with fold S3. The arrows above the seabed reflection indicate the location of 
apparent subsidence at the seabed, suggesting the present-day activity of the underlying fault traces. 

TWT = two-way travel time. Approximate vertical exaggeration: x3. 
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Figure 3.10 – Northwest-southeast– oriented seismic section and interpretation showing a negative 
flower structure on the northeast-southwest fault. All the fault traces together at the center of the figure 

are interpreted as a negative flower structure; however, at a smaller scale, the set of fault segments 
labeled “X” also presents negative flower structure geometries. Approximate vertical exaggeration: x3. 
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Figure 3.11 – Horizontal displacement on the northeast-southwest and the east-west strike-slip faults. (A, 
C) Amplitude extractions at H3 (maximum average amplitude, windows 100 ms two-way travel time 

(TWT) above and 100 ms TWT below H3, top of the figure) show the horizontal displacement on the east-
west fault and the normal fault connecting to the northeast-southwest fault from the offset of the 

channel marked with the blue line. (B, D) Time isopach map between H3 and H4 showing the 
displacement of two normal faults bounding a graben by the northeast-southwest fault. The 

displacement on the east-west fault is indicated by a yellow double arrow (Figure 3.11A); the black 
double arrow indicates the displacement on the northeast-southwest fault (Figure 3.11C).  
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3.2.1.3 Compressional Zone  

 
 

Figure 3.12 – East-west–oriented seismic section and interpretation showing the northeast-southwest 
fault and the four folds within the area of the restraining bend in the compressional zone. The vertical 
dashed lines demarcate folds S1 to S4. TWT = two-way travel time. Approximate vertical exaggeration: 

x3. 

 
The compressional zone lies from kilometer 10 on the northwest flank of the northeast-

southwest fault and to the south of the east-west fault (marked “compression” in Fig. 3.4). This 
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roughly triangular compressional area of approximately 540 km
2 

(∼210 mi
2

) is composed of four 

arcuate folds numbered S1 to S4. From west to east, the maximum length of their hinge lines is 

20, 6.5, 10.4, and 8.5 km (12, 4, 6.5, and 5.3 mi), respectively, at the depth of H1, and the folds 

have an average wavelength of 5 km (3 mi; Fig. 3.12). Assuming that this was measured on a 

constant reflection, shortening on each structure is estimated at 2.25, 0.75, 1.5, and 2.2 km (1.40, 

0.47, 0.9, and 1.4 mi) for S1 to S4, respectively, yielding a total of 6.7 km (4.2 mi) for the entire 

system at the depth of H1 (Fig. 3.12). The folds are asymmetric, with a steeper forelimb (near 

vertical in the case of S4, as displayed on the seismic section). Complex fault traces are visible at 

the core of the folds, although the fault traces do not extend above H3. Deformation clearly 

affects the seabed only on folds S3 and S4 (Fig. 3.12), whereas folds 1 and 2 seem to have been 

buried by the most recent sediment package of unit A. This observation is interpreted as an 

evidence for a westward propagation of the fold belt, which is perpendicular to the general trend 

of the continental slope. Folds S3 and S4 gradually die out progressively onto the east-west fault 

(Fig. 3.4). This suggests that the development of the folds is interrupted by the east-west fault. 

The folds hinges actually die out onto the east-west fault. In terms of timing relationships, this is 

interpreted as a contemporaneous development of the strike-slip fault and the shortening 

features. However, the maximum visible displacement along the east-west fault has been 

estimated at 3 km (2 mi; Fig. 3.11), which is smaller than the total shortening estimated for the 

fold and thrust belt. However, the order of magnitude remains similar. It is possible to assess the 

relative timing of the fold activity by looking at onlap geometries, in particular, around fold S3 

(Fig. 3.12). The sediment record is unequal at each fold, suggesting that activity on the folds 

varies. We suggest that S1 and S2 were active first and that their activity carried on until the 

present day. Fold S3 is currently buried, which can be interpreted as sedimentation locally 

overcoming fold growth. Finally, S4 syn-sedimentary activity occurs the latest because onlaps are 

only found on the top reflections. A timing relationship can be established as follows: (1) 



Chapter 3: The lateral strike-slip domain 
 
 

81 
 

 

development of the northeast-southwest fault; (2) propagation of the east-west fault to the west; 

(3) S1 and S2 growth; and (4) S3? and S4 starting to grow, whereas other structures remain active. 

Because no biostratigraphic data are available, however, prevents us from proposing any absolute 

age of deformation events in this article.  
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Figure 3.13 – Southwest-northeast–oriented seismic section and interpretation showing rotated normal 

faults on fold S4. TWT = two-way travel time. Vertical exaggeration: x3. 

 

 
Whereas the compressional zone is dominated by folding, a few steep northwest-striking 

normal faults are also observed, with lengths of 2 to 7 km (1–4 mi; Figs 3.9 and 3.14). These faults 
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strike almost orthogonally to the folds. Normal faults dipping to the southwest are located on 

both the forelimb and the back limb of fold S4. Conjugate normal faults dipping northeast are also 

located on the forelimb. Horizon H4 is tilted and offset by these faults, but no offset is observed in 

the younger horizons. Recent subsidence seems to occur over the tip of the fault traces, whereas 

onlapping is found in unit A; however, it is hard to distinguish what is controlled by the fold 

growth or by the activity of the northwest-striking faults. These extensional features could either 

be interpreted as a marker of preexisting extension before the folding or could be resulting from a 

perpendicular extension contemporaneous to the folding. As evidence of normal fault offset is 

observed on both sides of the northeast-southwest fault (Fig. 3.11), we suggest that the steep 

normal faults (Fig. 3.14) are actually incorporated and rotated within fold S4 during the folding 

event and are therefore older than the fold.  
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Figure 3.14 – East-west seismic section and interpretation, located west of the lateral strike-slip domain 
(LSSD), show two present-day developing northeast-southwest–oriented possible strike-slip faults that 

are just beginning to slip at present; therefore, no offset can yet be observed west of the LSSD. They 
display fault-propagating fold geometries. They could represent similar geometries to what used to be 

the earliest segments of the northeast-southwest fault geometries in its compressional part. TWT = two-
way travel time. Vertical exaggeration: x5. 

 
Two other compressional structures are observed in the western end of the studied area (Figs 

3.4 and 3.14). They are west-vergent thrust faults associated folds. These structures create 

topography of approximately 300 m (∼1000 ft) at the seabed and are responsible for the localized 
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erosion of unit A. Channels are localized at the front of the western structure and over the back 

limb of the eastern structure (Fig. 3.14). The faults within the folds are very recent features 

because no evidence for previous structural control of sedimentation is observed at the periphery 

of the folds. The folds are parallel with the northeast-southwest trend, and their shape is 

comparable to the compressional features of the strike-slip fault zone (Fig. 3.8). As a result, we 

suggest that these structures are associated with a compressional bend within the overall strike-

slip domain.  

3.3 DISCUSSION  

 

3.3.1 Structural Relationships  

 
Christie-Blick and Biddle (1985), Woodcock and Fischer (1986), Woodcock and Schubert (1994), 

and Cunningham and Mann (2007) provided 3-D models of the various geometries of strike-slip 

faults. The strike-slip nature of deformation on the northeast-southwest fault system is indicated 

by the wide range of structural features observed along strike. These features include a horsetail 

splay at the northeast end of the studied area, linking extensional features to strike-slip features 

(Fig. 3.4). The angle and the shape of the strike-slip features we described appear to be slightly 

different to what is found in the literature (Harding, 1985). For instance, the strike-slip 

compressive structure we present (Fig. 3.8) is comparable to a steep fault-propagation fold, its 

branching out appearing very asymmetric as the structure tilts westward. These changes in shape 

could be explained by the fact that sedimentation is syntectonic and will influence the shape of 

the final structure, as demonstrated in sandbox experiments (Casas et al., 2000), or that braided 

geometries correspond to an advanced stage of growth.  
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Figure 3.15 – The theoretical model proposed for the lateral strike-slip domain. (A) Three-dimensional 

block diagram to the scale of the deep-water deltaic lobe showing the geometric interplay between the 
main structures of each structural domain. (B) Cutaway from A, focusing on the lateral strike-slip domain. 
(C) Summary of the development of the main structures. 1 = extensional faults; 2 = early stages of strike-
slip deformation; 3 = propagation of strike-slip faults; 4 = “restraining bend” area development, including 

the westward verging fold and thrust belt as a later stage of regional strike-slip deformation. 

 
The northeast-southwest fault and the east-west fault define a major structural boundary 

at the lateral margin of the sedimentary lobe (Fig. 3.15) (Cobbold et al., 2009), with the east-west 

fault representing a secondary continuation of the main fault to the west. This fault system is 

defined as a tear-fault system because it accommodates differential sliding between one 

sedimentary compartment included in the lobe and another outside the lobe. The dextral sense of 

slip is compatible with the downdip sliding of the margins of the delta lobe. The northeast-

southwest fault thus links and transmits deformation caused by the normal faults in the 

extensional domain to the outer thrust belt in the compression zone over the detachment 

surface. The northeast-southwest fault zone was probably used to separate the slide mass from a 

relatively unfailed material. As it appears at present day, de-formation has expanded to the 

northwest (via the development of the fold belt) so that the active mass has grown in a second 
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more recent episode of deformation.  

 

3.4.2 Relative Timing of Deformation  

 
We can assess the relative timing of activity on the different structures associated with 

the lateral margin by interpreting crosscutting relationships between the different geometries and 

sediment growth packages. The complex braided geometries and widespread linkage displayed on 

the northeast-southwest fault indicate a mature stage in the faulting (Fig. 3.4). The east-west fault 

shows evidence for only recent stages of deformation in its westernmost segment (onlapping in 

the youngest packages). We therefore think that the western part of the east-west fault is 

younger than the northeast-southwest fault. The northeast-southwest fault system is developed 

as a vertical fault in the east where highly deformed structures similar to inversion structures are 

sometimes identifiable along strike seismic sections (Figs 3.6A and B). We suggest that the 

northeast-southwest fault has therefore locally become a factor both in extension and in 

compression during strike-slip deformation.  

 
The combined east-west and northeast-southwest tear-fault system shows varying styles 

of de-formation and amount of displacement. Evidence for erosion caused by an uplift of the 

footwall on the northeast-southwest fault indicates that this fault has been active in the past and 

is still partly active at present day as uplifted zones (Figs 3.6A and B, 3.9 and 3.12) and subsiding 

zones (Figs 3.7, 3.9 and 3.10) occur on the seabed. The evidence for the deformation of the 

seabed by the western, but not by the eastern, folds is consistent with a very young age of 

deformation on the east-west fault. Complementary evidence for this comes from the tilting of 

units A, B, and C caused by the deformation on the east-west fault (Fig. 3.9), which shows that 

activity on the western part of the fault occurred very recently. This part of the fault likely devel-

oped after deposition of H1 (above which are observed the first growth strata; Figs 3.9 and 3.12). 
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Furthermore, we do not observe any sedimentary growth packages in the deposits on the 

footwall of this structure, indicating again very recent deformation. The east-west fault is still 

propagating westward at the present day. The fold hinges in the compressional zone are 

kinematically connected to the east-west fault, whereas no direct geometrical relationship can be 

established between the fold belt and the northeast-southwest fault. The curved shape of the fold 

hinges could indicate a decreasing anticlockwise rotation of the deformation front from the east-

west fault to the northeast-southwest fault. Shortening in the west occurred at the same time as 

the east-west fault began to propagate to the west, building up what we interpret as a restraining 

bend area. We suggest that this area would be controlled by the growth of the east-west fault 

(Fig. 3.15C). This restraining bend is thought to be formed once the northeast-southwest fault and 

the east-west fault linked and developed contemporaneously to the propagation of the east-west 

fault to the west.  

 

The extensional zone consists of numerous extensional fault traces, some of which display 

growth packages (Figs 3.4, 3.6A and B and 3.7). Growth sequences are visible in the seismic data 

and are probably associated with successive stages of de-formation (Figs 3.6A and B). We 

therefore show that this area does not undergo simple compression as it would be thought for a 

regional deep-water compressional domain (Fig. 3.1). We suggest that the northwest-striking 

normal faults in the compressional zone (Figs 3.9 and 3.13) developed contemporaneously to the 

faults with the same trend in the extensional zone, that is to say before H1. They then probably 

became inactive and have been reactivated as the fold belt grew in the compressional zone at 

very recent stages. The deposits over the detachment surface underwent a first phase of 

extension. During this period, extension was very limited in the compressional zone, and only a 

few small faults developed. A second phase of extension started after H2 to H3 and has continued 

to the present day. Strike-slip deformation on both the east-west fault and the northeast-
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southwest fault probably began before the end of the first phase of extension but became 

predominant after H2. In fact, most of the structures related to strike-slip deformation seem to 

control post-H2 sediments. Deformation occurred at different stages along the strike of the strike-

slip faults. Numerous smaller normal faults also indicate several ages of faulting. These fault 

traces are likely to be rotated by later shortening structure (e.g. Fig. 3.13).  

3.4.3 Evolution of the Lateral Strike-Slip Domain  

 
A schematic block diagram (Figs 3.15A and B) including the location of the lateral strike-

slip do-main in a gravity-driven detachment system shows the geometric interrelations between 

the extensional, translational, and compressional domains using the analogy of a mass-transport 

complex. At the scale of 100 m (300 ft) to 10 km (6 mi), lateral margins are mostly documented, 

and their geometries are comparable to what we observe in the western Niger Delta. Extensional 

faults evolving to transfer faults and to purely strike-slip deformation have been reported from 

field examples. For instance, pure strike-slip deformation occurs on slumps of constant width 

(Martinsen and Bakken, 1990). This evolution in the structures illustrates, in the case of slides, a 

lateral expansion of the margins, leading to a change in their width.  

 
The compressive structures linked to the lateral strike-slip domain are younging 

westward, which shows that the structural domain is getting wider with time. Deformation is 

more likely to propagate laterally over a previously unfailed margin because it has no constraint 

to stop its propagation, leading to the development of the lateral strike-slip domain. This increase 

in width may also indicate that the local overburden cannot effectively slide downslope compared 

with other areas. This may be because the detachment surface is less conducive to sliding or 

because the sediment overburden at the lateral margin is relatively thin and less prone to 

downslope motion. We speculate that a local change in effective stress caused by overpressure 

development in the lateral variations of sediment thicknesses could cause a control on stress 
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patterns, leading to the expansion of this structural domain. Alternatively, an abrupt increase in 

the regional sediment input, coupled with spatially non-uniform accumulation, could also trigger 

the regional partitioning of the slide mass. Therefore, the slope angle would be expected to 

increase in areas of greater sedimentation and the more central parts of the sedimentary lobes 

would be more likely to become unstable and begin to slide basinward. The origin and 

development of tear faults is likely to be common in any gravitational system driven by a high 

sedimentation (or sediment supply) rate.  

 

Irregularities within the detachment such as a change in the nature or thickness, 

therefore, rheology of the sediments, such as the Dahomey wedge, a thinner shale unit included 

in the Akata Formation (Morgan, 2004) (Fig. 3.3), may explain the development of strike-slip 

stresses in this particular region. Otherwise, Treviño and Vendeville (2008) provided an example 

of a normal fault in the hanging wall of a major growth-fault complex with a strike line that is 

perpendicular to the direction of deformation. They suggested that a slight convergence or 

divergence of the stresses from the center of the structure could lead to the growth of coast-

perpendicular structures in the sedimentary cover as coast-parallel convergent stresses occur in 

the detachment unit. A similar process can be suggested for our strike-slip fault zone because its 

general strike is perpendicular to coast-parallel extensional features. 

  

Finally, the position of the northeast-southwest strike-slip fault zone could also be controlled 

by a preexisting basement structure (transfer faults from the rifting event associated with the 

formation of the underlying oceanic crust). The basement in this area is shallower (∼5km[∼3 mi]) 

than that in the central part of the deep-water delta (up to 10–12 km [6–7 mi]) because the 

sedimentary overburden is wedging to the northwest and therefore becomes thinner than areas 

farther to the southeast on the delta lobe. The higher basement could act as a buttress that would 
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confine the slide and control its dimensions.  

 
Tear-fault systems in such a setting may provide structural traps for hydrocarbons and localize 

syn-deformation sedimentation in a similar way to continental tear-fault systems. Deepwater 

sedimentation may be controlled by such structures and additional migration pathways could be 

created through deformed strata.  

3.5 CONCLUSIONS  

 
A complex strike-slip fault zone in the northwestern deep-water Niger Delta is composed 

of extensional, strike-slip, and reverse faults. The complex forms the northwestern lateral margin 

of the deepwater western Niger Delta, but comparable structures may occur at the margins of 

both sedimentary lobes of the Niger Delta, as well as in similar deep-water delta settings on other 

gravity-driven detachment systems. Situated at the lateral boundary of the translation domain, 

the lateral strike-slip domain links deformation between the extensional and compressional 

domains.  

 
This article shows that the lateral margins of a regional-scale gravitational collapse 

provide clues in understanding the kinematics and timing of deformation between the extensional 

and compressional parts of such features. Regional lateral margins are structurally complex, but 

heir evolution is predictable. They can also provide structural traps for hydrocarbon 

accumulations. We suggest that the position of the lateral strike-slip domain is either controlled 

by a modification of the underlying detachment properties and efficiency or that preexisting 

basement elements still influence the sedimentation and compartmentalization of gravitational 

collapse.
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CHAPTER 4: GRAVITY-DRIVEN TEAR FAULTS: A CONTROL ON 
SEDIMENT ROUTING IN DEEPWATER SETTINGS 

 

Abstract 

We use a number of three-dimensional seismic datasets from offshore of Mauritania and offshore 

Nigeria to assess the interactions between tear faults and deepwater submarine channel systems 

on continental margins. Structural observations combined with channel analysis are performed in 

four case studies in order to illustrate a variety of local settings and stages of development. Based 

upon the Mauritania data we propose that new gravity-driven tear faults are the sites for the 

early stages of canyon and channel development, leading to a long-lived canyon. Low sinuosity 

and a deep incision thalweg are characteristics of these stages. The Mahin and Ijebu channels, 

offshore Nigeria, help to describe the submarine channels migration history around strike-slip 

related structures that are parallel to the continental slope. The analysis of the Mahin channel 

depositional patterns also provides an illustration to the evolution of channel systems and focus 

points at the periphery of pull-apart basins. The spatial relationships we observe in both datasets 

suggest that: (1) tear fault zones can strongly influence submarine channel development, 

sinuosity and lateral migration in causing a strong structural confinement; (2) this control persists 

over successive stages in the evolution of the fault and channel systems; (3) we propose that 

there is a complex interplay between deformational processes along the fault and the 

development of the channel systems. More generally, these Interrelationships can be observed 

from the scale of depositional elements to regional trends. Since gravitational faults and 

deepwater channel and canyons occur in similar settings our synoptic model should have 

application elsewhere. 

Keywords: tear fault; sediment; bypass; sinuosity; slope; submarine; channel; syn-
sedimentary ; deformation. 
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4.1 Introduction 
 

4.1.1 Gravity detachment systems and tear faults 
 

Gravity detachment systems occur at a variety of scales and geological settings (e.g. 

Farrell, 1984; Morley and Guerin, 1996; Rowan et al., 2004; de Vera et al., 2010). They are 

generally divided into upslope extensional, translational and downslope contractional domains 

(e.g. Damuth, 1994). Passive margins undergo gravity-driven structural deformation as a result of 

high sedimentation rates and slope instabilities (e.g. Cobbold and Szatmari, 1991; Rowan et al. 

2004). They are found at continental margins all around the world and have been of interest for 

their potential in hosting major hydrocarbon plays over the past forty years. 

 

Tear faults allow a differential displacement between adjacent structural units (Biddle and 

Christie-Blick, 1985). In gravity detachment systems, tear faults may occur at the lateral 

boundaries of the sliding systems over detachment levels (Rowan, 2011; Leduc et al., 2012) as a 

result of a variation in slope orientation and gradient, or due to variations in the rheological 

properties of the detachment unit (e.g. Leduc et al., 2012). Examples of these faults are currently 

documented from the Niger Delta (Morgan, 2003 and 2004; Cobbold et al., 2009; Maloney et al., 

2010; Leduc et al., 2012), but are expected to be found in many other regions (e.g. Montgomery 

et al., 2009). They are larger-scale geometric equivalents to the lateral margins of mass-transport 

complexes, where the differential displacement and rate of development are very diverse 

(Maltman, 1994; Leduc et al., 2012). They can provide information on the deformational 

mechanisms of regional slope failures and have a potential to contribute to the formation of 

hydrocarbon traps.  
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The role of strike-slip deformation has been extensively studied for tectonic strike-slip 

settings in both fluvial and marine environments (e.g. California: Christie-Blick and Biddle, 1985; 

Dead Sea: Manspeizer, 1985; Spain: Haughton, 2000). Although it has been proposed by Damuth 

(1994), Armentrout et al. (2000) and Morgan (2003 and 2004) that tear fault zones could have a 

greater influence on channel location than ramp anticlines in the Niger Delta as they are slope-

parallel and potentially ubiquitous, the importance of tear faults for sediment routing has not 

been thoroughly investigated. Gravitational tear faults could influence contemporaneous 

sedimentation in a similar way to what is observed in active tectonic strike-slip settings and slope-

parallel, confined submarine channels could be important sediment bypass areas.  

 

In this study we assess the role of slope-parallel, syn-sedimentary tear faults in influencing 

channel systems migration and depositional architecture. Four areas of interest are chosen (Fig. 

4.1) for the quality of the information they provide: one of shows near-seabed geometries of a 

tear fault, a second illustrates the paleo-record of submarine channels in a contractional zone of a 

slope-parallel tear fault zone, whereas the third example displays tear fault – channel interactions 

in extensional regime. A fourth example provides support for local migration controls induced by 

tear fault activity. 

 

Figure 4.1 A. Location map of the four areas of interest, West Africa. B. Seismic data coverage, area 1, 
offshore Mauritania. C. Seismic data coverage, areas 2, 3 and 4, deepwater western Niger Delta.  
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4.1.2 Submarine channel systems 
 

 An extensive range of submarine channel geomorphological studies have been published 

using 2D and 3D seismic data (Piper and Normark, 1983 and 2001; Babonneau et al., 2002; 

Deptuck et al., 2003; Posamentier and Kolla, 2003; Robinson et al., 2004; Adeogba et al., 2005; 

Wynn et al., 2007; Cross et al., 2009; Catterall et al., 2010), and these have helped in identifying 

many depositional elements and processes that are specific to these environments. Classifications 

of submarine channels by sedimentological and geomorphological records have also been 

established (e.g. Piper and Normark, 2001) in order to understand the relationships between 

morphologies, structural settings and sediment patterns. Depositional patterns in submarine 

channels imaged with 3D seismic data have been used extensively as indicators of structural faults 

and folds growth in deepwater settings (e.g. Beaubouef et al, 2000; Hooper et al., 2002; Abreu et 

al., 2003; Deptuck et al., 2003; Morley, 2009; Clark and Cartwright, 2009 and 2011). However the 

efficiency of this method is limited to settings where the sediment record is not heavily affected 

by erosion or deformation. 3D seismic analysis can provide data at a variety of scales (10 m to 10 

km) which can offer accurate information on how these systems would interact and their 

potential importance for regional sediment routing systems and stratigraphic patterns.  

