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Abstract     11 

The deep-water fold and thrust belt of the southern Niger Delta has prominent thrusts and folds 12 

oriented perpendicular to the regional slope that formed as a result of the thin-skinned gravitational 13 

collapse of the delta above overpressured shale. The thrust-related folds have grown in the last 12.8 14 

Ma and many of the thrusts are still actively growing and influencing the pathways of modern 15 

seabed channels. We use 3D seismic reflection data to constrain and analyze the spatial and 16 

temporal variation in shortening of four thrusts and folds having seabed relief in a study area of 17 

2600 km2 size in 2200-3800 m water depth. Using these shortening measurements, we have 18 

quantified the variation in strain rates through time for both fault-propagation and detachment folds 19 

in the area, and we relate this to submarine channel response. The total amount of shortening on 20 

the individual structures investigated ranges from 1 to 4 km, giving a time-averaged maximum 21 

shortening rate of between 90  10 and 350  50 m/Myr  (0.1 and 0.4 mm/yr). Fold shortening varies 22 

both spatially and temporally: The maximum interval shortening rate occurred between 9.5 Ma and 23 

3.7 Ma, and has reduced significantly in the last 3.7 Ma.  We suggest that the reduction in the 24 

Pliocene-Recent fold shortening rate is a response to the slow-down in extension observed in the up-25 

dip extensional domain of the Niger Delta gravitational system in the same time interval. In the area 26 

dominated by the fault-propagation folds, the channels are able to cross the structures, but the 27 

detachment fold is a more significant barrier and has caused a channel to divert for 25 km parallel to 28 

the fold axis. The two sets of structures have positive bathymetric expressions, with an associated 29 

present day uphill slope of between 1.5o and 2o. However, the shorter uphill slopes of the fault-30 

propagation folds and increased sediment blanketing allow channels to cross these structures. 31 

Channels that develop coevally with structural growth and that cross structures, do so in positions of 32 

recent strain minima and at interval strain rates that are generally less than -0.02 Ma-1 (-1 x 10-16 s-1). 33 

However, the broad detachment fold has caused channel diversion at an even lower strain rate of c. 34 

-0.002 Ma-1 (-7 x 10-17 s-1). 35 

 36 

KEYWORDS 37 
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1. Introduction 40 

Passive margin, deep-water fold and thrust belts, such as that of the Niger Delta toe-thrust region, 41 

are areas of tectonic shortening in which the main driving force is the thin-skinned gravitational 42 

collapse of deltaic sediment wedges above a ductile substrate of weak shale  (e.g. Niger Delta; 43 

Morley and Guerin, 1996; Cohen and McClay, 1996; Wu and Bally, 2000; Rowan et al., 2004; Billoti 44 

and Shaw, 2005) or mobile salt (e.g. Angolan passive margin, Gulf of Mexico; Cramez and Jackson, 45 

2000; Anderson et al., 2000; Wu and Bally, 2000; Rowan et al., 2004). Contractional deformation 46 

within these fold and thrust belts is generally associated with the development of sedimentary 47 

growth sequences, deposited coevally with deformation. The growth sequences synchronously fill 48 

the accommodation space created by the growing structures and are characterized by stratal 49 

thinning or onlap onto the fold crests, and expansion away from the structural highs, into the 50 

associated piggy-back or mini-basins. 51 

 52 

Submarine channel-levee systems are an important component of the deep-water depositional 53 

system   (e.g. Normark; 1978, Walker, 1978; Deptuck et al., 2003; amongst many others) and 54 

consequently the pathways of sediment gravity flows are often influenced by the growth of 55 

structures at, or near the seabed. Folds and diapiric structures have been shown to divert, deflect, 56 

block or confine turbidite channels (e.g., Cronin, 1995; Huyghe et al. 2004; Gee & Gawthorpe 2006; 57 

Morley, 2009; Clark and Cartwright, 2009; 2011, 2012; Mayall et al., 2010; Oluboyo et al., 2014). 58 

Despite the growing number of studies addressing the interaction between active structures and 59 

submarine channels, there are very few studies that have attempted to examine in a more 60 

quantitative way the links between structural growth and submarine channel systems. The primary 61 

aims of this paper are (1) to quantify the spatial and temporal variations in syn-growth shortening of 62 

thrust structures and (2) for those with bathymetric relief assess how variations in these parameters 63 

have affected the pathways of submarine slope channels forming coevally with deformation.   64 

 65 

 The history of structural deformation can be determined by the geometries of the growth 66 

sequences associated with the growing structures. This means that, in principle, growth sequence 67 

geometries can serve as indicators of how variations in sedimentation and structural growth 68 

evolution have varied over time (e.g., Suppe et al., 1992; Burbank and Verges, 1994; Poblet and 69 

Hardy; 1995; Burbank et al., 1996 among others). The increasing availability of high quality 3D 70 

reflection seismic data driven by extensive hydrocarbon exploration in deep-water settings has led 71 

to a renewed focus on fold-related thrusting in deep-water gravitational systems (e.g., Corredor et 72 

al., 2005; Briggs et al. 2006; Higgins et al., 2007, 2009; Morley and Leong, 2008; Morley, 2009; 73 
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Maloney et al., 2010; Clark and Cartwright, 2012). The availability of such seismic data means that 74 

individual growth sequences can be mapped, and the shortening accumulated during the growth of 75 

folds and thrusts can be quantified. This information can therefore help to determine how strain 76 

varies through time in such settings, and how it may affect the sedimentary depositional systems 77 

that interact with the growing structures.   78 

 79 

Because fold-related seabed bathymetry is likely to exert some control on the pathway of any 80 

sediment gravity flows an important issue is how shortening is related to the structural deformation 81 

of the seabed. It is conceptually simple to envisage how the growth of most types of fault-related 82 

fold should elevate the crest of the fold relative to its limbs, and relatively ‘uplift’ the seafloor. A 83 

number of attempts have been made to quantitatively understand the relationship between the 84 

structural elevation of the fold crest and the amount of fold shortening in fault-related folds using 85 

geometrical kinematic models (e.g., Suppe et al. 1992; Hardy and Poblet 1994; Poblet & Hardy 1995; 86 