 

Seismic analysis of modern and buried submarine channels is used to better understand 

structural growth in gravity detachment systems (e.g. Morley, 2009). Clark and Cartwright (2009 

and 2011) proposed a detailed methodology to assess the interaction between submarine 

channel morphologies and adjacent growing folds. They analysed channel and levee depositional 

patterns as well as quantitative data from the spatial variation in sinuosity and channel fill and 

erosional depth. Channel diversion and confinement were found in tectonically active strike-slip 

fault zones, resulting in an increase in channel sinuosity when channel course was diverted, and 

aggradation where confinement occurred. In their results, diversion differs from deflection. 
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Diversion is characterized by a change in channel path as it meets a pre-existing structure whereas 

deflection illustrates a process of channel migration during the growth, for instance of a fold, over 

time. In addition, Jerolmack and Paola (2007) modelled avulsion processes and their relationship 

to long-term channel pathway migration. Their results show that once the extent of a floodplain is 

defined, the later channel avulsions will take place within this floodplain; that is to say the 

channel pathways remain persistently in a nearby location, illustrated by stacked channel 

patterns.  

 

4.1.3 Geological settings 
 

4.1.3.1 Area 1: offshore Mauritania 
 

We focus on the area of the present-day partially filled Nouakchott-North channel system 

(Fig. 4.2A). Plio-Pleistocene deposits are affected by turbiditic sedimentation (Holtz et al., 2007; 

Zühlsdorff et al., 2008). Deposits undergo remobilization by slope processes such as mass-

transport (Wynn et al., 2002; Antobreh and Krastel, 2006; Henrich et al., 2010; Förster et al., 

2010) and fluid escape. Numerous gas chimneys, pockmarks and gas hydrate accumulations, as 

well as associated slope instabilities have been documented in the area of interest (Lane, 2005; 

Davies and Clarke, 2010; Yang and Davies, 2013). The study area is located above a structural high 

and the sedimentary succession of interest is recent to Pliocene in age (Vear, 2005). Deepwater 

sediments are mud-rich, punctuated with episodes of turbiditic coarse-grained sedimentation, as 

well as carbonate build-ups in the upper part of the slope (Henrich et al., 2010; Vear, 2005).  
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Figure 4.2 Area 1, offshore Mauritania, showing the Nouakchott Channel System-North (NCS-N) and the 
Nouakchott fault. A. Seabed map. The dashed sub-circular outline indicates the location of the buried 
Khop structure. The Nouakchott tear fault lies below the channel system, outlined in yellow; the three 

segments of the NCS-N are separated by pink lines. “Folds” on the sea bed are interpreted as due to 
concentric shallow slope failures, described as “folds caused by creep” or contourites in the text. B. W-

ENE seismic profile across the NCS-N showing transversal geometries of these concentric folds over pre-
existing buried ones. C. N-S seismic profile across the Nouakchott tear fault. The yellow horizon is H1, the 

orange is H2 and the green is Z. Vertical exaggeration 4x. D. Amplitude extraction map of horizon Z 
showing a releasing bend structure and braided geometries at depth in the tear fault zone, indicated by a 
thin dashed yellow line. The upslope fault tip is highlighted by the thicker dashed yellow line. E. Close-up 

of the tear fault trace geometry (thin dashed yellow line) showing the dextral sense of slip. White 
segments on each side of the fault highlight the small offset observed. 

 

4.3.1.2 Areas 2, 3 and 4: deepwater western Niger Delta 
 

These data are approximately central to the western lobe outer thrust belt (Fig. 4.1B) 

which is characterized by up to 12 km of syn-deformational Miocene to Holocene clastic sediment 

(Doust and Omatsola, 1990) that was deposited in a gravity detachment system (Morley and 

Guerin, 1996). Downslope deformation occurred over multiple detachment levels caused by 

overpressured shale (Briggs et al., 2006). The north-western area of coverage (areas 2 and 3) 

includes the Avon and the Mahin channel systems (Deptuck et al., 2003; Adeogba et al., 2005; 

Olabode and Adekoya, 2008), and a 75 km strike-slip fault zone, oriented in a NE-SW direction 

(Leduc et al., 2012). Submarine channel systems in the Niger Delta are often confined by 

structural growth of faults, either normal or reverse, and folds and their morphological evolution 

relies on the evolution of the local structural setting (Adeogba et al., 2005; Heiniö and Davies, 

2006 and 2007). These areas of interest display larger channel systems than in offshore 

Mauritania and a NE-SW tear fault zone which hosts a variety of strike-slip related structures 

along strike (Leduc et al., 2012). It is selected to analyse interactions between active strike-slip 

structures and channel location and depositional patterns. The second dataset in area 4 covers 

the Ijebu and Iwo channel systems in a contractional domain characterized by thrusts and back 

thrusts (Heiniö, 2007). In this area tear faults are present but they seem to be of less importance 
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in the morphological evolution of the area. One of these tear faults is however located nearby a 

recent channel system, and the lateral migration of channels in this region is assessed. 

 

4.2 Data and methods 
 

4.2.1 3D seismic datasets 
 

 4000 km2 of seismic data cover the offshore Mauritania study area with a survey bin size 

of 25 x 25 m. These data were processed using multiple suppression and post-stack time 

migration and are minimum phased. An increase in acoustic impedance is represented by a red-

over-black reflection. Seismic profiles from offshore Mauritania are displayed with a vertical 

exaggeration of ~ 3 in order to better display subtle vertical features. The second dataset, in the 

Niger Delta was acquired by PGS in 2003 and covers 3678 km2. It is a pre-stack time migrated 

volume, with a line spacing of 12.5 m and 18.75 m. The third dataset (area 4) covers 1630 km2 of 

the deepwater Niger Delta. Line spacing is 12.5 m in both directions. Datasets are zero-phase 

migrated and an increase in acoustic impedance is displayed as a red-black-red reflection loop. 

Water depths are between ~ 450 m to 2500 m for the seismic data covering areas 1, 2 and 3; area 

4 is located under water depths of 2000 m to 3000 m. In this paper, seismic profiles are displayed 

in milliseconds two-way-time (ms twt) for the vertical scale, with an average velocity of 1481 m.s-1 

for seawater and 2000 m.s-1 in the sediment record (Schultheiss et al., 1987). In the studied 

vertical interval, a frequency of 55 Hz provides a vertical resolution of ~ 8-12 m. 

 

4.2.2 Channel system analysis 
 

  Area 1 is located over the Nouakchott Channel System-North (NCS-N), offshore 
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Mauritania. This area is 56 km long downdip and 29 km wide (Figs. 4.1A and 4.2A). Here we 

analyse a modern channel system and its interaction with a minor tear fault. Continuous horizon 

reflections were interpreted at the seabed, at the current erosional base (horizon H1.0), and the 

inferred previous maximum erosion surface at the base of the channel (horizon H1.1) of the NCS-

N, and on an underlying undisturbed reflection (horizon Z). 

 

In the Niger Delta region, two areas where the Mahin channel system (MCS) and the NE-

SW tear fault interact were selected for the difference in structural style in place. Area 2 is ~ 13 

km (east-west) by ~ 9 km long (north-south) and is located over an antiform along the NE-SW fault 

(Fig. 3A; Leduc et al., 2012). At the present day the Mahin channel system flows next to the 

related bathymetric high. Area 3 is 14 x 8 km and is positioned over a pull-apart basin located 

further downslope on the same NE-SW fault zone (Fig. 4.3A, Leduc et al., 2012). Area 4 was used 

for comparison with the other examples; it is located in a compressive setting and includes tear 

faults developing between active folds that behave as potential lateral ramps. It presents local 

channel migration against growing structures near the seabed (Fig. 4.4A).  
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Figure 4.3 Areas 2 and 3, western deepwater Niger Delta, showing the Mahin Channel System (MCS) and 
the NW-SE tear fault. A. Seabed map. B. NW-SE oriented seismic profile across the MCS in area 2, 

showing the pop-up structure. The yellow horizon is H1.1, the dark orange is H1.2, the light orange is H2 
and the green is Z. Vertical exaggeration x4. C. NW-SE oriented seismic profile showing the fault traces 
geometries across the pull-apart basin, area 3. D. Detail of seismic profile and interpretation across the 

MCS in area 2 showing channels location and confined depositional architecture near the pop-up. A 
succession of stacked and filled paleo-channels is observed near the pop-up. The oldest paleo-channel (d) 

as well as the current seabed channel system (a) display preserved levees geometries, whereas the 
intermediate stacked and filled paleo-channels (c; c’ and b) do not show obvious levee deposits. E. Detail 

of seismic profile and interpretation across the MCS in area 3. MTD stands for mass-transport deposit; 
HARPs stand for high amplitude reflection packages. (e) indicates the location of the southern paleo-

channel. 

 

Horizon interpretations were performed on the seabed, at the base of the present-day MCS 

(horizons H1.1 and H1.2, channel systems a) towards the top of the paleo-MCS fill, at the base of 

the paleo-MCS (H2, channel system (c)) and at its base (Z, channel system (d)). For each area we 

first assessed the present-day channel and levee depositional patterns and the relationship 

between onlap reflections associated with levees and neighbouring strike-slip related faults. 

Lateral migration of the channel systems through time due to local structural growth was 

analysed using amplitude and horizon dip maps (Brown, 2004). These maps were also used to 

study the downdip sinuosity variation of the paleo and present-day channels, measured as a ratio 

between the channel length and the downslope distance and using intervals of measurement of 

1.5 km. Isochron maps were also computed between the erosional base of the most recent 

channel and the seabed reflection to depict the current channel geometries and fill. In this paper, 

a channel system is a slope depositional element characterised by a complex cut-and-fill 

architecture. A channel refers to a sub-element of the channel system defined between an 

erosional base and consequent passive and active channel fill volume, itself being part of a 

channel complex (Posamentier and Kolla, 2003). 
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Figure 4.4 Area 4, deepwater Niger Delta, showing the Ijebu Channel System (ICS) and the Ijebu fault. A. 
Seabed map. Vertical exaggeration x4. B. NW-SE oriented seismic profile showing the tear fault. The 

yellow horizon is H1. C. Detail of the same seismic profile and interpretation showing the depositional 
patterns of the ICS against the tear fault traces. 

 



Chapter 4: Gravity driven tear faults and submarine channel systems 
 
 

104 
 

 

4.3 Observations 
 

4.3.1 Gravity driven structures 
 

4.3.1.1 Area 1, offshore Mauritania.  
 

In area 1, numerous ridges (~ 100 m up to 30+ km long) with an asymmetric relief (~ 20 

m) mark the seabed (Fig. 4.2A). For example one of these seabed ridges shows along-strike 

wavelength of ~ 3 km and can be followed downslope for over ~ 20 km. Another set of ridges are 

interpreted as the edges of mass-transport complexes (Fig. 4.2A; e.g. Förster et al., 2010; Yang 

and Davies, 2013). A third set of seabed ridges are parallel to one another, with an across-strike 

wavelength of less than 1 km, and have similar morphology to small-scale “folds” caused by creep 

(e.g. Jansen et al., 1987). These “folds” develop in a limited belt, parallel to the strike of the slope. 

They could also be interpreted as contourite deposits. A seismic profile shows their internal 

architecture (Fig. 4.2B) which consists of internal reflections within the folds that are parallel and 

continuous over ~ 500 m of wavelength and a two-way-travel time amplitude of 70 ms, but the 

reflections stop below troughs. The troughs are asymmetric, with a gentler downslope side and a 

steeper upslope side. Individual, sub-circular depressions are also occasionally observed on the 

seabed within these folds (Fig. 4.2A and B). They can be up to ~ 800 m in diameter and are 

occasionally sediment-filled (Fig. 4.2B). Finally, vertical zones of disturbed reflections, 600 to 800 

ms deep are also observed (Fig. 4.2C). They are spatially associated to a relatively dense cluster of 

buried, circular anomalies at depth (Fig. 4.2D) and probably represent vertical pipes.  

 

There are also lineaments identified from the seabed reflection down to ~ 500 ms twt 

below the seabed (Fig. 4.2C), extending E-W parallel to the slope direction. On seismic profile 

these features appear to be vertical fault traces, or tear faults that extend from the seabed 
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reflection down to ~ 500 ms twt below the seabed (Fig. 4.2C). A trough on the present seabed 

down to a depth of ~ 50 m is identified on the top of each one (Fig. 4.2C). High amplitude 

anomalies are found underlying these troughs, possibly indicating a locally focused higher 

concentration in fluids (Yang and Davies, 2013). At horizon Z, one of the fault traces appears as a ~ 

31.3 km-long, ~15 m to 1000 m wide, low-amplitude linear feature. It has a WSW strike (Fig. 

4.2D). It is located well above an enigmatic, roughly circular basement high called the “Khop 

structure” (Vear, 2005). A slight change in slope dip occurs across the trace of this boundary in 

separate northern and southern seismic reflection packages with a seabed offset of ~50 ms (down 

to the south) occur across the trace of this fault (Fig. 4.2C). The northern package is ~ 50 ms 

thicker than the southern package, and the seabed occurs at 2450 ms twt in the northern 

package, whereas in the southern package it is at > 2500 ms twt (Fig. 4.2C). The fault tip coincides 

with a circular morphology, and braided geometries over ~ 14 km along strike are seen. A ~ 1.5 

km step-over (Fig. 4.2D and E) is observed over this braided section. The step-over is associated 

with concentric amplitude anomalies (Yang and Davies, 2013) which seem to develop parallel to 

the step-over and are offset by the fault. These observations suggest that the fault is a tear fault 

of higher importance than the near-seabed, smaller-scale, faults, and is here referred to as the 

NCS tear fault. The observation of the downdip expression of the fault and variations in amplitude 

around the fault zone suggest a right-lateral sense of slip (Fig. 4.2E). 

  

4.3.1.2 Areas 2, 3, and 4, deepwater Niger Delta  

 

A full description of the NE-SW striking tear fault in areas 2 and 3 is provided in Leduc et 

al. (2012). Faults in these areas extend from the seabed down to 5000 ms twt (or ~ 6000 m; Fig. 

4.3C). Area 2 is defined around an oval bathymetric high, stretching for 8 km NE-SW and 2 km 

NW-SE (Fig. 4.3A and B). The high is defined by an asymmetric subvertical fault-propagating fold 



Chapter 4: Gravity driven tear faults and submarine channel systems 
 
 

106 
 

 

propagating westward, in the NE-SW fault zone (Fig. 4.3B, Leduc et al., 2012). Reflection 

geometries vary across the fold: onlapping reflection packages indicate recent local structural 

growth on the southeast flank, whereas more diverse reflection geometries, including high 

amplitude reflection packages (HARPs), parallel reflections, onlaps and truncations (e.g. 

Posamentier and Kolla, 2003) are found to the northwest (Fig. 4.3D). A bottom simulating 

reflection (BSR) is identified across the fold over an area of ~ 15 km². The BSR progressively 

disappears to the southeast whereas it abruptly stops on the NE-SW fault to the northwest (Fig. 

4.3D). 

  

Area 3 is dominated by straight, near-vertical fault traces spanning 13.5 km from the 

north-western edge of the area to the southwest, which link together towards the east and the 

west (Fig. 4.3A). Near-seabed seismic reflections geometries are more complex than in area 2. 

High amplitude reflection packages are located around the high-angle fault. A drop in reflection 

depth of ~ 200 m (or 200 ms twt) occurs against the fault, indicating subsidence (Fig. 4.3E). 

 

 In area 4 a ~ 5 km-long, northeast-southwest striking, subvertical fault zone is observed 

(Fig. 4.4A and B). It is located at the western margin of a fold to which it is linked. At the seabed 

the fault trace is detected by the presence of en echelon sigmoids. In seismic profile, the fault 

zone can be seen from the seabed down a strong reflection located at ~ 6000 ms twt and hence 

propagates over ~ 6 km of sediments (Fig. 4.4B). In the top 1000 ms three high-angle fault traces, 

dipping westwards, are identified. Offset reflections indicate a throw of 50 m to 100 m on each 

fault trace, down to the west (Fig. 4.4C). Below 4000 ms twt the seismic reflectivity loss prevents 

observation of much detail on the fault trace.  
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4.3.2 Channel systems position and morphology 
 

4.2.3.1 Area 1  
 

 A partially filled incision, interpreted as a channel, is associated with the WSW-striking 

fault (Fig. 4.2A). A seismic profile (Fig. 4.5A) shows that it is comprised of three fault segments 

(Figs 4.2A and 4.5A). The upslope limit of the channel on the seabed coincides with the location of 

steep, high amplitude reflections interpreted as carbonate mounds (Lane, 2005, Fig. 4.2A). Its first 

upslope segment, which has a WSW strike and continues for ~ 20 km, is barely visible on the 

seabed, and stops at a bathymetric high. This segment, referred as the “eastern segment”, has 

incised by up to ~ 200 m into the underlying parallel reflections, and some sedimentary filling has 

occurred as indicated by parallel reflections within the erosional incision (Fig. 4.5B).The second 

segment, referred as the “central segment” has an E-W orientation and is ~10 km long, ending at 

a sub-circular depression. The fault path from this point becomes more erratic with directions 

trending parallel to the slope parallel to locally oblique (Fig. 4.2A). Further downslope, the 

channel remains erosional as suggested by an absence of reflections onlapping the channel form 

and a seabed expression (Fig. 4.5C). These linked elements compose the Nouakchott Channel 

System-North (NCS-N).  
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Figure 4.5 The NCS-N in area 1. A. Seismic profile along the NCS-N showing the slope setting and surface 
morphologies encountered by the channel system. Vertical exaggeration 6x. The yellow horizon is H1.0, 

the orange is H2, and the green is Z. The vertical black lines above the profile delineate the channel 
segments. B. N-S oriented seismic profile showing the NCS-N channel infill and the location of the BSR. 

Vertical exaggeration x6. C. N-S seismic profile across the NCS-N in an area with no sedimentary fill. 
Vertical exaggeration x5. D. Isochron map between the seabed and H1.2 indicating the areas of erosion 
and channel fill. Channel form edges are highlighted in yellow. E. Amplitude extraction of horizon H1.0 
showing regional-scale slide furrows and associated mass-transport complex, highlighted by the yellow 

lines. F. Amplitude extraction of horizon H1.2 showing the base of the NCS-N and the tear fault, 
highlighted by the yellow dashed line. G. Channel morphological analysis: seabed depths along the 

channel trace and downslope patterns of channel width and sinuosity. The two vertical arrows indicate 
the limits of the three channel segments, labeled 1-3. 



Chapter 4: Gravity driven tear faults and submarine channel systems 
 
 

109 
 

 

 

An isochron map computed between H1.0 and the seabed indicates a partial fill in the 

NCS-N eastern section and erosion occurs throughout the rest of the channel path (Fig. 4.5D). An 

amplitude extraction from H1.0 (Fig. 4.5E) shows > 30 km-long lines than fan out from the upslope 

end of the NCS-N down to the start of the central segment. These lines are interpreted to be slide 

furrows - linear erosion traces on an incised surface left by the mobilization of a mass-transport 

complex (e.g. Haflidason et al., 2004; Fig. 4.5E). Chaotic reflections associated with a mass-

transport complex are found downslope of these furrows. In addition, H1.1 amplitude extraction 

shows a linear fault, the NCS tear fault, interrupting circular concentric amplitude anomalies at 

the base of the NCS-N (Fig. 4.5F). Where it coincides with the tear fault trace, the NCS-N shows a 

narrow average width of ~1000 m over a steep slope of 3°s (Fig. 4.5G). The overall sinuosity 

remains low (1 to 1.2) but an increase in sinuosity and a slight decrease in channel width occur at 

km 30-35 (Fig. 4.5G). 

 

4.3.2.2 Mahin channel system, Area 2 
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Figure 4.6  The MCS in area 2. A. Seabed map showing the current Mahin channel system and seabed 
remnants of the paleo-channel position. B. Seismic profile along the present-day channel trace showing 
topography related to meanders at the surface. Vertical exaggeration x4. The yellow horizon is H1.1, the 
red is H1.2, the orange is H2, and the green is Z. C. Channel morphological analysis: present-day channel 
seabed depths along the channel trace and downslope patterns of paleo- and current channel width and 

sinuosity. The grey rectangles highlight the position of the structural high. 
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 On the seabed the active MCS is a meandering channel (Fig. 4.6A, (a) and Fig 4.6B). Along 

a smooth bathymetric gradient, the MCS has a width of up to 2000 m and a sinuosity of 1.4 to 2 

(Fig. 4.6C). The current MCS exhibits a basal high amplitude reflection package, as well as 

onlapping and parallel reflections associated with meandering geometries, over occasional 

toplapping reflections (Fig. 4.6B). The presence of low amplitude, parallel reflections indicating 

levee and terrace deposits (also called lateral accretion packages, e.g. Abreu et al., 2003) are also 

commonly found as part of the present-day channel system (Fig. 4.6B, (a)). A parallel, inactive, 

filled channel section is seen south-east of this currently active channel system (Fig. 4.6A, (b)). 

Three other erosional surfaces associated to paleo-systems, located on H2 (b), H1.2 (c’) and H1.1 

(c) also suggest the presence of a long-lived channel complex in the area, in the western part of 

the fault system (Fig. 4.3D). The oldest evidence in the area is found SE of the restraining bend in 

the tear fault at the vicinity of horizon Z (Fig. 4.3D, (d)). The migration of the MCS is also imaged in 

map view from amplitude extractions and near-seabed dip maps (Fig. 4.7). On horizon Z a subtle 

ridge can be followed on the amplitude extraction (Fig. 4.7A). This ridge is associated with higher 

amplitude reflections that are probably due to a mass-transport complex that lies across the NE-

SW tear fault zone, and may indicate an ENE-WSW axis of transport (Fig. 4.7A). The interpretation 

of a mass-transport complex is based on the chaotic character of the seismic reflections and the 

amplitudes they display on map view, as well as the geometry of the body seen on sections and 

maps. The complex is in two parts, interpreted as originating from the same body that was later 

dislocated by slip on the fault zone. Dip magnitude map of H2 shows (c), overall striking in the 

same orientation and location as the mass-transport complex (Fig. 4.7B). The systems (c and c’) 

are visible at H2 and H1.2 depths and are buried and sediment-filled. They both display sharp 

erosional reflection geometries and HARPs at the channel base. Levee deposits are also identified 

on the rim opposite to the restraining bend (Fig. 4.3D). Over the first 4000 m of the path, starting 



Chapter 4: Gravity driven tear faults and submarine channel systems 
 
 

112 
 

 

from the east they display meandering geometries and gradually bends to flow ESE-WNW in the 

next 4000 m. Downslope of these two segments, (c) readopts an ENE-WSW pathway. A decrease 

in channel width from ~600 to 200 m is observed between (c) and (a) (Fig. 4.3D and 4.6C). This 

decrease is also associated with a decrease in sinuosity at the vicinity of the bathymetric high (Fig. 

4.6C). These decreasing trends seem to correlate with a progressive fill of (c). The H1.2 dip 

magnitude map shows similar channel trends to those observed on the map of H2 (Fig. 4.7C). An 

amplitude extraction on H1.2 shows that there is change in flow direction (diversion) at a sharp 

angle as the system encounters the positive topography of the NE-SW fault zone (Fig. 4.7D). This 

is associated with a decrease in channel width and sinuosity between 0 and 9 km (Fig. 4.6C). The 

channel system (c) coexists with another channel system, developing to the northwest, and away 

from the structural high (Figs. 4.7C and 4.7E). In addition, a new system (b) appears at this horizon 

to the northwest of (c), which is partially filled. The system (b) connects to (c) after ~6000 m (Fig. 

4.7D). The development of (b) can be tracked from amplitude extraction maps H1.2 and H1.1 (Figs 

4.7D and E). The channel system (b) is located 3 km north and parallel to (c) (Fig. 4.7D). It is 

between 500 and 1000 m in width, about 100 m in depth, and shows a sinuosity around 2.5, 

which is comparable to (c) (Fig. 4.6C). The channel system (c) is deflected to the northwest of the 

structural high. It connects to b 6 km downslope as (c) develops along the structural high, and 

forms a confluence point. While (b) develops, the partial fill of (c) can be seen with lower 

amplitudes in the channel path and a smoothed morphology on the surface of (c) at H1.1 (Fig. 

4.7E). The current MCS then develops over the trace of (b) and displays similar channel width and 

sinuosity (Figs. 4.6A and 4.7E). It also re-uses the location of (c) further downslope, past the 

structural high. These observations suggest a channel fill and abandonment succession towards 

the northwest and indicate a long-lasting deviation of the pre-existing channel path towards the 

northwest, and likely to be initiated by the uplift of the neighbouring structural high.  
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Figure 4.7 Paleochannels in the MCS, area 2. Note that successive panels indicate progressively younger 
horizons. A. Horizon Z amplitude extraction showing the location of a mass-transport complex (circled) 

and the paleo-axes of sediment fairways (yellow arrows). B. Map of H2 showing the location of the paleo-
MCS. C. Map of H1.2 showing the location of the paleo-MCS around the strike-slip fault restraining bend. 
D. Amplitude extraction map of H1.2 showing the diversion of the MCS around the growing fold and the 
existence of a dual channel system. E. Amplitude extraction map of H1.1 showing the abandonment of 

the paleo-MCS southern channel and the greater activity of the paleo-MCS northern channel. 

 

4.3.2.3 Mahin channel system (MCS), area 3 
 

 The continuation of the MCS into area 3 also displays intense meandering and is located 

to the south of an abandoned channel system (Figs. 4.8A and B, (c)). The channel systems (a) and 

(c) are connected at an apparent avulsion point in the northeast corner of area 3 (Fig. 4.8A). On-

lapping and top-lapping reflections are seen at all the studied levels (Fig. 4.8B). In this area, a 

variation in horizon interval thicknesses, from ~ 50 m around structural highs to ~ 400 m in thicker 

deposits, at the vicinity of normal faults, is observed. In addition, numerous chaotic, high 

amplitude reflections indicate intense erosion and a poorly preserved sediment record over time 

into the pull-apart basin area (Fig. 4.8B). At ~ 3 km north of the fault zone the location of another 

channel system (Fig. 4.8C, (e)) is inferred. This pattern is confirmed on H2 dip and amplitude maps 

where two meandering channel systems, referred as (c) and (e) are identified (Figs. 4.8C and D). 

Of these two, (c) appears more clearly than the southern channel e and shows higher amplitude 

reflections. This amplitude effect may be related to erosion and deposition of coarser-grained 

sandy sediments and enhanced by fluid content. This trend is however inverted on the current 

seabed as c appears to be smooth and partially filled, whereas actively eroding meanders and 

levee deposits are visible along the channel to the south, e (Fig. 4.8A). The overall channel bed 

slope is very low (~ 0.8°) in area 3 (Fig. 4.8E), and the paleo-channel (e) is narrower than the 

modern MCS (around 1500 to 1800 m in comparison with a current width of around 2000 m). 

Sinuosity is similar for the modern MCS and the southern paleo-channel (e), and is lower for the 

northern paleo-channel (c) (Fig. 4.8E). Measured sinuosities are high (between 1.5 and 2.5). 
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Figure 4.8 Evolution of the MCS in area 3. A. Seabed map indicating the position of the paleo and current MCS. 
B. WSW-ENE seismic profile along the MCS. Vertical exaggeration x4. The yellow horizon is H1.1, the red 

horizon represents H1.2, the orange indicates H2, and the green horizon represents Z. C. Map of horizon Z 
showing the location of the strike-slip releasing bend and the position of the paleo-MCS. D. Amplitude 

extraction map of H2 showing the location of the paleo-channels. E. Channel morphological analysis: present-
day channel seabed depths along the channel trace and downslope patterns of paleo- and current channel 

width and sinuosity. 
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4.3.2.4 Ijebu channel system (ICS) 
 

 The studied section of the modern ICS in area 4 is 25 km in length (Fig. 4.4A). The ICS 

displays several high amplitude reflection packages (HARPs) at various depths over a ~ 300 to 400 

m-thick interval (Fig. 4.4C). At the present day the visible upslope segment of the ICS is adjacent 

to the Ijebu tear fault zone. A V-shaped channel incision in this interval demonstrates that fill 

previously occurred along that portion of the channel before undergoing incision again (Fig. 4.4C). 

This pattern of partial filling is confirmed on an isochron map between the seabed and H1, which 

also shows that erosion becomes progressively greater downstream in the channel system (Fig. 

4.9A). The modern ICS is developed over a buried paleo-channel system (Fig. 4.9B, C and D). H1 

dip and amplitude extraction maps show that this paleo-channel system is located ~ 6 km to the 

northwest of the current ICS toward the downstream end of the study reach, but is nearly 

coincident near its upstream end (Fig. 4.9A and B). It is suggested that this paleo-channel 

represents a former location of the ICS, which has undergone diversion of up to ~6 km between 

H1 time and the present day. Patterns of channel width and sinuosity on both the modern and 

paleo-channel systems are similar, with a notable decrease in channel width of several hundred 

meters and a decrease in sinuosity where both systems diverge from the tear fault zone (Fig. 

4.9E). Channel bed slope also decreases where the channel departs from the tear fault zone, 

which could explain the changes in channel morphologies (Fig. 4.9E). 
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Figure 4.9 Evolution of the ICS in area 4. A. Isochron map between H1 and the seabed in the ICS area. B. 
Seismic profile along the ICS. Vertical exaggeration 4x. The yellow horizon is H1. C. Map of H1 showing 

the former position of the ICS. D. Amplitude extraction map of H1 showing the former position of the ICS. 
E. Channel morphological analysis: present-day channel seabed depths along the channel trace and 

downslope patterns of paleo- and current channel width and sinuosity. 

 

4.4 Interpretation and Discussion 
 

4.4.1 Interactions between sedimentary processes and structural setting 
 

 In offshore Mauritania, tear faults bound localized slope failures (Fig. 4.2D and E, and Fig. 

4.5A and E). We argue that overpressure and seal failure associated with these failures are 

evidenced by the presence of fluid escape pipes spatially coincident with tear faults (Fig. 4.2B and 

C; Yang and Davies, 2013). Slope failures are also more likely to occur more often over the Khop 

structural high. These slope failures, in turn, lead to local erosion and changes in slope gradient 

coincident with the tear fault trace, generating a preferential path for channel initiation or 

steering of existing channels (e.g. Heiniö and Davies, 2009; Fildani et al., 2006). This hypothesis is 

confirmed by the fact that the NCS-N develops over pre-failed mass-transport units (e.g. Fig. 4.5A 

and F). Patterns of channel sinuosity increase can be linked to variations in the slope gradient and 

channel direction of propagation over the Khop high (Fig. 4.5A). Low sinuosity and narrow channel 

width are interpreted to indicate an early stage of channel development (Stage 1, Gee et al., 

2007), and a typical illustration of early interactions between slope-parallel tear faults and 

channel systems. In the same area, Antobreh and Krastel (2006) described vertical fault traces 

underlying the Cap Timiris canyon. These faults were interpreted as pre-existing stratigraphic 

discontinuities exploited by the initial turbiditic currents. We interpret this whole suite of 

observations as indicating an early stage of channel development over the NCS fault (Fig. 4.10A).  
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Figure 4.10 Summary model of the evolution of channel systems in tear fault zones in the areas of 
interest. A. NCS-N in area 1. B. MCS in area 2. MCS in area 3. D. ICS in area 4. The small black arrows 

highlight directions of channel migration. The large arrows illustrate the horizontal displacement along 
the strike-slip fault. 

 

In area 2, positive topography is induced by the development of a restraining bend in the 

regional-scale strike-slip fault zone (Leduc et al., 2012). We interpret the MCS as a structurally 

confined system. Channel migration between horizons Z and H2 is a response to structural growth 

that outpaces the local sedimentation rate (Fig. 4.6). Observations on younger horizons H1.1 and 

H1.2 show that the structural growth has continued until present-day. The channel has been 
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diverted northward away from the high created by the restraining bend (Fig. 4.10B). This 

diversion and structural confinement resulted in a decrease in channel width, channel deflection 

around the existing or growing fold, and deviation. These observations illustrate the local channel 

system response to a change in slope gradient at the vicinity of the high (flow-stripping). 

 

The avulsion process observed in area 3 may have occurred as local subsidence due to the 

development of a pull-apart basin (Leduc et al., 2012), while uplift was ongoing upslope, in area 2. 

Abandonment of the paleo-channel system (c) through avulsion and capture by the paleo-channel 

system (e) in the south led to establishment of a sediment routing pathway coincident with the 

present-day MCS (Fig. 4.10C). From these data little evidence is present to indicate the detailed 

process of this capture. It is however suggested that the ongoing subsidence increases the slope 

gradient and therefore decreases channel width and sinuosity by causing an hydraulic jump (Fig. 

4.9D; e.g. Anderson et al., 2000). This increase in channel width may have occurred on (e). The 

local width decrease may have generated a trough at the vicinity of the palaeo-channel system 

(c), which would have initiated the avulsion process. Normal fault growth still controls the 

migration of segments of the current MCS (a) towards these locally subsiding areas. The 

interactions between the MCS and the along-strike structural variety of the NE-SW tear fault thus 

represent potential examples of how to predict the evolution of a submarine channel system in a 

tear fault zone at a regional scale, and through time (Fig. 4.9D). 

 

In area 4, a decrease in channel width and sinuosity is observed at the vicinity of tear 

faults for both the paleo-ICS and the present-day ICS (Fig. 4.9E). This may be due to a structural 

confinement of the channels by the tear faults. The fact that the channel system is seen to divert 

away from its initial path suggests a change in the local structural activity, potentially linked to a 

change in relative fold growth rates between the different structures coexisting in the area, and 
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consequent development of tear faults. In addition, the ICS in area 4 shows that a channel system 

can be diverted by the activity of a recent tear fault, regardless the fact that it has an extensional, 

or contractional component (Fig. 4.10D). It is assumed that the formerly active structures that 

confined the paleo-ICS are no longer growing. As activity may have occurred further south, and 

slightly downslope, the ICS would have followed the tear fault trace against the growing fold 

structures of the restraining bend (Fig. 4.7) and may have become structurally confined late in its 

evolution as normal faults associated with the pull-apart were developing (Fig. 4.4C). 

 

4.4.2 Conceptual model  
 

The observations described in this paper show that slope-parallel tear fault development 

can interact with the translation of sediment downslope. An overview model (Fig. 4.11) 

summarises the different steps in the structural confinement of submarine channel systems from 

early stages (Fig. 4.11A to C) to later stages (Fig. 4.11D) of evolution. Local, near-seabed slope 

failures combined with pre-existing highs can generate tear faults and encourage slope-parallel 

incision along the fault trace (Fig. 4.11A). This early incision can represent preferential path for 

downslope sediment transfer, either through the initiation of new channels or through steering of 

existing sediment transport pathways (Fig. 4.11B and C). Hence the surface expression of a young 

tear fault trace may be hidden by sedimentation, particularly in more distal locations (Fig. 4.11C 

and D).  
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Figure 4.11 Model for the interaction between tear fault development and controls on deepwater 
channels. A. Potential initial stage of development, in which overpressure or differential compaction (?) 

generates tear faulting. X and Y indicate sedimentary deposits for which degree of compaction and 
rheological properties may differ. B. Fluids migrate up to the surface using these stratigraphic 

discontinuities. Tear faults propagate and contribute to local slope-parallel erosion as sedimentary 
processes continue to occur in the area. C. Downslope erosion and sediment transport occurs by 

turbiditic flow and mass-transport over the tear fault zone, defining a preferential sediment route. D. 
Overall summary of the spatial relationships between tear faulting, sedimentation, and potential fluid 

pathways indicated by “bubble” escape to the top. E. Possible structural controls on sediment pathways 
and depositional architecture. The small black arrows highlight directions of channel migration. Panel 1 

shows a transtensional setting, while panel 2 shows a transpressional setting. 

 

Other interactions are possible where the seabed expression of the tear fault is more 

complex than a simple linear fault trace (Fig. 4.11E). This can be the case if the tear fault develops 

from deeper detachment levels, for example, or by linkage of multiple pre-existing fault 

segments. In these settings channel system depositional architectures can record the topographic 

effects of fault displacement. If the tear fault is locally transtensional, then local subsidence can 

“pull” the channel system against the fault zone (Fig. 4.11E). The resulting lateral migration of the 

system towards the subsiding area (i.e. channel convergence) would be associated with the 
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creation of an avulsion point upslope, indicating channel abandonment (Fig. 4.11E, 1). Local 

subsidence would also result in an increase in slope gradient, driving a channel sinuosity increase. 

This kind of area is expected to become a depocentre (Fig. 4.11E part 1). Conversely, uplift along a 

transpressional segment in the tear fault zone would contribute to the confinement of the 

channel system and diversion (or deflection if the uplift occurred over the pre-existing channel 

path) away from the uplifted area (Fig. 4.11E, part 2). This diversion creates a potentially long-

lived sediment pathway, and an overall increase in sinuosity and potential sediment starvation 

(due to efficient throughput) can be expected (Fig. 4.11E, part 2). 

 

4.4.3 Implications 
 

Slope-parallel tear fault zones are areas of strong sediment bypass. They can easily be 

used as preferential routes for sediment transfer over long time scales, as they form localised 

zones of weakness and encourage incision and channel confinement, constraining the spread of 

turbidity currents and debris flows. As a result erosion should be intense in these areas, 

particularly in young systems on a steep slope as observed offshore Mauritania. Our observations 

also confirm that channel system geometries and deposits can be preserved in more mature 

systems (Niger Delta). Erosional processes and mass transport can still occur, but the persistence 

of sediment supply and a gentler slope makes it more likely to preserve a palaeo-channel record 

in the stratigraphy. Interactions may begin early in the development of faults and channels (e.g. 

area 1) and persist for extended periods of time.  

 

In transpressional settings, channel paths undergo deflection and diversion and 

contribute to changes in the locus of deposition. Conversely, channel segments confined against a 

structural high are expected to have a lesser capacity for sediment transfer. In contrast, 

transtensionally-induced subsidence contributes to an increase in channel width, an increase in 
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slope gradient and consequently a sinuosity decrease. This would imply a higher sand/shale ratio 

in the subsiding areas, similarly to what can be observed in extensional settings (e.g. Pochat et al., 

2009). As a result there is potential for good reservoir development and preservation in tear fault 

zones, but local-scale fault compartmentalization is important to consider. In addition, the syn-

sedimentary development of tear faults may contribute to generate fluid migration pathways in 

the near-surface (e.g. Calvès et al., 2008; Yang and Davies, 2013). 

 

It is also important to remember that, in tear fault settings, structural deformation styles 

and growth rates are expected to be strongly affected by sedimentation. Intense deposition rates 

may decrease the growth rate of tear fault-related folds (e.g. Morley, 2009), and high erosion 

rates would reduce the vertical load in comparison to the rate of the fold growth. In addition, 

sediment aggradation and loading in subsiding surroundings of the growing fold would enhance 

structural growth. Conversely, an increase in the rate of normal faulting may correspondingly be 

produced by sediment segregation, with higher local erosion followed by potential deposition of 

locally coarser-grained sediment in the hangingwall and finer-grained, more marginal sediment 

deposition at the footwall (e.g. Pochat et al., 2009). The structural evolution of different segments 

within a given tear fault zone may thus vary according to local sedimentation rate. 

 

4.5 Conclusions 
 

Gravity-driven tear faults can significantly affect submarine channel system migration and 

channel-fill architectures at different stages of development. Three-dimensional seismic data 

allow us to document the tear fault geometries and their effects on early channel confinement. 

Near-seabed, slope-parallel tear faults at the continental margin of offshore Mauritania are 

interpreted to underlie young submarine channels, and form preferential erosional pathways for 
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submarine channel initiation. The location of new channel systems may therefore depend on an 

increased slope gradient formed by pre-existing tear faults. Comparable examples from the 

deepwater western Niger Delta show that later submarine channel evolution is also affected by 

tear fault growth. Channel pathway deflection, channel confinement as indicated by vertically 

stacked, incised channel fills, and a decrease in sinuosity all characterise the effect of the growth 

of a local strike-slip restraining bend. Likewise, a strike-slip releasing bend triggers channel 

diversion and an increase in sinuosity. Channels can respond to structural growth through time by 

remaining confined in tear fault zones or by avulsing and creating major bypass zones, thus 

creating specific depositional patterns associated with channel migration. These patterns are 

likely to change along the channel and fault zone with different fault segment growth rates and 

local sedimentation rates. We also infer that these interactions have important implications for 

preserving sands and trapping fluids, and are expected to be found at many other continental 

margins. Future work may involve detailed investigation on the sedimentary facies record of tear 

fault activity, local overpressure generation and required conditions to create tear faulting, and 

the geographical extent of these processes over time. 
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CHAPTER 5: FLUID FLOW PIPES TRIGGERED BY LATERAL PRESSURE 

TRANSFER IN THE DEEPWATER WESTERN NIGER DELTA 

 

5.0. Abstract 

 

Using three-dimensional (3D) seismic data, we establish a simple model for the 

development of vertical fluid flow pipes in the deepwater western Niger Delta. We analyze two 

examples of fluid flow pipes that form vertical seismic chimneys that are 400 to 600 m wide and ~ 

2000 to 2500 m in height, terminate at the current seabed and have bases located at the crest of 

rollover anticlines. In both cases we identify buried deepwater channels-complexes located below 

the pipes that formed prior to the growth of the rollover anticlines. The development of the 

anticlines caused tilting of these channel complexes and differential loading. We propose the 

channel complexes represent connected permeable reservoir intervals and that lateral pressure 

transfer caused the pore pressure at the crest of the structures to reach critical levels, leading to 

hydraulic fracturing of the overburden. Although hydrocarbons may migrate upwards through the 

chimney systems, they are not necessarily indicators that the channel complexes were gas or oil 

charged.  

 

Keywords: Niger Delta, 3D seismic, syn-sedimentary deformation, vertical pipes, overpressure, 

lateral pressure transfer  
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5.1. Introduction 

  

The occurrence of fluid flow pipes is often linked to the presence of an active petroleum 

system (Grauls and Baleix, 1994; Ingram and Urai, 1999; Davies and Stewart, 2005; Cartwright et 

al., 2007) and therefore could be used as a potential hydrocarbon indicator (Grunau, 1987). 

Vertical fluid conduits above folds commonly occur in basins with high sedimentation rates 

(Huuse et al., 2010) on both active margins (Caspian Sea – Stewart and Davies, 2006; Trinidad – 

Deville et al., 2010; Brunei: Van Rensbergen and Morley, 2003) and passive continental margins, 

such as the Atlantic Ocean and Gulf of Mexico (Dugan and Flemings, 2000; Seldon and Flemings, 

2005; Reilly and Flemings, 2010), the Nile delta (Loncke et al., 2004; Feseker et al., 2010), west 

Africa (Moss and Cartwright, 2010), and the Niger Delta (Graue, 2000).  

 

Recent research has been focusing on the recognition of fluid flow pipes, mainly from 

seismic data (Cartwright, 2007; Cartwright et al., 2007, Moss and Cartwright, 2010). Løseth et al. 

(2010) also compared kilometer-scale fluid flow pipes in the Niger Delta to field examples in 

Greece. In such environments, it is generally considered that vertical escape pipes result from an 

escape of buoyant hydrocarbons (Cobbold et al., 2009; Løseth et al., 2010). But vertical conduit 

systems may be primed and triggered by pressure in reservoir intervals that develops due to the 

existence of structural relief and connected permeable strata (Bjørkum et al., 1998). The 

assumption that vertical conduits are the result of hydrocarbons causing seal failure may be 

erroneous (Bjørkum et al., 1998; Nordgard Bolas and Hermanrud, 2003; Heggland, 2005). 

 

This paper considers the structural and stratigraphic setting of two significant fluid flow 

pipes in a deepwater environment in order to assess the geological processes leading to critical 

pressuring and vertical fluid flow. We develop a simple, generally applicable model for a how fine 
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grained deepwater sedimentation, channel development and fold growth, can lead to the 

establishment of overpressure and catastrophic seal failure without the requirement for a 

hydrocarbon column.  

 

5.1.1 Overpressure 

 

High sedimentation rates cause a rapid increase in the vertical stress that is applied onto 

the stratigraphic column and leads to sediment compaction. In low permeability sediments, pore 

fluid is prevented from escaping as the lithostatic load is imposed upon it. This process is known 

as disequilibrium compaction (Dickinson, 1953) and is the main cause of overpressure in 

mudstone-rich Tertiary basins deltas (Swarbrick and Osborne, 1998). Tilting of permeable 

reservoir intervals can also cause overpressure due to lateral pressure transfer from the base to 

the crest (Yardley and Swarbrick, 2000), otherwise known as the centroid model (Traugott and 

Heppard, 1994, Finkbeiner et al., 2001). Lateral pressure transfer is characterized by an upward 

increase in the pressure gradient, in a sealed reservoir at hydrostatic pressure, as a response to 

the reservoir interval tilt. In this case study, permeable reservoirs are preserved sands from 

deepwater turbidite channels and structural deformation is a potential source of lateral pressure 

transfer.  

 

Fluid flow due to lateral pressure transfer in permeable reservoirs can contribute 

significantly to increasing pore pressure at the crest of the reservoir (Reilly and Flemings, 2010). 

At a depth termed the centroid depth, pressure is balanced within the reservoir, between the 

section of the reservoir that is above and below the centroid depth (Traugott and Heppard, 1997). 

Pressures can reach the pressure required to cause hydraulic fracturing (Fig. 5.1). Pore pressure 
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and horizontal stress are coupled (Mourgues and Cobbold, 2003) and can be quantified from well 

data (Mourgues et al., 2010). Well data were not available for publication in this study, we 

therefore use estimated pressure values based upon well-known and established gradients, such 

as the hydrostatic gradient, and the shale gradient combined with the minimum stress gradient, 

estimated from geological analogues (Heppard et al., 1998; Nashaat, 1998; Swarbrick and 

Osborne, 1998; Tingay et al., 2009). 

 

 

Figure 5.1 Theoretical pressure-depth plot showing the parameters taken into account to determine 
overpressure in this case study showing hydrostatic, lithostatic and shale gradient The shale gradient is 

drawn from the fluid retention depth (FRD), representing the top of overpressure in the overburden and 
is a function of the local sedimentation rate. The minimum horizontal stress (Sh) is indicated for a 
structural setting in extension; gradient is obtained from Grauls (1999) and Deville et al. (2010). 
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5.1.2 Fluid flow pipes 

 

A hydraulic fracture should develop perpendicular to the direction of minimum 

compressive stress (Secor, 1965; Hubbert and Willis, 1972). Fluid conduits will form if sufficient 

pressure is present to reach the hydraulic fracture pressure and breach the caprock of a given 

reservoir interval (Fig. 5.1). This mechanism has been recognized in previous studies on vertically-

focused fluid flows (Hovland and Judd, 1988; Miller, 1995). However, in hydrocarbon-rich 

environments, such as Tertiary delta systems, escape features do not systematically require 

hydraulic fracturing to develop. Capillary seal failure also commonly occurs (e.g. Ingram et al., 

1999). 

 

Fluid flow pipes can be identified on 3D seismic data as subvertical zones of disturbed 

reflection or stacked amplitude anomalies (Cartwright, 2007). They can bypass hydrocarbons seals 

(Cartwright et al., 2007). They were first described in the Niger Delta by Løseth et al. (2000), and 

literature in the past decade has considered how to recognize fluid flow pipes from 3D seismic 

data and their morphological, lithological and seismic character (Davies, 2003; Cartwright, 2007; 

Cartwright et al., 2007 Huuse et al., 2010; Moss and Cartwright, 2010; Løseth et al., 2010).  

 

5.1.3 Geological setting 

 

The deepwater western Niger Delta, Gulf of Guinea (Fig. 5.2A) is a mud-rich Cenozoic 

prograding sedimentary accumulation, where updip extension expressed by regional-scale growth 
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faults is linked to downdip compression with fold-and-thrust belts (Doust and Omatsola, 1990; 

Morley and Guerin, 1996). This historically has been considered to occur at the first development 

of overpressure coincident with detachment faults (e.g. Briggs et al., 2006). The 7 to 10 km-thick 

succession was deposited from the middle Miocene to the Holocene (Short and Stauble, 1967). It 

is part of the Agbada and the Benin Formations. In cross-section, the seismic signature is 

characterized by mid to high amplitude reflection packages, including, high amplitude parallel to 

chaotic lenses associated with channel-levees complexes. Deposition of sediments at high rates 

leads to rapid loading and in low permeability sediment can cause overpressure. Unpublished well 

data in the study area provide an estimate of about 2000 m of decompacted sediments in 11.6 

Ma (approximately 160 m.My-1). Overburden undergoes gravity-driven deformation above deeply 

buried, overpressured strata (Cobbold et al., 2009). Smaller-scale deformation caused by 

overpressure and sediment remobilization also occurs, for instance fluid flow pipes and mud 

volcanoes (Graue, 2000; Heggland et al., 2001; Kopf, 2002) and kilometre-scale fluidization 

features (Davies, 2003) have been described. 
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Figure 5.2 Location maps. A. Location of the study area in the western Niger Delta. B. Time contour map 
(at depth of horizon 2) showing the structural setting of the area and the location of fold 1 and fold 2. 

“ms twt” in this and subsequent figures - milliseconds two-way time. C. Location of Figs 5.3, 5.4, 5.5 and 
5.7 indicated on the figure respectively as figs 3, 4, 5 and 7. 

 

5.1.4. Structural setting 

 

The area of study is located at the periphery of a major growth fault and a lateral strike-

slip fault that developed contemporaneously (Fig. 5.2B). Here extension, strike-slip deformation 

and compression are kinematically linked (Leduc et al., 2012). Deformation occurred in several 

stages as the study area was located within the contractional domain of a regional gravity 

detachment system in the Miocene. A period of reorganization of the regional system then 

resulted in the development of strike-slip faulting at the margins of the gravitational detachment 

lobes, resulting in the growth of E–W to NE–SW oriented elongated structures. Finally, more 
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recent delta progradation and resulting structural evolution triggered regional, coast-parallel 

normal and growth faulting which structures orientation is approximately WNW-ESE.  

 

5.2. Data and methodology 

 

We use three seismic volumes located in water depths of between 500 and 2000 m on a 

southwest-dipping slope and cover an area of 4300 km2. The surveys were acquired in 1998 with a 

bin spacing of 12.5 m by 18.75 m. Data are zero-phase migrated and are displayed in two-way 

travel time (twt), with a vertical resolution of about 10 to 20 m at the depth of our seismic 

interpretation. The dominant frequency is ~ 45-50 Hz. We interpret four regional horizon 

reflections (numbered 1, 2, 3 and 4 from the deepest to the shallowest (Figs 5.3A and B) mapped 

around a sub-circular structural high, and corresponding to horizons H100 to 400 in table 2.1). 

These horizons delineate five stratigraphic units from a regional detachment level to the seabed 

(A, B, C, D and E from the deepest to the shallowest units). Mapping has been carried out by auto-

dip tracking of maximum (high amplitude) reflections. A full stack amplitude volume is available 

for all the seismic surveys. We use interpreted time-structure and time thickness maps (isochron 

maps) and seismic attributes such as RMS (Root Mean Square) windowed (-20 to +20 ms) 

amplitude extractions along the selected horizons with a view to interpret the structural evolution 

and locating channel migration pathways (Brown, 2011).  
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Figure 5.3 A. Seismic section across fold 1, perpendicular to dip direction. B. Seismic section parallel to 
Fig. 5.3A, across fold 2 and perpendicular to dip direction. Both seismic sections show the general 

structural trends and units A, B, C, D and E which time-thickness (isochron) maps are shown on Fig 5.6.  

 

To estimate overpressure, we need to know: (1) the lithostatic and hydrostatic gradient; 

(2) the sedimentation rate, and as a result, the fluid retention depth (FRD), obtained from the 

empirical relationship established by Swarbrick et al. (2002). This allows one to locate the shale 

gradient, which represents the pore pressure within the shale, a lithostatic-parallel gradient 

originating from the FRD (Fig. 5.1). The numbers used to build the graphical interpretations were 

obtained by converting the measured depths (in ms twt) into metres (Table 5.1). In this chapter 

we use the term reservoir to refer to porous and permeable strata where the pore fluid is either 
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gas or water.  

 

 

TWT interval Velocity used (m.s-1) 

Seabed 1800 

Near seabed 1000 ms below 2100 

-1000 to -1500 ms below the seabed 2500 

-1500 to -2800 ms and below 3000 

 

Table 1- Velocity and depth estimates used in this chapter. 

 

5.3. Observations 

5.3.1 Folds 1 and 2 

 

Fold 1 is a buried sub-circular structure located approximately 12 km southwest of a 

major listric normal fault and ~ 10 km south of the lateral boundary of the sedimentary lobe 

defined by a NE–SW trending strike-slip fault system (Figs 5.2A and B). The fold is a symmetrical, 

positive structure ~ 5000 m in diameter, with a relief of ~ 800 m, occurring between 2500 m and 

the seabed (Figs 5.3A and 5.4). Seismic imaging of the core of the fold is poor below horizon 

reflection “1”; however we identify fault traces and a stratigraphic package that suggest a 

structural thickening of the deepest units (Fig. 5.3A, package A, and Maloney et al., 2010). Onlaps 

indicating growth of the structure are observed above horizon reflection “4” and the seabed. High 

amplitude reflections at the crest of the structure suggest the presence of an escape feature at 

the seabed (Figs 5.3A and 5.4).  
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Figure 5.4 Seismic section showing the fluid flow pipe 1, at the top of fold 1. A seabed amplitude 
extraction map shows the pockmark at the top of pipe 1 (high amplitude is white to brown; lower 

amplitudes are shown in blue). “3” refers to the nomenclature presented in Fig 5.3; this horizon embeds 



Chapter 5: Fluid flow pipes triggered by lateral pressure transfer 
 
 

137 
 

 

“channel 2” shown on Fig 5.7. Vertical exaggeration: x5. 

 

A second anticline (fold 2) is located to the south of fold 1 (Fig. 5.3B) in a comparable 

structural setting, although its geometries are more elongated in a NE-SW direction. Its hinge is 15 

km-long and it is 3 km wide from north to south (Fig. 5.2C). A low-reflectivity unit disturbed by 

sub-vertical features is found at the base of fold 1. They are interpreted as either compressive or 

strike-slip, east-west oriented, fault traces that develop over the detachment (Leduc et al., 2012). 

5.3.2 Channel complexes at folds 1 and 2 

 

In the absence of more precise information, we assume that sedimentation rates are 

spatially uniform. Isochron maps from packages A to E show the evolution of the position of 

depocentres in the area of folds 1 and 2 (Fig. 5.5). Contemporaneous with the development of the 

NE–SW strike-slip fault zone, deposit progressively thin out northwards (Fig. 5.5, isochron maps A 

to E). Similarly the development of a syncline to the southwest of folds 1 and 2 is observed at later 

stages (Figs 5.3A and B, packages C to E). Areas where the youngest package E is thinner suggest 

that a bathymetric high prevented sediment deposits from being deposited or preserved above 

folds 1 and 2 (Fig. 5.5, unit E).  
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Figure 5.5 Time thickness maps in the folds 1 and 2 areas for each unit (A, B, C, D and E, over which are 
represented the main structural trends) defined in figures 5.3A and B. Red to yellow indicates thinner 
areas, blue to purple shows thicker areas. The asterisk shows the location of the fluid flow pipe; the 

arrows indicate areas where an important change in thickness trend is observed between the previous 
and the actual map. 

 

 

Five channels are identified to the north and south of fold 1 (Fig. 5.6). Two different types 

of sediment pathways developed. At earlier stages all channels are low-sinuosity (Fig. 5.6, map A). 

These channels are mud-filled and levee deposits are fine-grained (Fonnesu, 2003). No deflections 

of the sediment routes are found around fold 1 (Fig. 5.6, maps A and B). A reorganization of the 

channels network appears at later stages (Fig. 5.6, maps C and D) and channels were clearly 

deflecting around a bathymetric high.  

 



Chapter 5: Fluid flow pipes triggered by lateral pressure transfer 
 
 

140 
 

 

 

Figure 5.6 Amplitude extraction maps of horizons A, window: -100+100 ms twt, B, window: -10+80 ms 
twt, C, window: -10+60 ms twt and D, window: -0+80 ms twt. Red circle indicates the position of the fluid 

flow pipe 1. Dashed red lines indicate faults and dashed yellow line the position of fold 1. 
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Figure 5.6 Same maps without colouring. 

5.3.3 Pipes 1 and 2 

 

A roughly circular high amplitude region of the seabed is apparent at the crest of fold 1 

(Figs 5.2C and 3). It is underlain by a vertical area of low-reflectivity that extends from the seabed 

to a depth of 2100 ms twt (approximately 2625 m). A lack of seismic reflectivity is interpreted as 

an indicator for the presence of gas. Evidence for bottom-simulating reflections and similar 

amplitude anomalies can be observed at the periphery of the pipe, occurring at depths of 

approximately 495 m (or 400 ms twt) below the seabed (Fig. 5.4). It is an approximately cylindrical 
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feature ~ 650 m in diameter. A similar feature is observed downdip (pipe 2, Fig. 5.7). Their 

structural and stratigraphic setting are comparable, as well as their dimensions (~ 450 m diameter 

at the seabed; ~ 1965 m in height). Both are also located above an anticline structure. At pipe 1, 

the flexure generated a relief of 1340 m between the lowest point (at 3050 ms twt, or 3965 m 

depth burial, Fig. 5.4C and Fig. 5.6A) and the highest point (at 2100 ms twt, or 3965 m depth 

burial) of the channel complex (Fig. 5.8A). At pipe 2, a relief of ~ 800 m is measured between the 

top of the reservoir interval located 2500 ms twt or 3250 m depth burial) and the lowest point (at 

3000 ms twt or 4050 m depth burial, Fig. 5.7 and 5.8B). The channel located below pipe 2 appears 

as a package of high amplitude, chaotic reflections (Fig. 5.7). RMS amplitude extraction of the 

channel shows meandering geometries with low amplitude reflection, indicative of a mud fill in 

the core of the channel complex and high amplitudes on each side (levee deposits, Fig. 5.8B).  
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Figure 5.7 Pipe 2. A. Time contour map (see Fig. 5.2) locating the following sections. B. Seabed dip map 
showing the pockmark at the top of pipe 2. C. Seismic section across pipe 2. The potential source of 

overpressured fluids for this pipe is inferred to be the tilted reservoir interval shown in details in Fig. 5.8 
(indicated as Fig. 8).  

 

Figure 5.8 A. Details of the reflections at the level of the reservoir below pipe 2 (area colored in red; see 
full section on Fig. 5.7). B. Amplitude extraction map from a window between the top and the bottom 

reservoir interval reflections (indicated with dashed lines and highlighted in yellow). High amplitudes are 
shown in white to brown; lower amplitudes in blue. A meandering channel-levee system can be 

identified; high amplitudes being located in the potential channel-fill deposits. The fluid flow pipe stands 
just east of the high amplitude pattern; a discrete fault network possibly links the two. Reverse polarity 

high amplitudes could suggest the presence of a hydrocarbon-water contact in the reservoir. 
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5.4. Interpretation 
 

5.4.1 Fluid flow pipes 

 

These observations argue for a fluid escape feature (Cartwright et al., 2007), however 

there is no evidence for mud flows at the near-surface and no evidence for a buried or active 

edifice. We herein term the feature a fluid flow pipe (pipes 1 and 2, Figs 5.4 and 5.7) although we 

recognize that this term does not reflect the likely complexity of the structure (e.g. Morley 2003). 

At the seabed a high amplitude reflection may indicate the development of a chemosynthetic 

community, gas hydrates, or a local seabed diagenetic effect at the summit of the pipe, arguing 

for gas escape. In both cases a growth package and the presence of normal fault traces support 

the hypothesis that these structures are rollover anticlines. We propose that there were a series 

of deformation episodes within this strike-slip domain, and then extension led to the formation of 

this sub-circular feature. Near-seabed growth packages suggest recent activity of the growth fault 

(onlapping reflections marked on Figs 5.4 and 5.7, growth strata visible in packages D and E). The 

vertical pipes then develop in an analogous structural setting and over similar pre-existing 

depositional features. High amplitude reflection packages, interpreted as channels, are found at 

the base of the vertical zones of low reflectivity in both cases. In plan view, a low-sinuosity 

channel located at the base of pipe 1 is identified. Internal low amplitude reflections indicate a 

mud fill whereas the channel body is interpreted to be fine-grained sand (Fonnesu, 2003). The 

associated levee deposits display high amplitude reflections (channel 2, Fig. 5.6). 
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5.4.2 Development of fold 1 

 

 Fold 1 is sub-circular. Several geological mechanisms can form circular structures, for 

example diapirs (salt or “mobile shale”), volcanic calderas (magmatic or mud volcanism as a result 

of overpressure), rollover anticlines, compressive or strike-slip pop-ups (Stewart, 1999). Similar 

structures have been termed “shale diapirs” (Cohen and McClay, 1996; Kopf, 2002), but with 

higher-resolution data, it is possible to identify an east-west compressive or strike-slip structure at 

the core of fold 1. We propose that the slight east-west elongate irregularity may be inherited 

from early stages of strike-slip deformation as seen in fold 2. It could have formed as the region 

underwent the early stages of strike-slip deformation, evidenced by the development of the NE–

SW strike-slip fault to the northwest. This deformation event may be followed by a regional 

extensional event which took place to the northeast of the study area. This later event resulted in 

the development of growth fault-related rollovers, which may modify the overall geometries of 

pre-existing structures. Finally, the occurrence of pipe 1 postdates the development of the fold, 

but is contemporaneous with normal fault growth. It is thought to be contemporaneous to mud 

volcanism activity, which has been reported in the Pliocene and at present day in other locations 

of the deepwater delta (Kopf, 2002).  

 

The structural development of fold 1 can be explained in two steps. Evidence for the 

existence of a growing positive topographic feature is found from seismic reflection amplitude 

attribute maps (Fig. 5.6). A channel (marked channel 2, Fig. 5.6) is identified from a series of time 

thickness maps calculated between the interpreted horizons. It is deflected around the position of 

Fold 1 between maps B and C, and that trend is even cleared during the later stages of deposition 

(Fig. 5.6, map D). Time thickness maps (Fig. 5.5) confirm a localized thinning in the area of Fold 1 

but only seen on the isochron map for the most recent sedimentation (Fig. 5.5E). This observation 
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matches the observations from seismic data showing onlap geometries in the overlying sediment 

package (Fig. 5.7). However, deposition of sediment packages is not strongly disturbed and the 

structure is shallow enough for sedimentation to continue at its crest. As a result two episodes of 

growth are identified, one in the Late Miocene and one between the Pliocene and present day. 

These observations suggest the following three hypotheses. Either folds 1 and 2 start to grow 

after the channels deposition, or their rate of uplift is much lower than the rate of burial. 

 

We associate the early stage of fold 1 growth with an earlier stage of the evolution of the 

gravitational collapse when this area was located in a compression setting. In a second stage, as a 

result of the delta progradation seaward the structural domains migrate to deeper parts of the 

basin and the area from then on is in the position of the translational domain, close to the 

extensional domain. Fold 1 is incorporated at the northern tip end of a large rollover anticline (Fig. 

5.6E) and updip growth strata (Fig. 5.4) indicate the presence of a large associated normal fault. 

 

5.4.3 Pore pressure 

 

The porosity of the generally fine-grained sediments is estimated to be 60-70% at the 

seabed, and is reduced to 40% by compaction at a depth of 800 m (Janik et al., 1998).The density 

of mud is taken to be 2.1 g.cc-1 (Janik et al., 1998) and the density of water is 1.03 g.cc-1. The 

hydrostatic gradient is approximately 10 MPa.km-1; the lithostatic gradient is estimated to be 22 

MPa.km-1 and the horizontal stress at ~18.2 MPa.km-1, as the ratio between the horizontal to the 

vertical effective stress are estimated to give a fracture gradient of 0.85 which is typical for a basin 

that is undergoing little extension, similar to Trinidad (Heppard et al., 1998; Deville et al., 2010), 

the Nile delta (Nashaat, 1998), and Brunei (Tingay et al., 2009). This value is also predicted from 

the model of Grauls (1999), who proposed that a predictable correlation exists for the maximum 
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fluid pressure value, between the minimum principal stress and depth, for a given tectonic 

regime, which is, for this study extensional. Finally, the fluid retention depth (FRD) is expected to 

be found in a depth interval between 700 ‒ 1400 m below the seabed given the sedimentation 

rate of approximately 160 m.My-1 (Swarbrick et al., 2002; Davies, 2003). 

 

 

Figure 5.9 Lateral pressure transfer in a given reservoir. A. values measured for pipe 1. B. values 
measured for pipe 2. In this model, the reservoir is inferred to be a tilted sand body confined in a shale 
succession. Black arrow denotes lateral pressure transfer. Depths are calculated after Morgan (2003). 

 

Development of fold 1 generated uplift. This uplift, associated to the tilting of the 

reservoir interval is thought to cause an increase in pore pressure within the reservoir at the base 

of pipe 1, within channel 2 (Fig. 5.7, horizon 3; Fig. 5.6B, marked “channel 2”), assuming internal 

channel connectivity. Uplift by the tilting of the footwall is a likely cause for lateral pressure 

transfer (Yardley and Swarbrick, 2000). In addition, no significant evidence for erosion is found at 
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the crest of the anticline, which does not allow arguing for a significant change in reservoir 

pressures before the pipes formation. For both pipe 1 and pipe 2 systems, it is possible to 

calculate the amount of overpressure required in each reservoir interval to come sufficiently close 

to the minimum horizontal stress to generate a fracture (Fig. 5.9). A graphic construction is 

proposed in order to define the centroid depth. We present results for pipe 1 (Fig. 5.10A) and 

pipe 2 (Fig. 5.10B). A centroid depth between 3000 m (for a FRD located 700m below the 

seabed)and 3850m (for a deeper FRD, Fig. 5.10A) is required for Sh min to be reached at the base 

of pipe 1 escape system, and of at least 3600 m for pipe 2 escape system (Fig. 5.10B). A difference 

in overpressure of about 4 to 13 MPa is required to reach hydraulic fracturing for pipe 1 (Fig. 

5.10A), and 5 MPa of additional overpressure are required for pipe 2 to reach fracturing. In this 

estimation we do not include the role of extensional faults close to the crest of the fold as their 

role in the release of fluid and lowering of overpressure cannot be estimated from our available 

data. However, if one assumes these faults could also be used for fluid circulation, the estimated 

required overpressure for pipe 1 and 2 would be inferior to the above estimated figures. In our 

case study the lack of relevant data prevents from specifying the role of fault as conduits, which 

can be estimated in analogue studies, and may help in carrying a full forward model (e.g. Hustoft 

et al., 2009). 
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Figure 5.10 Pressure (MPa) versus depth (m) plot showing the position of the reservoir and the amount of 
overpressure required to reach the fracture pressure for the case of pipe 1 (A) and pipe 2 (B). FRD (1) – 

the shallowest estimated fluid retention depth. – FRD (2) – the deepest estimated fluid retention depth. 
The thick, longer horizontal line represents the estimated depth of the centroid (C), located at the 

intersection between the shale gradient and the hydrostatic-parallel gradient within the reservoir. The 
thick, shorter horizontal line indicates in case A, the maximum amount of overpressure required to reach 
seal fracture (~ 13 MPa), with a FRD located at its deepest, whereas case B shows the opposite situation 
where a minimum of 4 MPa are required to reach fracture pressure, with the FRD given at its shallowest. 
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5.5. Discussion 
 

5.5.1 Source of overpressured fluids 

 

There are at least two potential sources of overpressured fluids. A deep source of 

overpressured fluids had been discussed by previous works (Graue, 2000; Cobbold et al., 2004; 

Cobbold et al., 2009; Løseth et al., 2010). They suggested that, in the Niger Delta, hydrocarbon 

cracking at depth would provide a suitable source to generate overpressure in deep reservoir 

intervals. It is possible that fluids coming from deeper strata migrate to shallower reservoirs in the 

overburden through a connected detachment fault network (Maloney et al., 2010). However, a 

combination of disequilibrium compaction and lateral pressure transfer processes could also well 

explain the presence of shallower overpressure without the need of a large amount of 

overpressured fluids migrating from deep strata. This shallower source of overpressured fluids 

would be more likely to generate the studied fluid flow pipes.  

 

5.5.2 Role of gas 

 

Two main hypotheses can be taken into account. The first hypothesis we discuss is about 

hydraulic fracturing. We also discuss a second hypothesis taking into account capillary seal failure. 

There is evidence for the presence of gas in the pipe and at its periphery. At depth, hydrocarbon 

accumulation, and specifically gas, is likely to be trapped in sandstone reservoirs which were 

deposited within deepwater channel deposits. The presence of hydrocarbon accumulations can 

easily be observed from high amplitude reflections associated with a flat spot on seismic section 

(Fig. 5.8). If a vertical failure occurs at the top of these hydrocarbon-filled reservoirs, then this 

accumulation could escape through a fluid escape pipe. It does however not demonstrate that the 
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hydrocarbon accumulation actually caused the initiation of the failure at the reservoir-caprock 

interface Hydrocarbon buoyancy, as well as water within a given reservoir modifies the effective 

stresses by increasing the fluid pressure equidirectionally, but to breach the seal, the failure 

conditions must be met. An increase in fluid pressure can drive a fluid-filled fracture (e.g. Flemings 

et al., 2003). Under such conditions grains can separate, allowing seal breaching and fluid escape. 

Caprock hydraulic fracturing can then occur once the pore fluid pressure exceeds the minimum 

stress, added to the tensile strength perpendicular to the direction of minimum stress (Hubbert 

and Willis, 1972; Jolly and Lonergan, 2002, Reilly and Flemings, 2010). Lateral pressure transfer 

(the centroid model) can help predicting higher pore pressures in a fluid-filled sand body included 

in a sealing, impermeable shale-rich environment, when structural relief (e.g. caused by tilting) 

triggers a differential sedimentary loading over the sand body. As a result a hydrostatic pressure 

gradient parallel to the slope of the hydrostatic gradient develops in the sand body (Traugott and 

Heppard, 1994; Yardley and Swarbrick, 2000). The lateral transfer of pressure then can locally 

enhance pore pressures at structural crests (Swarbrick and Osborne, 1998). Mechanically, the 

lateral transfer of pressure within a tilted reservoir interval can explain the initiation of a vertical 

failure in this presented case study, with or without the presence of hydrocarbon. The role of 

hydrocarbon, and gas in particular, in this model, would be limited to the actual propagation of 

the vertical pipe towards the surface, by escaping of buoyant gas initially present in the reservoir. 

Rodgers (1999) also suggest that, as an application to Newton’s third law of conservation, it can 

be predicted that hydraulic fracturing is not more likely to occur in gas reservoirs than in water-

filled reservoirs. As a result the role of gas is limited to bring the overpressured fluids through the 

pipe towards the surface. This would explain how the pipe propagates vertically to the surface, 

and why leaking gas may be observed within and at the top of the pipe. This model thus suggests 

that the effect of hydrocarbon buoyancy needs not be involved to create the pore pressure 

required for failure (Bjørkum et al., 1998). 
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However, the presence of hydrocarbons suggests a capillary seal failure. This is a common 

process found in west African margins (e.g. Ingram et al., 1999). This alternative process assumes 

that shales act as leaky valves. They cannot support gas columns so all the fields are saturated oils 

directly overlying the oil kitchen. The instant a gas cap is formed the gas escapes by capillary 

failure and the oil is retained, since gas has larger molecules than oil. Residual gas only is found 

over the gas kitchen due to seal failure, and no hydrocarbons are present where the source rocks 

are immature. In this paper, we choose to highlight the first hypothesis, the hydraulic fracture, 

since evidence for the presence of gas is not found in clusters in the overburden, but in vertical 

chimneys, which would argue for a focused flow. A practical way of testing both hypotheses 

would be to develop a basin model to test the fluid migration. However, in the absence of well 

data and seismic stacking velocities, we prefer not to conclude on this topic. 

 

Hydrocarbons present in the pores are also buoyant and an increase in volume triggered 

by their cracking can contribute to an increase in overpressure (Osborne and Swarbrick, 1997; 

Swarbrick and Osborne, 1998; Grauls, 1999). They are thought to be the main cause of regional 

overpressure in the deepwater Niger Delta (Cobbold et al., 2009). In this study, however, 

hydrocarbon accumulation at these depths would not reach a temperature high enough to 

generate hydrocarbon cracking. We therefore prefer the lateral pressure transfer mechanism for 

the formation of such large scale fluid flow pipes. Numerous other smaller vertical pipes (less than 

1 km long in cross-section) are present; however their formation is not specifically assigned to 

lateral pressure transfer. Pipes 1 and 2 share two main location characteristics: above a potential 

reservoir and at the crest of a steep structural high. This has implications in terms of reservoirs 

integrity as, even though such reservoir intervals may constitute interesting prospects in oil and 

gas exploration, it is necessary to be careful about the critically pressured state of these objects.  
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5.5.3 Model 

 

The chronology of deposition, structural deformation and overpressure development is: 

(a) first, sedimentation through deepwater clastic-filled channels, including fine sand deposits in a 

shale-rich succession occurs, and deepwater channels become quickly buried due to rapid 

loading; (b) overpressure builds up and regional-scale gravitational collapse triggers structural 

deformation, including rollover anticlines. Local subsidence or uplift causes a local rearrangement 

of sediment pathways at the periphery of the structure; (c) as structures grow, tilting of the 

underlying sediments increases and potential overpressured reservoirs – bearing water with or 

without hydrocarbon accumulation – undergo a redistribution of pressure, a lateral transfer 

towards the highest point of the reservoir. Structural deformation might also generate a fracture 

network allowing fluids from deeper reservoir intervals to migrate to a higher position in the 

stratigraphic succession, which is not seen on the interpreted data. Finally the pressure gradient 

between the reservoir and the caprock at the highest point of the reservoir becomes high enough 

to reach hydraulic fracturing, and large, vertical fluid flow pipes develop. A later resulting local 

deformation and sediment redistribution is likely to occur, and the pipe may remain an active 

fluid migration pathway as long as overpressure remains in the connected underlying 

compartments (Fig. 5.11).  
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Figure 5.11 Summary block diagram. A. Deposition of channel complexes downslope. B. Early stage of 
uplift (i.e. first stage of folding for fold 1; this stage is not observed on the structure of pipe 2). C. Late 
stage of folding generating enough tilting for the fluid flow pipe to form at the crest of the structure. 

 

 5.6. Conclusions 

 

We propose that large-scale vertical pipes need not be related to hydrocarbon buoyancy 

and can form above porous and permeable strata with no hydrocarbon charge. In this study we 

presented pipes that develop at the crest of anticlines as a result of the following succession of 

events: (1) rapid sedimentation and loading; (2) uplift; (3) lateral pressure transfer in the reservoir 

intervals; (4) hydraulic fracturing of the caprock at the shallowest point in the reservoir interval; 

(5) vertical fluid escape through the overburden to the seabed. Our results suggest that this 

process, lateral pressure transfer, added to regional-scale disequilibrium compaction is sufficient 

to generate enough overpressure (~ 5-10 MPa) to initiate the two kilometer-scale fluid flow pipes 

located right above these water-filled sand bodies. This model could have general applicability to 

other deepwater settings where vertical fluid pipes are common.  

 

This case study provides complementary information on the nature of low-reflectivity 

vertical features in a gravity detachment system, which have commonly been interpreted as shale 

diapirs with lower-resolution data. Appropriate seismic interpretation around each fluid flow 
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pipes allows the mapping the source of fluids escaping through the pipes and the structural 

setting in which they develop. The results show that kilometer-scale vertical fluid flow pipes can 

develop as a result of interacting sedimentary, structural and overpressure mechanism and need 

not be a direct hydrocarbon indicator. 
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CHAPTER 6: GENERAL DISCUSSION AND CONCLUSIONS 
 

Chapters 3, 4 and 5 all include a discussion section. This discussion and conclusion chapter 

summarizes the main results of the previous chapters. Links between the three chapters are then 

considered. More general implications of this work are also discussed including the limitations of 

this study and potential field analogues. Lastly, I discuss potential further work. 

 

6.1 Main conclusions 
 

Through three case studies based on the deepwater Niger Delta and offshore of 

Mauritania, this research project has investigated the structural evolution of the lateral margin of 

a deepwater gravitational detachment system, the interaction between sedimentation, 

deformation and overpressure and folding in the vicinity of the lateral margins, and the 

interaction between faults and sediment routing systems. Three adjacent 3D seismic datasets 

located in the deepwater western Niger Delta, with water depths of 500 m and 3500 m were 

interpreted (chapter 2). Selected seismic stratigraphic horizons from the Late Miocene and Plio-

Pleistocene fine-grained succession were mapped in a ~ 4500 km² area. Seismic interpretation, 

including the derivation of seismic attributes such as dip and amplitude, allowed one to establish 

the structural setting of the area of interest in the Niger Delta. Detailed case studies from the 

lateral margin of the western lobe and structural elements of the transitional domain were also 

carried out in order to identify linked processes between structural growth, sedimentation and 

overpressure. An integrated analysis of the structural evolution of tear fault zones and the 

migration of submarine channels was also performed between various parts of the study area and 

with a fourth 3D seismic dataset situated offshore Mauritania, in order to create a model for the 

evolution of tear fault zones in deepwater margins gravity detachment systems. 
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Key results include: 

 

 (Chapter 3) The identification and interpretation of a lateral strike-slip domain in a 

gravity detachment system of a continental margin. 

 

The lateral strike-slip domain in the deepwater western Niger delta represents a 75 km 

long tear fault system that has been occurring over the last 5 to 7 million years. This structural 

domain located at the edge of the gravitational system links the updip extensional domain to the 

downdip contractional domain. A wide variety of strike-slip-related structures are identified. They 

include transtensional faults such as horsetail splays, and pull-apart basins, as well as 

transpressional faults and fault-related folds in a restraining bend. Questions however remain on 

the origin and constraints of tear faulting in the study area. This is important to understand the 

fluid flow history in the area of interest, as well as the implications for tear fault development at 

continental margin gravity detachment systems and implications for sediment routing. Similar 

lateral strike-slip domains may exist in other gravity detachment systems around the world. 

 

 (Chapter 4) Characterization of the role of tear faults in controlling sediment 

routing.  

 

In gravity detachment systems, slope-parallel tear faults can provide an initial canyon 

path followed by the routing of sediment. These fault systems can then locally control channel 

migration and depositional architectures in channel complexes by channel confinement, or 

deflection in contractional parts of tear faults, and also migration and diversion in extensional 

parts of the fault zones. Conversely, sedimentary processes, such as the long-term development 

of canyons or lateral variability in sedimentation rates during the gravity-driven deformation 
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events may impact deformation styles. For example, localized increased erosion rates may 

contribute to an increase in the rate of growth of folds and increased sedimentation rates may 

involve increased subsidence and differential compaction (e.g. chapter 4). This model implies for 

the long-term evolution of gravity-detachment systems, the formation of major focused sediment 

bypass areas. 

 

 (Chapter 5) A case study of fluid flow pipes triggered by lateral pressure transfer.  

 

 In the transitional domain of the deepwater western Niger delta, a case study located at 

the vicinity of the tear fault system integrates the regional structural and stratigraphic framework 

where > 1 km-long blowout pipes develop above sub-circular structures. This work is an attempt 

at predicting the local pore pressure history of a given area from basic structural and stratigraphic 

interpretations. The concept of lateral pressure transfer is shown to be a key process in 

overpressure build-up and seal failure on folds within the Niger Delta. It also suggests that km-

scale blowout pipes are not necessarily direct hydrocarbon indicators since their formation is not 

necessarily caused by a hydrocarbon column accumulation. This case study over a sub-circular 

structure also questions previous seismic characterization of “shale diapirs”.  

 

 The interactions identified in this study characterize the fundamental links between 

sedimentary processes and structural deformation that occur in the transitional domain of a 

gravity detachment system and at its lateral margins. Overpressure was studied in a case study, 

but its processes at the scale of the regional gravity detachment system have not been studied in 

detail in this thesis. Overpressure is a process occurring both in the detachment levels and locally 

in the sedimentary overburden. The detachment levels of the Niger Delta gravity system are made 

of overpressured shale. This overpressure is a result of high sedimentation rates, rapid loading, 

and causes a weakening of these levels. Gravity-driven tructural deformation then takes place 
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over these strata that behave like detachments and the sedimentary overburden is affected by an 

upslope to downslope regional gravity deformation. I demonstrated in this thesis that this 

deformation occurs in 3D and is responsible for the development of lateral strike-slip faulting. The 

case study presented in chapter 5 illustrates local interactions between sediment deposition, 

structural deformation, lateral pressure transfer and fluid escape. In this case study it was shown 

that lateral pressure transfer is a process that can occur in porous and permeable sediment units 

that are structurally tilted. This process can result in hydraulic fracturing of the overlying 

stratigraphic units and cause fluid escape.  

 

6.2 Discussion 
 
 

The case studies presented in chapters 3, 4 and 5 show evidence for linked geological 

processes in the transitional domain of a gravity detachment system. The following relative 

succession of linked events and processes, for most of them seen in this thesis are proposed: (1) 

initially, the locus of sedimentation was controlled by the pre-existing basin geometry, prior to 

gravity-driven deformation. One can speculate that earlier structural relief that existed prior to 

progradation of the delta had a control on the later position of the lateral margins of the delta 

lobes, where the lateral strike-slip domain occurs. Then, (2) as the gravity detachment system 

developed, the structural growth of gravity-driven folds and strike-slip faults may have begun to 

have a local impact on sedimentation rates. For example, the thesis shows evidence for the close 

relationship between deformation (e.g. folding) and the location and migration of long-term 

sediment routing system. Folding and tear faulting may also contribute to submarine channels 

confinement and enhance the downslope transfer of sediment through tear fault zones, or 

sediment could pond between contractional structures (chapter 4). Since overpressure 

development by disequilibrium compaction is linked to rapid deposition of fine-grained sediment 
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(e.g. Swarbrick et al., 1998), it can be speculated that the local variations in sedimentation rates 

could also induce local changes in overpressure distribution. The differential distribution of 

overpressures, combined with the pre-existing structural trends, could then speculatively control 

the later evolution of gravity-driven structural units and influence deformation rates and 

structural styles (4). In addition, in the sedimentary succession overlying the detachment units, 

structural deformation and fluid flow interact with the local stratigraphic pattern for processes 

such as the lateral pressure transfer, where in an aquifer comprised in a fine-grained succession, 

the distribution of the pressure gradient can be modified by tilting of the units during an uplift 

event. This may then cause a top seal failure at the crest of the aquifer and generate fluid escape 

features such as large blowout pipes (5). These linked processes and interactions described in this 

thesis are part of a great variety of geological features and morphologies observed in the study 

area at present day. 

 

The five given examples of interactions between structural deformation, sedimentary and 

fluid flow processes have a relative timing of development which suggests that tear fault zones 

occurred relatively late when compared to the longer developmental history of the extensional 

faults and late compression of the gravity detachment system (chapter 3). This is consistent with 

tear faulting being a response to mechanical changes between gravity-driven sliding blocks or at 

lateral margins. These mechanical changes may be due to a difference in rheology of the 

detachment levels, possibly due to variations in magnitude of disequilibrium compaction-induced 

overpressure, which is itself linked to sedimentation rates.  

 

In chapter 4 interactions between tear fault zones development and submarine channel 

systems were characterized. Repeated activity of strike-slip faults in the accommodation of 

gravity-driven deformation was previously assumed to bring channel systems confinement within 

these long-lasting active faults in the western Niger Delta (Morgan, 2004), and this research 
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confirmed the existence of this spatial relationship on several channel systems in the Niger Delta 

and offshore Mauritania. Moreover, the importance of tear fault zones in controlling channel 

systems evolution occurs not only at channel initiation stage, but also at later stages of channel 

development (chapter 4). This spatial relationship can exist when tear faults develop in a similar 

downslope orientation as submarine sediment routing systems. This is a pattern that is likely to 

develop as soon as tear faults start to form, whether they are present early or not in the building 

up of the gravity detachment system. The likelihood can depend on the local relief and subsidence 

occurring along the fault trace.  

 

6.3 Limitations 
 

The timing relationships, pore pressure history and present-day stress regime of the study 

area could have been better constrained with the use of well data. However, the closest well data 

available were from the ODP leg 159 over the Côte d’Ivoire-Ghana transform margin, hundreds of 

kilometres from the area of interest and could only be used for an estimation of the 

sedimentation rate and approximate sediment properties (e.g. Janik et al., 1998). Some wells exist 

in the area of interest (e.g. Abo-1) but were not available for this study. Well data would have 

provided material for more accurate, detailed and quantifiable interpretations about the lithology 

and their response to seismic amplitude changes, fluid contents and sedimentation rates. Mud 

weight from drilling reports and sample from cuttings would have contributed to more accurate 

pore-pressure predictions and implications in terms of structural growth, lateral pressure transfer, 

overpressure development, and fluid escape. Wireline logs would also have added information 

about the lithology and fluid contents, helping in better understanding sediment deformation 

mechanics. In addition, an integration of the results from biostratigraphic analyses would have 

helped better defining the time frame in which deformation took place and would have 

contributed to establish regional correlations with published work in the area (Cobbold et al., 
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2009; Jermannaud et al., 2010).  

 

 It is also difficult to conclude whether or not there is an underlying basement structure 

controlling the formation of the tear fault. This problem could have better assessed with access to 

2D, coast-parallel seismic lines, located updip the contractional domain and over the area covered 

by 3D data. Their deeper penetration could provide a better imaging of the basement geometries 

and in the overlying sediment succession. Higher resolution gravity data in this area could also 

help in further investigating the basement properties and the presence of basement features that 

could impact the evolution of the overlying structural domains of the gravity detachment system. 

In chapter 3, a key seismic line was converted into depth using published stacking velocities from 

another area of the Niger Delta (Morgan, 2003) as it represented the most accurate estimate for 

seismic stacking velocities in the study area. This however represents an extrapolation and 

potentially adds uncertainties to the structural interpretations. Accurately depth-converted 3D 

seismic volumes could provide more correct images of the study areas key structures for the first 

hundreds to thousand meters below the seabed and provide more precise description of the 

near-seabed strike-slip related structures. 

 

The realization of a numerical 2D basin model would have also strongly helped in the 

scientific test of the hypotheses presented in chapter 5. They remain highly speculative but in the 

absence of any available well data to tie the interpretation, it was not possible to carry on this 

kind of analysis. 

 

In addition, a limited access to 3D visualization tools during the project also prevented 

integrated detailed analysis of near-seabed features (e.g. channels and fluid escape structures). 

The complexity of mapping seismic reflections through highly deformed strike-slip fault zones 

interacting with long-lived channel systems caused a potential mapping quality loss for detailed 
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features. This limited the analysis of geological process at local scale (i.e. at the scale of individual 

structures). A better understanding of these complex zones would require an interpretation fitting 

to an analogue model, either from the field of laboratory experiments, which would provide a 

driving model for the interpretation. 

6.4 Analogues 
 

Lateral margins and their associated strike-slip fault zones in gravity detachment systems 

are still poorly documented around the world. Using field analogues may provide essential 

information on detailed fault geometries and the pattern and degree of deformation within these 

fault zones. A field-scale analogue would allow assessing the local processes where slope changes 

occur and how faults geometries and sedimentation patterns interact. Another application would 

be test how ubiquitous the links between tear faults and sediment patterns are. Smaller scale 

land analogues could also provide a relevant image of larger-scale processes (100 m – 1 km, Butler 

and Turner, 2010; e.g. western Ireland: Martinsen and Bakke, 1990). These smaller-scale 

analogues would allow understanding the exact timing relationships of the development of lateral 

margins geometries in comparison to the updip and downdip structural domains. In addition, the 

inner structural complexity of tear faults can be assumed to be analogous to thrust fault zones, 

for example in the steep transpressional areas of restraining bends (e.g. Homza and Wallace, 

1997; Iacopini and Butler, 2011; Maloney, 2011). Illustrations from such complex structures and 

associated rock types in shale-rich successions are also found in active tectonic settings (e.g. 

Barbados: Deville et al., 2003; Borneo: Morley et al., 2003; Indus Fan: Calvès et al., 2008). These 

field analogues would provide higher resolution data in order to assess the intensity of 

deformation and shear strains in place. Applications would be found in fluid flow models through 

this complex zone. Lastly, field examples of sediment routing control by tectonic strike-slip 

faulting are numerous (e.g. San Andreas Fault, Crowell, 1974 or strike-slip faulting in a deepwater 

succession, e.g. James and James, 1969). The concept of structural confinement of sediment 
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routing systems in tear fault zones is comparable, and can be used to predict sedimentary facies 

location near a strike-slip fault zone. 

 

Examples of similar lateral margins and tear faults may be present in other submarine 

regions (e.g. Gulf of Mexico: Peel et al., 1995; Orange Basin: de Vera et al., 2010) and they have 

also been observed on Mars (Montgomery et al., 2009). Access to these analogues however still 

remains difficult. Analogues are also likely to exist in many other gravity detachment systems 

associated with high sedimentation rates (a review of these other potential analogues is 

presented in Morley et al., 2011). In addition, King et al. (2009) worked on a preserved gravity 

detachment system in a deepwater setting from the Karoo Basin, and this research may show that 

some field examples could be available for the study of their subaqueous analogues, but may be 

still poorly known. 

6.5 Potential future research 
 

Since access to field analogue remains difficult, physical and numerical models could help 

to study tear fault zone. An issue with previous and current attempts to physically experiment 

detachment levels structural evolution in gravity detachment systems is the difficulty of making 

brittle-ductile multilayer detachment levels. Some fairly accurate analogue models have recently 

been developed for gravity detachment systems on a basal overpressured shale detachment 

(Lecomte et al., 2008; Mourgues et al., 2009; Lacoste et al., 2011). Results include strike-slip 

lateral faulting which however might be related to a lateral friction effect, and this lateral faulting 

is not represented nor analysed accurately enough to be compared to natural case studies. There 

are currently few models focusing on the evolution of tear faults (e.g. Hindle and Vietor, 2006). 

Recent input in modelling strike-slip fault zones include modelling of pull-apart basins, which 

brought a 4D vision of such regions (e.g. Wu et al., 2009). It would be of interest to focus a study 

on the development of tear faulting over a weak detaching layer in order to confirm the 
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predictability of such structural elements, and possibly to include the influence of basement 

topography (pre-existing compartmentalization, basement highs, etc.). In addition, current 

numerical models provide relevant upslope to downslope sections, in a dip direction, that help in 

better understand the timing relationships between the different structural elements of a gravity 

detachment system (e.g. Ings and Beaumont, 2010). Similarly, it would be of interest to carry out 

such simulations in a strike direction, or in 3D, in order to observe in plan view the 3D structural 

evolution in the area, and to predict its interactions with sedimentation.  

 

A focused analysis of the evolution of strike-slip fault zones in gravity detachment systems 

is a potential way forward to delineate the geographical extent of gravity detachment system and 

characterize in more details how these structural domains interact with others, what their exact 

timing relationship is and how fluids behave through them. This study also demonstrates the 

importance of looking at the evolution of gravity detachment systems in 3D, both in dip and strike 

directions since a variety of different processes occur at lateral margins of the systems, which can 

be different to other areas of a gravity detachment system. In the western Niger Delta, analysis of 

basement and near-basement deposits (syn-rift and early post-rift successions), perhaps from 

shallower areas, should, if possible, also be carried out in order to provide a more accurate model 

for the offshore Nigeria margin. This would help in defining the succession of processes that lead 

to a compartmentalization of the margin and set the extent of the gravity detachment system. 

The results from such study may also help to predict the geological settings required for specific 

structural and sedimentological patterns, such as strike-slip zones in gravity detachment systems, 

or long-term focused sediment routes. In addition, a re-interpretation of previously interpreted 

“shale diapir” might be of interest, using 3D seismic data and coast-parallel seismic lines in order 

to better define hydrocarbon traps in this kind of settings (e.g. Cohen and Mc Clay, 1996; Morley 

and Guerin, 1996; Morley, 2003). Focused studies in tear fault zones, comparable to those carried 

on folds and fault-propagating folds in the contractional domain (e.g. Higgins et al., 2009) could 
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be done using high resolution 3D seismic data and integrating strike-slip faulting mechanisms. This 

would help to determine the geometrical constraints and fluid overpressure conditions required 

for these fault zones to develop and evaluate a precise timing of deformation linked to updip 

normal faulting and downdip contraction. Numerical and analogue models might help in 

understand deformation processes (e.g. Hindle and Vietor, 2006; Lecomte et al., 2008; Mourgues 

et al., 2009). 

 

A step further might be to correlate deformation to stratigraphic events such as sea-level 

changes (e.g. Rouby et al., 2011), in also assessing and quantifying the role of sedimentary 

processes and external controls in conditioning structural growth in integration a full 3D regional 

vision of gravity detachment systems. This would help in establishing a more accurate 

stratigraphic setting for finer-scale interactions between gravity-driven structures, sediment 

deposition and overpressure development. This further research could contribute to improve 

prediction models in hydrocarbon exploration and build more accurate reservoir models 

(depositional processes, facies, fractures and fluid flow), as well as providing a more complete 

vision of gravity-driven processes at continental margins.  

  

The characterization of these interactions is also important for hydrocarbon exploration 

purposes in an area where commercial drilling successes occurred in the late 1990s (e.g. Bosi 

discovery, 1996; Abo discovery, 1997). Understanding these processes may help in further 

investigations of the extent and nature of structural traps, in predicting the localization of 

potential reservoir accumulations and raise the importance of fluid barriers and escape routes. 

Exploration seismic surveys now also extend in the west of the Niger Delta study area, and it may 

be of interest to establish how relevant this study can be for these further regions.  
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710 The Lateral Strike-Slip Domain in Gravitatio
INTRODUCTION

Gravitational collapse occurs at a variety of scales from in-
dividual landslides and mass-transport complexes up to the
dimensions of passive continental margins. Despite this vari-
ability, comparable processes and structural features occur
(Butler and Turner, 2010). During the last three decades, a
focus on describing gravity-driven deformation in large deltas
has been observed (Cobbold and Szatmari, 1991; Damuth,
1994;Morley andGuerin, 1996;Gaullier et al., 2000;Gaullier
and Vendeville, 2005; Maloney et al., 2010). This deforma-
tion is typically expressed as a complex that consists of an
updip extensional domain, a translational domain where little
internal deformation is observed, and a downdip compres-
sional domain where fold and thrust belts and toe thrusts de-
velop (Damuth, 1994; Stewart, 1999; Morley, 2003; Rowan
et al., 2004; Bilotti and Shaw, 2005; Corredor et al., 2005;
Cobbold et al., 2009).

A strike-slip domain, located at the lateral margins of a
slide mass, has only been described in mass-transport com-
plexes. For example, Frey Martinez et al. (2005), in the Le-
vant Basin of the eastern Mediterranean Sea, and Bull et al.
(2009), on the Storegga slide offshore Norway, provide well-
imaged seismic examples of the lateral margins of large-scale
slumps. Bull et al. (2009) illustrated a series of kinematic fea-
tures that characterize strike-slip deformation on the lateral
margins of mass-transport complexes in the translational do-
main. These features include en echelon sigmoidal scarps and
dragged flow banding (material included in the complex and
affected by strike-slip deformation). Important clues to the
evolution of the slide, such as evidence for the timing of the
deformation, the amount of horizontal downslope displace-
ment of the mass, or the interaction between the slide mass
and undeformed material along strike, may be found at the
lateral margins. At the delta scale, strike-slip deformation has
been documented in the Gulf of Mexico (Peel et al., 1995;
Rowan, 2009), in the Nile Delta (Loncke et al., 2006; Clark
and Cartwright, 2009), and in the Amazon fan (Cobbold and
Szatmari, 1991). Recent work from Cobbold et al. (2009)
and Løseth et al. (2010) has shown the presence on the seabed
of en echelon kilometer-scale strike-slip faults in the deep-
water Niger Delta. Morgan (2004) mentioned the presence of
transfer faults in western Niger Delta that control the posi-
tion of submarine channels, but the geometries and extent of
the strike-slip fault zones were not described in detail. De-
spite these examples, generally, the literature is dominated by
examples of strike-slip faults identified from two-dimensional
nal Detachment Delta Systems



(2-D) seismic data, andmost of the focus on strike-
slip fault morphology has been on structures in the
continental crust instead of those associated with
gravitational collapse. Looking into more detail,
these strike-slip structures could provide informa-
tion on how deformation occurs at the margins of
gravitational collapses, how fast theywill occur and
how far the mass moves downslope, and what the
controls on their development are.

In this article, we interpret 2-D and three-
dimensional (3-D) seismic data to describe a set
of large-scale structural features at the lateral mar-
gin of the northwestern Niger deep-water delta
lobe that is undergoing downslope translation driv-
en by gravity. We observe and interpret the struc-
tural complexity of coexisting extensional, com-
pressional, and strike-slip deformation in the lateral
margin. The lateral strike-slip domain is defined
as a discrete structural domain that forms at the
margins of a gravity detachment system, linking the
extensional, translational, and compressional do-
mains of the system.
DATA AND METHODS

Geologic Setting

The deep-water Niger Delta consists of two lobes
in the south and in the west that developed
Figure 1. Overview of offshore Niger Delta structural domains (modified from Armentrout et al., 2000; Corredor et al., 2005; Heiniö and
Davies, 2006; Deptuck et al., 2007; and Cobbold et al., 2009). Gray dashed lines are bathymetric contours. The structural domains relative
to the main structural styles are indicated. The lighter shading corresponds to the potential location of the lateral strike-slip domains.
Main canyon positions in the northwest offshore delta are shown by dotted lines; from west to east, these are the Lagos, Avon, Mahin,
and Benin canyons. LSSD = lateral strike-slip domain as described in this article. Locations of Figures 2 and 3 are indicated with thick
black lines, and Figure 4 is indicated with a rectangle.
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contemporaneously (Figure 1) (Doust, 1990;
Damuth, 1994). Deltaic sedimentation began in
the Tertiary, and regional seismic lines (Figures 2,
3) show that a 7- to 8-km (4- to 5-mi)-thick sed-
imentary succession is located above the basement.
712 The Lateral Strike-Slip Domain in Gravitational Detachmen
Immediately above the basement, the Akata For-
mation is composed of Paleocene to Eocene ma-
rine shale. An abnormal decrease of velocity of
1000 m s–1 (3000 ft/s) at the top of the Akata
has been interpreted as representing overpressured
Figure 2. Simplified west-southwest–east-northeast cross section showing the structural features of basement and the sedimentary
overburden of the offshore Niger Delta. The structural domains relative to the main structural styles are indicated (modified from
Morgan, 2003).
Figure 3. Interpretation of a
regional north-northwest–south-
southeast two-dimensional seismic
section in the western lobe of
the Niger Delta. No data between
the vertical dotted lines exist; the
Charcot fracture zone structure
is adapted from Briggs et al.
(2009). LSSD = lateral strike-slip
domain. The Benin Formation is
assumed not seen in this section.
t Delta Systems



conditions (Morgan, 2003). The overpressured
interval is roughly coincident with the level at
which normal and thrust faults sole out to be-
come bedding-parallel detachments, allowing
gravity-driven deformation to occur (Damuth, 1994;
Cohen and McClay, 1996; Morley and Guerin,
1996; Briggs et al., 2006). The Akata Formation,
which is of Eocene to Pliocene–Pleistocene age, is
covered by a succession of turbiditic mass trans-
port and hemipelagic deposits (the Agbada For-
mation). Over the Agbada Formation, the Benin
Formation is sometimes mentioned (Figure 2),
which has been defined from seismic facies in-
terpretation in the proximal parts of the delta.
Deformation is partitioned into three main struc-
tural domains. Both the western and southern
lobes are also partitioned by strike-slip faults into
several parallel sections sliding at different rates
(Morgan, 2004; Cobbold et al., 2009) (Figures 1,
3); these faults are visible on seismic data as sub-
vertical reflection terminations and fault-plane
reflections.

We analyze three adjoining 3-D seismic data
sets acquired in 2004 that cover most of the area
of interest, as outlined on Figure 4. Water depths
are between 500 and 2000 m (2000–7000 ft), the
seismic surveys cover an area of approximately
4300 km2 (∼1660 mi2), and bin dimensions are
12.5 × 18.75m (41.01 × 61.52 ft; see Brown, 2004).
At considered depths, frequency bandwidth is es-
timated to be approximately 30 Hz. Data are zero
phased and are displayed in two-way traveltime.
Combined use of time-structure maps and seismic
attributes (coherency, dip, and amplitude extrac-
tions) from high-amplitude continuous reflec-
tions allows us to identify faults and folds in the
area of interest (Figure 4). At considered horizon
reflections, we extracted windowed amplitude
maps (+100 and –100 ms) to observe the main
structures. Time-thickness maps were computed
between given top- and bottom-interpreted hori-
zon reflections. The succession is subdivided into
units A, B, and C based on changes in reflection
character and the mapping of four reflections (H1–
H4; Figure 5). Ages are roughly estimated based
on an assumed uniform sedimentation rate of ap-
proximately 100 m/m.y. (Davies, 2003). A depth
conversion of a key seismic section is presented in
Figure 6. The description herein starts with an
overview of the regional structures and stratigraphic
units. We then focus on structural features iden-
tified from both map and seismic cross sections.

OBSERVATIONS

Three structural trends are identified both in map
view (Figure 4) and in seismic sections (Figure 6A,
Figure 4. Detailed structural map of the lateral strike-slip domain from horizon interpretations at 3000 to 4000 ms two-way traveltime
depth (between interpreted horizons H3 and H4). The positions of Figures 6, 10 and 12–14 are indicated by the dotted straight lines. The
extensional zone is located in the southeastern part of the map and the compression zone in the northwest. PAB = pull-apart basin. A =
fault trace marked A in Figure 8. The asterisk indicates the normal fault discussed in the section titled Extentional Zone.
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B). A major subvertical northeast-southwest–
trending fault marks the boundary between two
structural zones located to the northwest (com-
pressional zone) and southeast (extensional zone).
This distinction is also clear on a vertical section
across the northeast-southwest fault (Figure 6A,
B). The compressional faults to the northwest of
the northeast-southwest fault appear generally
much steeper (∼60° dips) than the extensional
faults to the southeast (∼30°). This is only because
the section chosen is oblique to the normal faults,
whereas it is perpendicular to the shortening struc-
tures. Below, we examine each of these trends.
Extensional Zone

Most of the structures in the extensional zone
(marked “extension” in Figure 4) are normal faults
that strike northwest, dip steeply to the southwest
(∼60°), and have lengths of as much as 10 to 15 km
(6–9 mi; Figures 4, 7). The largest northwest-
striking normal fault is in the east of the study area.
It can be traced over a distance of 30 km (20 mi)
and connects to a northeast-striking normal fault
(marked with an asterisk in Figure 4). The north-
west-striking normal fault defines the northeast
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border of a graben of an approximately 10-km
(∼6-mi) width (Figures 4, 7). A large number of
the northwest-striking faults deform H1, H2, H3,
H4, and the top Akata reflection. They consist of
a series of conjugate normal and growth faults
with variable movements and variable length. It
is probable that these faults represent several
deformation episodes because the related growth
sequences appear to have formed duringmultiple
episodes of extension. The main episode of ex-
tension is recorded in the upper part of unit C
where onlap geometries prograding to the west
are found. Other normal faults also exist in the
compressional zone, some of which are likely to
be the continuation of some northwest-striking
normal faults of the extensional zone. They may
predate the formation of the strike-slip fault zone.
Another hypothesis is to relate these extensional
features to a degradation of the fold and thrust belt
as they strike perpendicularly to the fold hinges.
Strike-Slip Faults

The northeast-southwest fault zone is composed
of a variety of faults with geometries that are ki-
nematically linked (Figure 4). The longest fault
Figure 5. Age and depth of stratigraphic units A, B, and C and horizons used in this article, from the seabed to the basal strong
reflection. Depths are estimated from the seismic velocity model of Morgan (2003); velocities and depth are estimated from Morgan
(2003). Ages are taken from Morgan (2003) and Lawrence (2002). Unit A, defined between the seabed and the interpreted horizon H1
(Pliocene), is composed of high-amplitude reflections within a background of lower amplitude continuous reflections. These reflections
are interpreted to be silts and sands deposited within deep-water channels (e.g., Deptuck et al., 2007). Horizon H2 is estimated to be
Messinian based on extrapolation from regional sedimentation rates (Davies, 2003). Unit B (situated between horizons H1 and H3)
displays parallel reflections that are lower in amplitude than in those in unit A. It displays a sharp erosive contact with the underlying
reflection packages. Unit C lies between H3 and the near top Akata reflection (associated with the top of the Akata Formation). Horizon
H4 is another prominent reflection within unit C.
t Delta Systems



Figure 6. (A, B) Northwest-southeast–oriented interpreted seismic sections selected from a three-dimensional seismic data set crossing
the three structural zones of the area of detailed study. Folds are numbered S1 to S4 from the northeast-southwest fault trace to the west.
(C) Depth conversion applied to the section displayed in Figure 6A and B. The section is depth converted using interval velocities as
shown in Figure 5. This section shows that the geometries and dips of the structures remain comparable on both time- and depth-
converted seismic sections. All the following sections are converted. TWT = two-way traveltime.
Leduc et al. 715



trace is 75 km (47 mi) long. Because of its com-
plexity, we describe its main geometries from its
northeast mapped tip to the southwest along strike
(kilometer 0 is at the northernmost mapped point
of the fault; kilometer 75 is at the inferred south-
west tip). A northern segment (kilometers 0–10)
and a central segment (kilometers 33–43) show
contraction. On a seismic section, these segments
display two subvertical fault traces, both dipping
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subvertically to the southeast (Figures 6A, B; 8),
that extend from the top Akata detachment to the
seabed. The southeastern fault trace (Figure 8,
marked A) is kinematically linked to the fault trace
connecting the northeast-southwest fault to a large
normal fault in the extensional zone (Figure 4).
The northwestern fault trace is a thrust fault with
pronounced folding in the hanging wall that
branches into several segments toward the sur-
face. We interpret this fault system as a compres-
sional strike-slip fault system (Harding, 1985).
Figure 7. Southwest-northeast–oriented seismic section and in-
terpretation showing a compound graben in the extensional zone.
TWT = two-way traveltime.
Figure 8. Detailed view of the compressive strike-slip structure
shown in the center of Figure 6. The steep fault trace at the north-
western side of the fault zone is bounded by a steep fold. Defor-
mation occurs while sediments are being deposited and eroded.
The fault trace marked A represents the southeastern limit of the
northeast-southwest fault zone. TWT = two-way traveltime.
t Delta Systems



Unconformable contacts are identified at the base of
unit A, on H2 and H3. Variations in the thicknesses
of these units suggest the occurrence of three epi-
sodes of erosion and/or deposition that can be re-
lated to possible pulses of activity on the northeast-
southwest fault.

Another strike-slip fault, oriented east-west, is
located in the north of the study area and connects
to the northeast-southwest fault at kilometer 10.
Assuming that the fault connects between its east-
ern and western documented parts, in the area of
no seismic coverage, it is approximately 35 km
(∼22mi) long (Figure 4). In a vertical section, the
east-west fault is expressed as a subvertical fault
array that branches and offsets reflections between
the seabed and H3 (Figure 9). The east-west fault
Figure 9. North-northeast–
south-southwest–oriented seis-
mic section and interpretation
showing the east-west strike-
slip fault, normal faults dipping
southwest, and the northeast-
southwest strike-slip fault sys-
tem. The thickening of the
reflection packages in the north-
eastern part of the figure is
caused by the presence of fold
S3, obliquely crosscut by this
section. The dashed line shows
the position of a thrust fault
trace(?) associated with fold S3.
The arrows above the seabed
reflection indicate the location
of apparent subsidence at the
seabed, suggesting the present-
day activity of the underlying
fault traces. TWT = two-way
traveltime.
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displays a negative flower structure (Harding, 1985),
with the south-southwestern block downthrown.

From kilometer 43 to its southwestern tip, the
northeast-southwest fault splays into a series of
normal faults that form small pull-apart basins
(Figure 4, marked PAB). These basins are bounded
on their northwestern side by the northeast-
southwest fault zone and by an east-northeast–
west-southwest normal fault dipping northwest
on its other side. They are, respectively, from
northeast to southwest, 8 km (5mi) long and 2 km
(1 mi) wide, 5 km (3 mi) long and 2.5 km (2 mi)
wide, and 14.5 km (9 mi) long and 3 km (2 mi)
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wide. A typical seismic section along the strike
of the northeast-southwest fault in this segment
displays a set of high-angle faults that we interpret
as a negative flower structure (Harding, 1985)
(Figure 10). The northwestern fault trace (Figure 10,
marked X) is a steep fault with an apparent down-
throw of 200 m (700 ft) to the north on H2 to H3.
Offset decreases upsection and goes to zero at the
seabed. The other segment branches and cuts
reflections between the top Akata reflection and
H2. Units B andC are thickening progressively to
the southeast, and onlaps suggesting growth se-
quence are observed in unit C. Extension occurs
Figure 10. Northwest-southeast–
oriented seismic section and in-
terpretation showing a negative
flower structure on the northeast-
southwest fault. All the fault traces
together at the center of the figure
are interpreted as a negative flower
structure; however, at a smaller
scale, the set of fault segments
labeled “X” also presents negative
flower structure geometries.
t Delta Systems



by the northeast-southwest fault and is likely to
occur before and during strike-slip motion. Thus,
the same northeast-southwest–striking fault sys-
tem evolves along strike (on vertical sections)
from subvertical fault-propagation fold geome-
tries (Figure 8) to a combination of linked nor-
mal faults and pull-apart basins in the southwest
(Figures 4, 10). This observation is consistent with
a strike-slip fault system interpretation (Harding,
1985).

An amplitude extraction map of H3 and a time-
thickness map of unit C show that areas of high
amplitude and previous fault traces are offset
along the main northeast-southwest fault zone
(Figure 11). They can be restored by a lateral trans-
lation of matching blocks of the map that show
Figure 11. Horizontal displacement on the northeast-southwest and the east-west strike-slip faults. (A, C) Amplitude extractions at H3
(maximum average amplitude, windows 100 ms two-way traveltime (TWT) above and 100 ms TWT below H3, top of the figure) show the
horizontal displacement on the east-west fault and the normal fault connecting to the northeast-southwest fault from the offset of the
channel marked with the blue line. (B, D) Time isopach map between H3 and H4 showing the displacement of two normal faults bounding
a graben by the northeast-southwest fault. The displacement on the east-west fault is indicated by a yellow double arrow (Figure 11A); the
black double arrow indicates the displacement on the northeast-southwest fault (Figure 11C).
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the state of the region as it probably was in the late
Miocene. These blocks are delineated by the
northeast-southwest and the east-west strike faults
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and by the large northwest-southeast normal faults
in the south of the study area. A horizontal dis-
placement of as much as 7 km (4 mi) is found on
Figure 12. East-west–oriented seismic section and interpretation showing the northeast-southwest fault and the four folds within
the area of the restraining bend in the compressional zone. The vertical dashed lines demarcate folds S1 to S4. TWT = two-way
traveltime.
t Delta Systems



the northeast-southwest fault, and 3 km (2 mi) of
displacement is observed on the east-west fault.
Compressional Zone

The compressional zone lies from kilometer 10 on
the northwest flank of the northeast-southwest
fault and to the south of the east-west fault (marked
“compression” in Figure 4). This roughly triangular
compressional area of approximately 540 km2

(∼210 mi2) is composed of four arcuate folds
numbered S1 to S4. From west to east, the max-
imum length of their hinge lines is 20, 6.5, 10.4,
and 8.5 km (12, 4, 6.5, and 5.3 mi), respectively,
at the depth of H1, and the folds have an average
wavelength of 5 km (3 mi; Figure 12). Assuming
that this was measured on a constant reflection,
shortening on each structure is estimated at 2.25,
0.75, 1.5, and 2.2 km (1.40, 0.47, 0.9, and 1.4
mi) for S1 to S4, respectively, yielding a total of
6.7 km (4.2 mi) for the entire system at the depth
of H1 (Figure 12). The folds are asymmetric, with
a steeper forelimb (near vertical in the case of S4,
as displayed on the seismic section). Complex
fault traces are visible at the core of the folds,
although the fault traces do not extend above H3.
Deformation clearly affects the seabed only on
folds S3 and S4 (Figure 13), whereas folds 1 and 2
seem to have been buried by the most recent
sediment package of unit A. This observation is
interpreted as an evidence for a westward pro-
pagation of the fold belt, which is perpendicular
to the general trend of the continental slope.
Folds S3 and S4 gradually die out progressively
onto the east-west fault (Figure 4). This suggests
that the development of the folds is interrupted
by the east-west fault. The folds hinges actually
die out onto the east-west fault. In terms of tim-
ing relationships, this is interpreted as a con-
temporaneous development of the strike-slip
fault and the shortening features. However, the
maximum visible displacement along the east-west
fault has been estimated at 3 km (2 mi; Figure 11),
which is smaller than the total shortening esti-
mated for the fold and thrust belt. However, the
order of magnitude remains similar. It is possible to
assess the relative timing of the fold activity by
looking at onlap geometries, in particular, around
fold S3 (Figure 12). The sediment record is un-
equal at each fold, suggesting that activity on the
folds varies. We suggest that S1 and S2 were active
first and that their activity carried on until the
present day. Fold S3 is currently buried, which can
be interpreted as sedimentation locally overcoming
fold growth. Finally, S4 synsedimentary activity
occurs the latest because onlaps are only found on
the top reflections. A timing relationship can be
established as follows: (1) development of the
northeast-southwest fault; (2) propagation of the
 

Figure 13. Southwest-northeast–oriented seismic section and
interpretation showing rotated normal faults on fold S4. TWT =
two-way traveltime.
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Figure 14. East-west seismic section and interpretation, located west of the lateral strike-slip domain (LSSD), show two present-day
developing northeast-southwest–oriented possible strike-slip faults that are just beginning to slip at present; therefore, no offset can yet
be observed west of the LSSD. They display very steep (subvertical) fault-propagating fold geometries (presence of a subvertical fault can
be inferred at the core of these structures). They could represent similar geometries to what used to be the earliest segments of the
northeast-southwest fault geometries in its compressional part. TWT = two-way traveltime.
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east-west fault to the west; (3) S1 and S2 growth;
and (4) S3? and S4 starting to grow, whereas
other structures remain active. Because no bio-
stratigraphic data are available, however, prevents
us from proposing any absolute age of deformation
events in this article.

Whereas the compressional zone is dominated
by folding, a few steep northwest-striking normal
faults are also observed, with lengths of 2 to 7 km
(1–4 mi; Figures 9, 14). These faults strike almost
orthogonally to the folds. Normal faults dipping to
the southwest are located on both the forelimb
and the backlimb of fold S4. Conjugate normal
faults dipping northeast are also located on the
forelimb. Horizon H4 is tilted and offset by these
faults, but no offset is observed in the younger
horizons. Recent subsidence seems to occur over
the tip of the fault traces, whereas onlapping is
found in unit A; however, it is hard to distinguish
what is controlled by the fold growth or by the
activity of the northwest-striking faults. These
extensional features could either be interpreted as
a marker of preexisting extension before the fold-
ing or could be resulting from a perpendicular ex-
tension contemporaneous to the folding. As evi-
dence of normal fault offset is observed on both
sides of the northeast-southwest fault (Figure 11),
we suggest that the steep normal faults (Figure 14)
are actually incorporated and rotated within fold
S4 during the folding event and are therefore older
than the fold.

Two other compressional structures are ob-
served in the western end of the studied area
(Figures 4, 14). They are steep, listric, west-vergent
thrust faults associated with fault-propagation folds.
These structures create topography of approxi-
mately 300 m (∼1000 ft) at the seabed and are
responsible for the localized erosion of unit A.
Channels are localized at the front of the western
structure and over the backlimb of the eastern
structure (Figure 14). The faults within the folds
are very recent features because no evidence for
previous structural control of sedimentation is ob-
served at the periphery of the folds. The folds are
parallel with the northeast-southwest trend, and
their shape is comparable to the compressional
features of the strike-slip fault zone (Figure 8). As a
result, we suggest that these structures are asso-
ciated with a compressional bend within the overall
strike-slip domain.

DISCUSSION

Structural Relationships

Christie-Blick and Biddle (1985), Woodcock and
Fischer (1986), Woodcock and Schubert (1994),
and Cunningham and Mann (2007) provided 3-D
models of the various geometries of strike-slip
faults. The strike-slip nature of deformation on the
northeast-southwest fault system is indicated by
the wide range of structural features observed along
strike. These features include a horsetail splay at
the northeast end of the studied area, linking ex-
tensional features to strike-slip features (Figure 4).
The angle and the shape of the strike-slip features
we described appear to be slightly different to what
is found in the literature (Harding, 1985). For in-
stance, the strike-slip compressive structure we pre-
sent (Figure 8) is comparable to a steep fault-
propagation fold, its branching out appearing very
asymmetric as the structure tilts westward. These
changes in shape could be explained by the fact
that sedimentation is syntectonic and will influence
the shape of the final structure, as demonstrated
in sandbox experiments (Casas et al., 2000), or that
braided geometries correspond to an advanced
stage of growth.

The northeast-southwest fault and the east-
west fault define amajor structural boundary at the
lateral margin of the sedimentary lobe (Figure 15)
(Cobbold et al., 2009), with the east-west fault
representing a secondary continuation of the main
fault to the west. This fault system is defined as a
tear-fault system because it accommodates dif-
ferential sliding between one sedimentary com-
partment included in the lobe and another outside
the lobe. The dextral sense of slip is compatible
with the downdip sliding of themargins of the delta
lobe. The northeast-southwest fault thus links and
transmits deformation caused by the normal faults
in the extensional domain to the outer thrust belt in
the compression zone over the detachment surface.
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The northeast-southwest fault zone was probably
used to separate the slide mass from a relatively
unfailed material. As it appears at present day, de-
formation has expanded to the northwest (via the
development of the fold belt) so that the active
mass has grown in a secondmore recent episode of
deformation.
Relative Timing of Deformation

We can assess the relative timing of activity on the
different structures associated with the lateral mar-
gin by interpreting crosscutting relationships be-
tween the different geometries and sediment
growth packages. The complex braided geom-
etries and widespread linkage displayed on the
northeast-southwest fault indicate a mature stage
in the faulting (Figure 4). The east-west fault shows
724 The Lateral Strike-Slip Domain in Gravitational Detachmen
evidence for only recent stages of deformation in
its westernmost segment (onlapping in the youn-
gest packages). We therefore think that the west-
ern part of the east-west fault is younger than the
northeast-southwest fault. The northeast-southwest
fault system is developed as a vertical fault in the
east where highly deformed structures similar to
inversion structures are sometimes identifiable
along strike seismic sections (Figure 6A, B). We
suggest that the northeast-southwest fault has
therefore locally become a factor both in extension
and in compression during strike-slip deformation.

The combined east-west and northeast-south-
west tear-fault system shows varying styles of de-
formation and amount of displacement. Evidence
for erosion caused by an uplift of the footwall on
the northeast-southwest fault indicates that this
fault has been active in the past and is still partly
Figure 15. The theoretical model proposed for the lateral strike-slip domain. (A) Three-dimensional block diagram to the scale of the
deep-water deltaic lobe showing the geometric interplay between the main structures of each structural domain. (B) Cutaway from A,
focusing on the lateral strike-slip domain. (C) Summary of the development of the main structures. 1 = extensional faults; 2 = early stages
of strike-slip deformation; 3 = propagation of strike-slip faults; 4 = “restraining bend” area development, including the westward-
verging fold and thrust belt as a later stage of regional strike-slip deformation.
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active at present day as uplifted zones (Figures 6A,
B; 9; 12) and subsiding zones (Figures 7, 9, 10)
occur on the seabed. The evidence for the defor-
mation of the seabed by the western, but not by
the eastern, folds is consistent with a very young
age of deformation on the east-west fault. Com-
plementary evidence for this comes from the tilt-
ing of units A, B, and C caused by the deformation
on the east-west fault (Figure 9), which shows that
activity on the western part of the fault occurred
very recently. This part of the fault likely devel-
oped after deposition of H1 (above which are ob-
served the first growth strata; Figures 9, 12). Fur-
thermore, we do not observe any sedimentary
growth packages in the deposits on the footwall of
this structure, indicating again very recent defor-
mation. The east-west fault is still propagating
westward at the present day.

The fold hinges in the compressional zone are
kinematically connected to the east-west fault,
whereas no direct geometrical relationship can be
established between the fold belt and the north-
east-southwest fault. The curved shape of the fold
hinges could indicate a decreasing anticlockwise
rotation of the deformation front from the east-
west fault to the northeast-southwest fault. Short-
ening in the west occurred at the same time as the
east-west fault began to propagate to the west,
building up what we interpret as a restraining bend
area. We suggest that this area would be controlled
by the growth of the east-west fault (Figure 15C).
This restraining bend is thought to be formed once
the northeast-southwest fault and the east-west
fault linked and developed contemporaneously to
the propagation of the east-west fault to the west.

The extensional zone consists of numerous
extensional fault traces, some of which display
growth packages (Figures 4; 6A, B; 7). Growth
sequences are visible in the seismic data and are
probably associated with successive stages of de-
formation (Figure 6A, B).We therefore show that
this area does not undergo simple compression as
it would be thought for a regional deep-water
compressional domain (Figure 1). We suggest that
the northwest-striking normal faults in the com-
pressional zone (Figures 9, 13) developed con-
temporaneously to the faults with the same trend
in the extensional zone, that is to say before H1.
They then probably became inactive and have
been reactivated as the fold belt grew in the com-
pressional zone at very recent stages. The deposits
over the detachment surface underwent a first
phase of extension. During this period, extension
was very limited in the compressional zone, and
only a few small faults developed. A second phase
of extension started after H2 to H3 and has con-
tinued to the present day. Strike-slip deformation
on both the east-west fault and the northeast-
southwest fault probably began before the end of
the first phase of extension but became predom-
inant after H2. In fact, most of the structures re-
lated to strike-slip deformation seem to control
post-H2 sediments. Deformation occurred at dif-
ferent stages along the strike of the strike-slip faults.
Numerous smaller normal faults also indicate sev-
eral ages of faulting. These fault traces are likely to
be rotated by later shortening structures, such as
the crosscutting fault-propagation fold shown in
Figure 13.
Evolution of the Lateral Strike-Slip Domain

A schematic block diagram (Figure 15A, B) in-
cluding the location of the lateral strike-slip do-
main in a gravity-driven detachment system shows
the geometric interrelations between the exten-
sional, translational, and compressional domains
using the analogy of a mass-transport complex. At
the scale of 100 m (300 ft) to 10 km (6 mi), lateral
margins are mostly documented, and their geom-
etries are comparable to what we observe in the
western Niger Delta. Extensional faults evolving to
transfer faults and to purely strike-slip deforma-
tion have been reported from field examples. For
instance, pure strike-slip deformation occurs on
slumps of constant width (Martinsen and Bakken,
1990). This evolution in the structures illustrates, in
the case of slides, a lateral expansion of the mar-
gins, leading to a change in their width.

The compressive structures linked to the lat-
eral strike-slip domain are younging westward,
which shows that the structural domain is getting
wider with time. Deformation is more likely to
propagate laterally over a previously unfailedmargin
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because it has no constraint to stop its propagation,
leading to the development of the lateral strike-slip
domain. This increase in width may also indicate
that the local overburden cannot effectively slide
downslope compared with other areas. This may be
because the detachment surface is less conducive to
sliding or because the sediment overburden at the
lateral margin is relatively thin and less prone to
downslopemotion.We speculate that a local change
in effective stress caused by overpressure develop-
ment in the lateral variations of sediment thick-
nesses could cause a control on stress patterns,
leading to the expansion of this structural domain.
Alternatively, an abrupt increase in the regional
sediment input, coupled with spatially nonuni-
form accumulation, could also trigger the regional
partitioning of the slidemass. Therefore, the slope
angle would be expected to increase in areas of
greater sedimentation and the more central parts
of the sedimentary lobes would be more likely to
become unstable and begin to slide basinward.
The origin and development of tear faults is likely
to be common in any gravitational system driven
by a high sedimentation (or sediment supply) rate.

Irregularities within the detachment such as a
change in the nature or thickness, therefore, rheol-
ogy of the sediments, such as theDahomey wedge,
a thinner shale unit included in the Akata Forma-
tion (Morgan, 2004) (Figure 3), may explain the
development of strike-slip stresses in this par-
ticular region. Otherwise, Treviño and Vendeville
(2008) provided an example of a normal fault in
the hanging wall of a major growth-fault complex
with a strike line that is perpendicular to the di-
rection of deformation. They suggested that a slight
convergence or divergence of the stresses from the
center of the structure could lead to the growth of
coast-perpendicular structures in the sedimentary
cover as coast-parallel convergent stresses occur
in the detachment unit. A similar process can be
suggested for our strike-slip fault zone because its
general strike is perpendicular to coast-parallel
extensional features.

Finally, the position of the northeast-southwest
strike-slip fault zone could also be controlled by a
preexisting basement structure (transfer faults
from the rifting event associated with the forma-
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tion of the underlying oceanic crust). The base-
ment in this area is shallower (∼5 km[∼3mi]) than
that in the central part of the deep-water delta (up
to 10–12 km [6–7 mi]) because the sedimentary
overburden is wedging to the northwest and there-
fore becomes thinner than areas farther to the
southeast on the delta lobe. The higher basement
could act as a buttress that would confine the slide
and control its dimensions.

Tear-fault systems in such a setting may pro-
vide probable structural traps for hydrocarbons
and localize syndeformation sedimentation in a
similar way to continental tear-fault systems. Deep-
water sedimentation may be controlled, confined
by such structures and migration pathways avail-
able through the many various fracture sets gen-
erated by structural deformation.

CONCLUSIONS

A complex strike-slip fault zone in the northwest-
ern deep-water Niger Delta is composed of exten-
sional, strike-slip, and reverse faults. The complex
forms the northwestern lateral margin of the deep-
water western Niger Delta, but comparable struc-
tures may occur at the margins of both sedimen-
tary lobes of the Niger Delta, as well as in similar
deep-water delta settings on other gravity-driven
detachment systems. Situated at the lateral bound-
ary of the translation domain, the lateral strike-slip
domain links deformation between the exten-
sional and compressional domains.

This article shows that the lateral margins of a
regional-scale gravitational collapse provide clues
in understanding the kinematics and timing of
deformation between the extensional and com-
pressional parts of such features. Regional lateral
margins are structurally complex, but their evo-
lution is predictable. They can also provide in-
teresting structural traps in hydrocarbon explo-
ration. We suggest that the position of the lateral
strike-slip domain is either controlled by a mod-
ification of the underlying detachment properties
and efficiency or that preexisting basement ele-
ments still influence the sedimentation and com-
partmentalization of gravitational collapse.
t Delta Systems
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a b s t r a c t

Using three-dimensional (3D) seismic data, we establish a simple model for the development of vertical
fluid flow pipes in the deepwater western Niger Delta. We analyse two examples of fluid flow pipes that
form vertical seismic chimneys that are 400e600 m wide and w2000e2500 m in height, terminate at
the current seabed and have bases located at the crest of rollover anticlines. In both cases we identify
buried deepwater channels-complexes located below the pipes that formed prior to the growth of the
rollover anticlines. The development of the anticlines caused tilting of these channel complexes and
differential loading. We propose the channel complexes represent connected permeable reservoir
intervals and that lateral pressure transfer caused the pore pressure at the crest of the structures to reach
critical levels, leading to hydraulic fracturing of the overburden. Although hydrocarbons may migrate
upwards through the chimney systems, they are not necessarily indicators that the channel complexes
were gas or oil charged.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The occurrence of fluid flow pipes is often linked to the presence
of an active petroleum system (Grauls and Baleix, 1994; Ingram and
Urai, 1999; Stewart and Davies, 2006; Cartwright et al., 2007) and
therefore could be used as a hydrocarbon indicator (Grunau, 1987).
Vertical fluid conduits above folds commonly occur in basins with
high sedimentation rates (Huuse et al., 2010) on both active
margins (Caspian Sea e Stewart and Davies, 2006; Trinidad e

Deville et al., 2010; Brunei: Van Rensbergen and Morley, 2003) and
passive continental margins, such as the Atlantic Ocean and Gulf of
Mexico (Dugan and Flemings, 2000; Seldon and Flemings, 2005;
Reilly and Flemings, 2010), the Nile delta (Loncke et al., 2004;
Feseker et al., 2010), west Africa (Moss and Cartwright, 2010), and
the Niger Delta (Graue, 2000).

Recent research has been focusing on the recognition of
fluid flow pipes, mainly from seismic data (Cartwright, 2007;
Cartwright et al., 2007; Moss and Cartwright, 2010). Løseth et al.
(2010) also compared kilometer-scale fluid flow pipes in the Niger
.A., 2, place Jean Millier, La
88659.
k, amelie.leduc@total.com
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Delta to field examples in Greece. In such environments, it is
generally considered that vertical escape pipes result from an
escape of buoyant hydrocarbons (Cobbold et al., 2009; Løseth
et al., 2010). But vertical conduit systems may be primed and
triggered by pressure in reservoir intervals that develops due to
the existence of structural relief and connected permeable strata
(Bjørkum et al., 1998). The assumption that vertical conduits are
the result of hydrocarbons causing seal failure may be erroneous
(Bjørkum et al., 1998; Nordgard Bolas and Hermanrud, 2003;
Heggland, 2005).

This paper considers the structural and stratigraphic setting of
two significant fluid flow pipes in a deepwater environment in
order to assess the geological processes leading to critical pres-
suring and vertical fluid flow. We develop a simple, generally
applicable model for a how fine grained deepwater sedimentation,
channel development and fold growth, can lead to the establish-
ment of overpressure and catastrophic seal failure without the
requirement for a hydrocarbon column.

1.1. Overpressure

High sedimentation rates cause a rapid increase in the vertical
stress that is applied onto the stratigraphic column and leads to
sediment compaction. In low permeability sediments, pore fluid is
prevented from escaping and the lithostatic load is imposed upon
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it. This process is known as disequilibrium compaction (Dickinson,
1953) and is the main cause of overpressure in mudstone-rich
Cenozoic basins deltas (Swarbrick and Osborne, 1998). Tilting of
permeable reservoir intervals can also cause overpressure due to
lateral pressure transfer (Yardley and Swarbrick, 2000), otherwise
known as the centroid model (Traugott and Heppard, 1994;
Finkbeiner et al., 2001). Lateral pressure transfer is characterized by
an upward increase in the pressure gradient, in a sealed reservoir at
hydrostatic pressure, as a response to the reservoir interval tilt. In
this case study, permeable reservoirs are preserved sands from
deepwater turbidite channels and structural deformation is
a potential source of lateral pressure transfer.

Fluid flow due to lateral pressure transfer in permeable reser-
voirs can contribute significantly to increasing pore pressure at the
crest of the reservoir (Reilly and Flemings, 2010). At a depth termed
the centroid depth, pressure is balanced within the reservoir,
between the section of the reservoir that is above and below the
centroid depth (Traugott and Heppard, 1997). Pressures can reach
the pressure required to cause hydraulic fracturing (Fig. 1). Pore
pressure and horizontal stress are coupled (Mourgues and Cobbold,
2003) and can be quantified fromwell data (Mourgues et al., 2011).
Well data were not available for publication in this study, we
therefore use estimated pressure values based upon well-known
and established gradients, such as the hydrostatic gradient, and
the shale gradient combined with the minimum stress gradient,
estimated from geological analogues (Heppard et al., 1998; Nashaat,
1998; Swarbrick and Osborne, 1998; Tingay et al., 2009).

1.2. Fluid flow pipes

A hydraulic fracture should develop perpendicular to the
direction of minimum compressive stress (Secor, 1965; Hubbert
and Willis, 1972). Fluid conduits will form if sufficient pressure is
present to reach the hydraulic fracture pressure and breach the
caprock of a given reservoir interval (Fig. 1). This mechanism has
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Figure 1. Theoretical pressureedepth plot showing the parameters taken into account
to determine overpressure in this case study showing hydrostatic, lithostatic and shale
gradient. The shale gradient is drawn from the fluid retention depth (FRD), repre-
senting the top of overpressure in the overburden and is function to the local sedi-
mentation rate. The minimum horizontal stress (Sh) is indicated for a structural setting
in extension; gradient is obtained from Grauls (1999) and Deville et al. (2010).
been recognized in previous studies on vertically-focused fluid
flows (Hovland and Judd, 1988; Miller, 1995).

Fluid flow pipes can be identified on 3D seismic data as sub-
vertical zones of disturbed reflection or stacked amplitude anom-
alies (Cartwright, 2007). They can bypass hydrocarbons seals
(Cartwright et al., 2007). They were first described in the Niger
Delta by Løseth et al. (2010), and literature in the past decade has
considered how to recognize fluid flow pipes from 3D seismic data
and their morphological, lithological and seismic character (Davies,
2003; Cartwright, 2007; Cartwright et al., 2007 Huuse et al., 2010;
Moss and Cartwright, 2010; Løseth et al., 2010).

1.3. Geological setting

The deepwater western Niger Delta, Gulf of Guinea (Fig. 2A) is
a mud-rich Cenozoic prograding sedimentary accumulation, where
updip extension expressed by regional-scale growth faults is linked
to downdip compression with fold-and-thrust belts (Doust and
Omatsola, 1990; Morley and Guerin, 1996). This historically has
been considered to occur at the first development of overpressure
coincident with detachment faults (e.g. Briggs et al., 2006). The 7e
10 km-thick succession was deposited from the middle Miocene to
the Holocene (Short and Stauble, 1967). It is part of the Agbada and
the Benin Formations. In cross-section, the seismic signature is
characterized by mid to high amplitude reflection packages,
including, high amplitude parallel to chaotic lenses associated with
channelelevees complexes. Deposition of sediments at high rates
leads to rapid loading and in low permeability sediment can cause
overpressure. Unpublished well data in the study area provide an
estimate of about 2000 m in 11.6 Ma (approximately 160 m My�1).
Overburden undergoes gravity-driven deformation above deeply
buried, overpressured strata (Cobbold et al., 2009). Smaller-scale
deformation caused by overpressure and sediment remobilization
also occurs, for instance fluid flow pipes andmud volcanoes (Graue,
2000; Heggland et al., 2001; Kopf, 2002) and kilometre-scale
fluidization features (Davies, 2003) have been described.

1.4. Structural setting

The area of study is located at the periphery of a major growth
fault and a lateral strike-slip fault that developed contemporane-
ously (Fig. 2B). Here extension, strike-slip deformation and
compression are kinematically linked (Leduc et al., 2012). Defor-
mation occurred in several stages as the study area was located
within the contractional domain of a regional gravity detachment
system in the Miocene. A period of reorganization of the regional
system then resulted in the development of strike-slip faulting at
the margins of the gravitational detachment lobes, resulting in the
growth of EeW to NEeSW oriented elongated structures. Finally,
more recent delta progradation and resulting structural evolution
triggered regional, coast-parallel normal and growth faulting which
structures orientation is approximately WNWeESE.

2. Data and methodology

We use three seismic volumes located in water depths of
between 500 and 2000 m on a southwest-dipping slope and cover
an area of 4300 km2. The surveys were acquired in 1998 with a bin
spacing of 12.5 m by 18.75 m. Data are zero-phase migrated and are
displayed in two-way travel time (twt), with a vertical resolution of
about 10e20 m at the depth of our seismic interpretation. The
dominant frequency is w45e50 Hz. We interpret four regional
horizon reflections (named 1, 2, 3 and 4) from the deepest to the
shallowest (Fig. 3A and B) mapped around a sub-circular structural
high. These horizons delineate five stratigraphic units from



Figure 2. Location maps. A. Location of the study area in the western Niger Delta. B. Time contour map (at depth of horizon 2) showing the structural setting of the area and the
location of fold 1 and fold 2. “ms twt” in this and subsequent figures e milliseconds two-way time. C. Location of Figures 3, 4, 5 and 7.
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a regional detachment level to the seabed (A, B, C, D and E from the
deepest to the shallowest units). Mapping has been carried out by
auto-dip tracking of maximum (high amplitude) reflections. A full
stack amplitude volume is available for all the seismic surveys. We
use interpreted time-structure and time thickness maps (isochron
maps) and seismic attributes such as RMS (Root Mean Square)
amplitude extractions along the selected horizons with a view to
interpret the structural evolution and locating channel migration
pathways (Brown, 2011).

To estimate overpressure, we need to know: (1) the lithostatic
and hydrostatic gradient; (2) the sedimentation rate, and as
a result, the fluid retention depth (FRD), obtained from the
empirical relationship established by Swarbrick et al. (2002). This
allows one to locate the shale gradient, which represents the pore
pressure within the shale, a lithostatic-parallel gradient originating
from the FRD (Fig. 1). The numbers used to build the graphical
interpretations were obtained by converting the measured depths
(in ms twt) into metres using a velocity of 1800 m s�1 at the seabed
and increasing up to 2100m s�1 atw1000ms twt below the seabed
reflection, then up to 2500 m s�1 at w1500 ms twt below the
seabed reflection, and up to w3000 m s�1 at w2800 ms twt below
the seabed (after Morgan, 2003). In this paper we use the term
reservoir to refer to porous and permeable strata where the pore
fluid is either gas or water.
3. Observations

3.1. Folds 1 and 2

Fold 1 is a buried sub-circular structure located approximately
12 km southwest of a major listric normal fault and w10 km south
of the lateral boundary of the sedimentary lobe defined by a NEe
SW trending strike-slip fault system (Fig. 2A and B). The fold is
a symmetrical, positive structure w5000 m in diameter, with
a relief of w800 m, occurring between 2500 m and the seabed
(Figs. 3A and 4). Seismic imaging of the core of the fold is poor
below horizon reflection “1”; however we identify fault traces and
a thickened package that suggest a structural thickening of the
deepest units (Fig. 3A, package A, and Maloney et al., 2010). Onlaps
indicating growth of the structure are observed above horizon
reflection “3” and the seabed. High amplitude reflections at the
crest of the structure suggest the presence of a high amplitude
feature at the seabed (Figs. 3A and 4).

A second anticline (fold 2) is located to the south of fold 1
(Fig. 3B) in a comparable structural setting, although its geometries
are more elongated in a NEeSW direction. Its hinge is 15 km-long
and it is 3 kmwide from north to south (Fig. 2C). A low-reflectivity
unit disturbed by sub-vertical features is found at the base of fold 2.
They are interpreted as either compressive or strike-slip, eastewest
oriented, fault traces that develop over the detachment (Leduc
et al., 2012).
3.2. Channel complexes at folds 1 and 2

Assuming that sedimentation rates are spatially uniform,
isochron maps from packages A to E show the evolution of the
position of depocentres in the area of folds 1 and 2 (Fig. 5).
Contemporaneous with the development of the NEeSW strike-slip
fault zone, deposit progressively thin out northwards (Fig. 5,
isochron maps A to E). Similarly the development of a syncline to
the southwest of folds 1 and 2 is observed at later stages (Fig 3A and
B, packages C to E). Areas where the youngest package E is thinner
suggest that a bathymetric high prevented sediment deposits from
being deposited or preserved above folds 1 and 2 (Fig. 5, unit E).

Five channels are identified to the north and south of fold 1
(Fig. 6). Two different types of sediment pathways developed. At
earlier stages all channels are low-sinuosity (Fig. 6, map A). These
channels are mud-filled and levee deposits are fine-grained
(Fonnesu, 2003). No deflections of the sediment routes are found
around fold 1 (Fig. 6, maps A and B). A reorganization of the
channels network appears at later stages (Fig. 6, maps C and D) and
channels were clearly deflecting around a bathymetric high.



Figure 4. Seismic section showing the fluid flow pipe 1, at the top of fold 1. A seabed amplitude extraction map shows the pockmark at the top of pipe 1 (high amplitude is white to
brown; lower amplitudes are shown in blue). “3” refers to the nomenclature presented in Figure 3; this horizon embeds “channel 2” shown on Figure 7. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Figure 3. A. Seismic section across fold 1, perpendicular to dip direction. B. Seismic section parallel to A, across fold 2 and perpendicular to dip direction. Both seismic sections show
the general structural trends and units A, B, C, D and E which time-thickness (isochron) maps are shown on Figure 6.
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Figure 5. Time thicknessmaps in the folds 1 and 2 areas for each unit (A, B, C, D and E, over which are represented themain structural trends) defined in Figure 3A and B. Red to yellow
indicates thicker areas, blue topurple shows thinner areas. The asterisk shows the locationof thefluidflowpipe; the arrows indicate areaswhere an important change in thickness trend
is observed between the previous and the actual map. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Figure 6. Amplitude extraction maps of horizons A, window:�100þ100 ms twt, B, window:�10þ80 ms twt, C, window:�10þ60 ms twt and D, window:�0þ80 ms twt. Red circle
indicates the position of the fluid flow pipe 1. Dashed red lines indicate faults and dashed yellow line the position of fold 1. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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3.3. Pipes 1 and 2

A roughly circular high amplitude region of the seabed is
apparent at the crest of fold 1 (Figs. 2C and 3). It is underlain by
a vertical area of low-reflectivity that extends from the seabed to
a depth of 2100 ms twt (approximately 2625 m). A lack of seismic
reflectivity is interpreted as an indicator for the presence of gas.
Evidence for bottom-simulating reflections and similar amplitude
anomalies can be observed at the periphery of the pipe, occurring
at depths of approximately 495 m (or 400 ms twt) below the
seabed (Fig. 4). It is an approximately cylindrical featurew650 m in
diameter. A similar feature is observed downdip (pipe 2, Fig. 7).
Their structural and stratigraphic setting are comparable, as well as
their dimensions (w450 m diameter at the seabed; w1965 m in
height). Both are also located above an anticline structure. At pipe 1,
the flexure generated a relief of 1340 m between the lowest point
(at 3050 ms twt, or 3965 m depth burial) and the highest point (at
2100 ms twt, or 3965 m depth burial) of the channel complex
(Fig. 8A). At pipe 2, a relief ofw800 m is measured between the top
of the reservoir interval located (2500 ms twt or 3250 m depth
burial) and the lowest point (at 3000 ms twt or 4050 m depth
burial, Fig. 8B). The channel located below pipe 2 appears as
a package of high amplitude, chaotic reflections (Fig. 7). RMS
amplitude extraction of the channel shows meandering geometries
with low amplitude reflection, indicative of a mud fill in the core of
the channel complex and high amplitudes on each side (levee
deposits). Both channel complexes can hold potential reservoirs for
water and/or hydrocarbon accumulation indicated by very high
amplitude reflections (white to brown).

4. Interpretation

4.1. Fluid flow pipes

These observations argue for a fluid escape feature (Cartwright
et al., 2007), however there is no evidence for mud flows at the
Figure 7. Pipe 2. A. Time contour map (see Fig. 2) locating the following sections. B. Seabed d
potential source of overpressured fluids for this pipe is inferred to be the tilted reservoir in
near-surface and no evidence for a buried or active edifice. We
herein term the feature a fluid flow pipe (pipes 1 and 2, Figs. 4 and
7) although we recognize that this term does not reflect the likely
complexity of the structure (e.g. Morley, 2003). At the seabed a high
amplitude reflection may indicate the development of a chemo-
synthetic community, gas hydrates, or a local seabed diagenetic
effect at the summit of the pipe, arguing for gas escape. In both
cases a growth package and the presence of normal fault traces
support the hypothesis that these structures are rollover anticlines.
We propose that there were a series of deformation episodes
within this strike-slip domain, and then extension led to the
formation of this sub-circular feature. Near-seabed growth pack-
ages suggest recent activity of the growth fault (onlapping reflec-
tions marked on Figs. 4 and 7, growth strata visible in packages D
and E). The vertical pipes then develop in an analogous structural
setting and over similar pre-existing depositional features. High
amplitude reflection packages, interpreted as channels, are found at
the base of the vertical zones of low reflectivity in both cases. In
plan view, a low-sinuosity channel located at the base of pipe 1 is
identified. Internal low amplitude reflections indicate a mud fill
whereas the channel body is interpreted to be fine-grained sand
(Fonnesu, 2003). The associated levee deposits display high
amplitude reflections (channel 2, Fig. 6).

4.2. Development of fold 1

Fold 1 is sub-circular. Several geological mechanisms can form
circular structures, for example diapirs (salt or “mobile shale”),
volcanic calderas (magmatic or mud volcanism as a result of
overpressure), rollover anticlines, compressive or strike-slip pop-
ups (Stewart, 1999). Similar structures have been termed “shale
diapirs” (Cohen and McClay, 1996; Kopf, 2002), but with higher-
resolution data, it is possible to identify an eastewest compres-
sive or strike-slip structure at the core of fold 1.We propose that the
slight eastewest elongate irregularity may be inherited from early
stages of strike-slip deformation as seen in fold 2. It could have
ip map showing the pockmark at the top of pipe 2. C. Seismic section across pipe 2. The
terval shown in details in Figure 8.



Figure 8. A. Details of the reflections at the level of the reservoir below pipe 2 (area
coloured in red; see full section on Fig. 7). B. Amplitude extraction map from a window
between the top and the bottom reservoir interval reflections (indicated with dashed
lines and highlighted in yellow). High amplitudes are shown in white to brown; lower
amplitudes in blue. A meandering channel-levee system can be identified; high
amplitudes being located in the potential channel-fill deposits. The fluid flow pipe
stands just east of the high amplitude pattern; a discrete fault network possibly links
the two. Reverse polarity high amplitudes could suggest the presence of a hydro-
carbon-water contact in the reservoir. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

A.M. Leduc et al. / Marine and Petroleum Geology 43 (2013) 423e433 429
formed as the region underwent the early stages of strike-slip
deformation, evidenced by the development of the NEeSW
strike-slip fault to the northwest. This deformation event may be
followed by a regional extensional event which took place to the
northeast of the study area. This later event resulted in the devel-
opment of growth fault-related rollovers, which may modify the
overall geometries of pre-existing structures. Finally, the occur-
rence of pipe 1 postdates the development of the fold, but is
contemporaneous with normal fault growth. It is thought to be
contemporaneous to mud volcanism activity, which has been re-
ported in the Pliocene and at present day in other locations of the
deepwater delta (Kopf, 2002).

The structural development of fold 1 can be explained in two
steps. Evidence for the existence of a growing positive topographic
feature is found from seismic reflection amplitude attribute maps
(Fig. 6). A channel (marked channel 2, Fig. 6) is identified from
a series of time thickness maps calculated between the interpreted
horizons. It is deflected around the position of Fold 1 betweenmaps
B and C, and that trend is even cleared during the later stages of
deposition (Fig. 6, map D). Time thickness maps (Fig. 5) confirm
a localized thinning in the area of Fold 1 but only seen on the
isochron map for the most recent sedimentation (Fig. 5E). This
observation matches the observations from seismic data showing
onlap geometries in the overlying sediment package (Fig. 7).
However, deposition of sediment packages is not strongly disturbed
and the structure is shallow enough for sedimentation to continue
at its crest. As a result two episodes of growth are identified, one in
the Late Miocene and one between the Pliocene and present day.
These observations suggest the following three hypotheses. Either
folds 1 and 2 start to grow after the channels deposition, or their
rate of uplift is much lower than the rate of burial. It is also possible
that another mechanism deforms the upper units (such as differ-
ential compaction).

We associate the early stage of fold 1 growth with an earlier
stage of the evolution of the gravitational collapse when this area
was located in a compression setting. In a second stage, as a result
of the delta progradation seaward the structural domains migrate
to deeper parts of the basin and the area from then on is in the
position of the translational domain, close to the extensional
domain. Fold 1 is incorporated at the northern tip end of a large
rollover anticline (Fig. 6E) and updip growth strata (Fig. 4) indicate
the presence of a large associated normal fault.

4.3. Pore pressure

The porosity of the generally fine-grained sediments is esti-
mated to be 60e70% at the seabed, and is reduced to 40% by
compaction at a depth of 800 m (Janik et al., 1998). The density of
mud is taken to be 2.1 g cc�1 (Janik et al., 1998) and the density of
water is 1.03 g cc�1. The hydrostatic gradient is approximately
10 MPa km�1; the lithostatic gradient is estimated to be
22 MPa km�1 and the horizontal stress at w18.2 MPa km�1, as the
ratio between the horizontal to the vertical effective stress are
estimated to give a fracture gradient of 0.85 which is typical for
a basin that is undergoing little extension, similar to Trinidad
(Heppard et al., 1998; Deville et al., 2010), the Nile delta (Nashaat,
1998), and Brunei (Tingay et al., 2009). This value is also pre-
dicted from the model of Grauls (1999), who proposed that
a predictable correlation exists for the maximum fluid pressure
value, between theminimum principal stress and depth, for a given
tectonic regime, which is, for this study is extensional. Finally, the
fluid retention depth (FRD) is expected to be found in a depth
interval between 700 and 1400 m below the seabed given the
sedimentation rate of approximately 160 m My�1 (Swarbrick et al.,
2002; Davies, 2003).

Development of fold 1 generated uplift. This uplift, associated to
the tilting of the reservoir interval is thought to cause an increase in
pore pressure within the reservoir at the base of pipe 1, within
channel 2 (Fig. 7, horizon 3; Fig. 6B, marked “channel 2”). Uplift by
the tilting of the footwall is a likely cause for lateral pressure
transfer (Yardley and Swarbrick, 2000). In addition, no significant
evidence for erosion is found at the crest of the anticline, which
does not allow arguing for a significant change in reservoir pres-
sures before the pipes formation. For both pipe 1 and pipe 2
systems, it is possible to calculate the amount of overpressure
required in each reservoir interval to come sufficiently close to the
minimum horizontal stress to generate a fracture (Fig. 9). A graphic
construction is proposed in order to define the centroid depth. We
present results for pipe 1 (Fig. 10A) and pipe 2 (Fig. 10B). A centroid
depth between 3000 m (for a FRD located 700m below the seabed)
and 3850 m (for a deeper FRD, Fig. 10A) is required for Sh min to be
reached at the base of pipe 1 escape system, and of at least 3600 m
for pipe 2 escape system (Fig. 10B). A difference in overpressure of
about 4e13 MPa is required to reach hydraulic fracturing for pipe 1
(Fig. 10A), and 5 MPa of additional overpressure are required for
pipe 2 to reach fracturing. In this estimation we do not include the



Figure 9. Lateral pressure transfer in a given reservoir. A. Values measured for pipe 1. B. Values measured for pipe 2. In this model, the reservoir is inferred to be a tilted sand body
confined in a shale succession. Black arrow denotes lateral pressure transfer. Depths are calculated after Morgan (2003).
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role of extensional faults close to the crest of the fold as their role in
the release of fluid and lowering of overpressure cannot be esti-
mated from our available data. However, if one assumes these faults
could also be used for fluid circulation, the estimated required
overpressure for pipe 1 and 2 would be inferior to the above esti-
mated figures. In our case study the lack of relevant data prevents
from specifying the role of fault as conduits, which can be esti-
mated in analogue studies, and may help in carrying a full forward
model (e.g. Hustoft et al., 2010).

5. Discussion

5.1. Source of overpressured fluids

There are at least two potential sources of overpressured fluids.
A deep source of overpressured fluids had been discussed by
previous works (Graue, 2000; Cobbold et al., 2004, 2009; Løseth
et al., 2010). They suggested that, in the Niger Delta, hydrocarbon
cracking at depth would provide a suitable source to generate
overpressure in deep reservoir intervals. It is possible that fluids
coming from deeper strata migrate to shallower reservoirs in the
overburden through a connected detachment fault network
(Maloney et al., 2010). However, a combination of disequilibrium
compaction and lateral pressure transfer processes could also well
explain the presence of shallower overpressure without the need of
a large amount of overpressured fluids migrating from deep strata.
This shallower source of overpressured fluids would be more likely
to generate the studied fluid flow pipes.

5.2. Role of gas

There is evidence for the presence of gas in the pipe and at its
periphery. At depth, hydrocarbon accumulation, and specifically
gas, is likely to be trapped in sandstone reservoirs which were
deposited within deepwater channel deposits. The presence of
hydrocarbon accumulations can easily be observed from high
amplitude reflections associated with a flat spot on seismic section
(Fig. 8). If a vertical failure occurs at the top of these hydrocarbon-
filled reservoirs, then this accumulation could escape through
a fluid escape pipe. It does however not demonstrate that the
hydrocarbon accumulation actually caused the initiation of the
failure at the reservoirecaprock interface Hydrocarbon buoyancy,
as well as water within a given reservoir modifies the effective
stresses by increasing the fluid pressure equidirectionally, but to
breach the seal, the failure conditions must be met. An increase in
fluid pressure can drive a fluid-filled fracture (e.g. Flemings et al.,
2003). Under such conditions grains can separate, allowing seal
breaching and fluid escape. Caprock hydraulic fracturing can then
occur once the pore fluid pressure exceeds the minimum stress,
added to the tensile strength perpendicular to the direction of
minimum stress (Hubbert and Willis, 1972; Jolly and Lonergan,
2002; Reilly and Flemings, 2010). Lateral pressure transfer (the
centroid model) can help predicting higher pore pressures in
a fluid-filled sand body included in a sealing, impermeable shale-
rich environment, when structural relief (e.g. caused by tilting)
triggers a differential sedimentary loading over the sand body. As
a result a hydrostatic pressure gradient parallel to the slope of the
hydrostatic gradient develops in the sand body (Traugott and
Heppard, 1994; Yardley and Swarbrick, 2000). The lateral transfer
of pressure then can locally enhance pore pressures at structural
crests (Swarbrick and Osborne, 1998). Mechanically, the lateral
transfer of pressurewithin a tilted reservoir interval can explain the
initiation of a vertical failure in this presented case study, with or
without the presence of hydrocarbon. The role of hydrocarbon, and
gas in particular, in this model, would be limited to the actual
propagation of the vertical pipe towards the surface, by escaping of
buoyant gas initially present in the reservoir. Rodgers et al. (1999)
also suggest that, as an application to Newton’s third law of
conservation, it can be predicted that hydraulic fracturing is not
more likely to occur in gas reservoirs than inwater-filled reservoirs.
As a result the role of gas is limited to bring the overpressured fluids
through the pipe towards the surface. This would explain how the
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pipe propagates vertically to the surface, and why leaking gas may
be observed within and at the top of the pipe. This model thus
suggests that the effect of hydrocarbon buoyancy needs not be
involved to create the pore pressure required for failure (Bjørkum
et al., 1998).

Hydrocarbons present in the pores are also buoyant and an
increase in volume triggered by their cracking can contribute to an
increase in overpressure (Osborne and Swarbrick, 1997; Swarbrick
and Osborne, 1998; Grauls, 1999). They are thought to be the main
cause of regional overpressure in the deepwater Niger Delta
(Cobbold et al., 2009). In this study, however, hydrocarbon accu-
mulation at these depths would not reach a temperature high
enough to generate hydrocarbon cracking. We therefore prefer the
lateral pressure transfer mechanism for the formation of such large
scale fluid flow pipes. Numerous other smaller vertical pipes (less
than 1 km long in cross-section) are present; however their
formation is not specifically assigned to lateral pressure transfer.
Pipes 1 and 2 share two main location characteristics: above
a potential reservoir and at the crest of a steep structural high. This
has implications in terms of reservoirs integrity as, even though
such reservoir intervals may constitute interesting prospects in oil
and gas exploration, it is necessary to be careful about the critically
pressured state of these objects.
5.3. Model

The chronology of deposition, structural deformation and
overpressure development is: (a) first, sedimentation through
deepwater clastic-filled channels, including fine sand deposits in
a shale-rich succession occurs, and deepwater channels become
quickly buried due to rapid loading; (b) overpressure builds up and
regional-scale gravitational collapse triggers structural deforma-
tion, including rollover anticlines. Local subsidence or uplift causes
a local rearrangement of sediment pathways at the periphery of the
structure; (c) as structures grow, tilting of the underlying sedi-
ments increases and potential overpressured reservoirs e bearing
water with or without hydrocarbon accumulation e undergo
a redistribution of pressure, a lateral transfer towards the highest
point of the reservoir. Structural deformation might also generate
a fracture network allowing fluids from deeper reservoir intervals
to migrate to a higher position in the stratigraphic succession,
which is not seen on the interpreted data. Finally the pressure
gradient between the reservoir and the caprock at the highest point
of the reservoir becomes high enough to reach hydraulic fracturing,
and large, vertical fluid flow pipes develop. A later resulting local
deformation and sediment redistribution is likely to occur, and the
pipe may remain an active fluid migration pathway as long as
overpressure remains in the connected underlying compartments
(Fig. 11).

6. Conclusions

We propose that large-scale vertical pipes need not be related to
hydrocarbon buoyancy and can form above porous and permeable
strata with no hydrocarbon charge. In this study we presented
pipes that develop at the crest of anticlines as a result of the
following succession of events: (1) rapid sedimentation and
loading; (2) uplift; (3) lateral pressure transfer in the reservoir
intervals; (4) hydraulic fracturing of the caprock at the shallowest
point in the reservoir interval; (5) vertical fluid escape through the
overburden to the seabed. Our results suggest that this process,
lateral pressure transfer, added to regional-scale disequilibrium
compaction is sufficient to generate enough overpressure (w5e
10 MPa) to initiate the 2 km-scale fluid flow pipes located right
above these water-filled sand bodies. This model could have
general applicability to other deepwater settings where vertical
fluid pipes are common.

This case study provides complementary information on the
nature of low-reflectivity vertical features in a gravity detachment
system, which have commonly been interpreted as shale diapirs
with lower-resolution data. Appropriate seismic interpretation
around each fluid flow pipes allows the mapping the source of
fluids escaping through the pipes and the structural setting in
which they develop. The results show that kilometer-scale vertical
fluid flow pipes can develop as a result of interacting sedimentary,
structural and overpressure mechanism and need not be a direct
hydrocarbon indicator.
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Appendix 04: Dip sections in OPL316 3D datasets located between the extensional structural domain 
and the translational domain
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Appendix 05: Random line in OPL316 3D datasets showing a negative flower structure 
of the lateral strike-slip domain in the north
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Appendix 06: Strike line in OPL316 3D datasets showing a contractional structure 
of the lateral strike-slip domain in the north
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Appendix 07: Isochron maps of the horizons H400 and H300 interpreted in Eni
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Appendix 12: Seismic sections along the NCS-N and above the “Khop” structure, offshore Mauritania.
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Appendix 13: Glossary 

 

This appendix section provides a series of definition of terms used in this thesis. 

 

2D Two-dimensional. 

3D Three-dimensional. 

Acoustic impedance Defined by density and seismic velocity. Changes in acoustic impedance are 

recorded in seismic data (Brown, 2004). 

Amplitude extraction Extractions of seismic attribute amplitude from horizons, slices or volumes, 

which is useful for studying subtle stratigraphic features. 

Attribute A derivate of a seismic measurement, such as time, amplitude, frequency and azimuth. 

Avulsion Lateral shift of the position of a channel by cut-and-fill process. 

Backlimb Shallower limb of a thrust-propagation fold that dips the same direction as the thrust fault. 

BSR Bottom simulating reflection. 

Canyon Deep, often v-shaped valley incised into continental slope, often fed by a river. 

Canyon system A series of stacked canyons that have same source. 

Channel Physical confine of flows, normally with negative topography. 

Channel-fill Channel-fill elements comprise HARs, passive fill, channel-axis deposits and  debris flow 

and other mass transport deposits that fill channels. 

Channel-levee complex A series of stacked channel-levee systems that are fed by the same canyon. 

Channel-levee system A single channel-belt that is bordered by outer levees. 

Compaction mechanical and chemical processes that change the physical properties of sediments 

that occur during progressive burial. 

Continental margin Area around the continental and oceanic crust boundary including shelf, slope 

and rise.. 

Debris flow Viscous sediment-gravity flows that show plastic flow behaviour. 



Deepwater water depth of 0.5-1.5 km. 

Detachment Describes the apparent depth that brittle deformation ceases separation of brittle-

ductile regimes at the point of the faultzone in lithospheric crustal models. 

Detachment fault A shallow dipping bedding parallel fault that mechanically links up-dip extension to 

down-dip contraction and can separate brittle from ductile deformation styles. A detachment fault is 

identified by the soling of numerous fault planes within the sedimentary overburden where 

displacement on the faults becomes zero. 

Detachment fold Forms at the tip of a propagating bedding parallel thrust fault. Displacement is 

transferred from the thrust tip into an overlying mechanically weak detachment layer and induces 

buckling within an overriding mechanical competent layer. 

Detachment level Refers to a basal fault (typically bedding parallel) along which numerous fault  

planes sole and separates brittle deformation styles from undeformed layers at the point  of  

detachment. 

Diapir A complex anticlinal feature, usually salt-cored, which internal layers pierce their envelope. 

Also in terms of “shale diapirs”, a low reflectivity, chaotic discontinuous seismic reflections that on 

mass appear to rise into overlying laterally continuous reflections. 

Dip magnitude map Shows the local dip of the horizon surface. 

Disequilibrium compaction Process that causes pore-fluids to become overpressured due to rapid  

burial of overlying sediments. Pore-fluids are unable to escape with burial and the lithostatic load is 

imposed onto the pore-fluids generating the overpressure. 

Fault-propagation fold Related to a ramp in by a propagating fault plane where displacement at the 

upper tip line of the propagating fault tip is accommodated by folding. 

HARP High-amplitude reflection package. 

Hemipelagic sediment Terrigenous sediment transported mainly by wind and surface 

currents. 

Horizon A map produced by interpreting (picking) particular seismic reflection. 



Horizontal resolution Defines the area from which a reflection is received called Fresnel zone. 

Theoretically the Fresnel zone could be reduced to a radius of a quarter of a wavelength. 

LAP Lateral Accretion Package. 

Mass transport complex General term that includes slumps, slides and debris flows. Recognised on 

seismic data by contorted, chaotic low-amplitude reflections. 

Migration Channel migration is a gradual shift of the channel by systematic erosion on outer bends 

and deposition on inner bends. 

Peak Positive amplitude (SEG normal polarity). 

Pelagic sediment Sediment composed of planktonic organisms and related organic matter. 

Phase/zero phase Describes the motion of periodic waves. Zero phase means that the wavelet is 

symmetrical, with the central lobe coinciding with the interface. 

Pockmark Depressions formed as a result of catastrophic gas and/or porewater eruption on the 

seafloor. 

Sediment wave Undulating sedimentary structures found on the seafloor and on levees, 

characterised by steeper lee flanks and shallower or upstream-dipping stoss flanks. 

Seismic amplitude Amplitude value of a horizon or a volume of seismic data. 

Seismic attribute See ‘attribute’. 

Seismic velocity The velocity (v), with which seismic waves travel through rocks. 

Seismic wave Wave of elastic energy that propagate outwards from a seismic source. 

Slide Shear strain with movement along one or several planar surfaces. 

Slope Continental slope is the steep (commonly 1-10°) slope below shelf break. Slope is also used to 

describe inclined surfaces. 

Slope failure Any resedimentation process including submarine landslides, slumps, slides, where 

sediment deposits fail on a slope. 

Terrace See ‘inner levee’. Terraces can also be formed by erosional processes. 

Trough Negative amplitude, decrease in Z (SEG normal polarity). 



Tuning Constructional interference that occurs when layer thickness is one quarter of a wavelength. 

The amplitude can be boosted as the bed thins. 

Turbidity current Relatively dilute sediment-suspension-driven sediment-gravity flows that occur in 

subaqueous environment. Commonly used term even when type of flow cannot be determined. 

TWT Two-way travel time of a seismic wave, measured in s or ms. 

Ultra-deepwater water depth more than 1.5 km.  

Vertical resolution Defines the potential for the seismic data to distinguish individual layers. 

Measured in terms of wavelength. 

Wavelet Record of changes in acoustic impedances including peaks and troughs that represent 

increase and decrease in acoustic impedance. 

 

 