Hardy & Poblet 1995; 2005; Poblet et al. 1997; Poblet et al., 2004). In general, uplift continues as 87 

shortening progresses except for the case of a simple fault-bend fold, where once the lowest unit in 88 

the hanging-wall reaches the upper footwall flat, the fold broadens (increases in width) without 89 

generating any further vertical relief. For other fold types, the conversion of shortening into a 90 

vertical component of uplift requires knowledge of an appropriate geometrical and kinematic model 91 

for the fault-fold type.  Consequently in this study we clearly separate well-constrained estimates of 92 

fold shortening from estimates of crestal uplift. 93 

 94 

Three-dimensional (3D) seismic reflection data from the toe-thrust area of the Niger Delta is used for 95 

our study. In this area, fold-thrust structures are well-preserved, and the deep-water setting 96 

minimises the problems of sub-aerial erosion that removes growth strata in terrestrial fold and 97 

thrust belts and tends to hamper similar studies on land. We mapped age-constrained stratigraphic 98 

horizons, in both the pre- and syn-kinematic strata, across actively growing thrust-related folds with 99 

seabed relief. We then used line-length balancing methods (Dahlstrom, 1969) to calculate the spatial 100 

(along-strike) and temporal variation in the cumulative strain that the horizons have accumulated in 101 

response to the continual growth of the folds. We discuss the implication of the strain variations at 102 

two scales; on a local scale to examine the effect on Pleistocene to modern seabed channel 103 

pathways through time, and at a large scale to elucidate the structural development of the Niger 104 

Delta.  105 

 106 

 107 
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2. Structural setting of the study area  108 

The study area is in the eastern lobe of the outer fold and thrust belt of the deep water Niger Delta, 109 

at the down-dip contractional toe of the gravitational system, and covers an area of 75 km by 35 km 110 

(Fig. 1a). The Niger Delta forms the seaward-end of a NE – SW oriented failed rift basin called the 111 

Benue Trough. It formed during the opening of South Atlantic following the separation of Equatorial 112 

Africa from South America in Early Cretaceous times (Whiteman, 1982; Mascle et al., 1986; Fairhead 113 

and Binks, 1991). By Late Eocene times a delta had begun to build across the continental margin 114 

(Burke, 1972; Damuth, 1994). Today, the delta covers an area of 140,000 km2 with includes both the 115 

subaerial fluvial delta and the associated deep-water slope to basin-floor depositional system. 116 

Stratigraphically, the delta has been divided traditionally into three diachronous units of Eocene to 117 

Recent age named the Akata, Agbada and Benin Formations (Short and Stauble, 1965; Avbovbo, 118 

1978; Evamy et al, 1978; Whiteman, 1982; Knox and Omatsola, 1989; Doust and Omatsola, 1990). In 119 

the slope and deep-water parts of the Niger Delta, only the Agbada and Akata formations are 120 

recognised, where the Neogene mixed clastic slope and deep-water succession of the Agbada 121 

Formation overlies the pro-delta marine shales of the Akata Formation (Morgan 2004; Rouby et al., 122 

2011). In distal deep-water regions the upper parts of the Agbada Formation consist of slope 123 

channel-complexes, mass-transport deposits and shales. Submarine channels flowing parallel to 124 

slope and perpendicular to structural trends have been identified and mapped at the seabed and in 125 

the shallow subsurface extending from the shelf edge to the deep-water Niger delta (e.g., Mitchum 126 

and Wach, 2002; Deptuck et al. 2003; Morgan 2004; Clark and Cartwright, 2012). 127 

The delta is currently undergoing thin-skinned gravitational collapse (Damuth, 1994; Cohen and 128 

McClay, 1996; Morley and Guerin, 1996; Corredor et al. 2005) driven by differential loading of the 129 

advancing delta, resulting in downslope translation of the delta front and slope deposits on major 130 

detachment levels within the pro-delta marine shales of the Akata Formation (Bilotti and Shaw, 131 

2005; Briggs et al 2006; Rouby et al. 2011). Three main structural zones are recognised within the 132 

Niger Delta: an extensional province onshore and beneath the shelf, with basinward dipping and 133 

counter-regional listric growth faults; a zone dominated by mud diapirism beneath the upper 134 

continental slope; and a down-dip, distal contractional zone (Damuth 1994) (e.g., Figs. 1a & 1b). 135 

Subsequently Corredor et al. (2005) further subdivided the deep-water contractional zone into two: 136 

an inner fold and thrust belt characterised by basinward-verging imbricate thrust faults and an outer 137 

fold and thrust belt characterised by both basinward- and landward-verging thrust faults and 138 

associated folds. The inner and outer belts are separated by a transitional zone with large, broad 139 

detachment folds interspersed with areas of little deformation (Fig. 1 a, b).  140 
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Previous studies of folding and thrusting in the deep-water Niger Delta have mostly focussed on the 141 

structural styles, evolution of the structures, and the structural controls on thrust and fold growth 142 

(e.g., Morley and Guerin, 1996; Bilotti & Shaw 2005; Corredor et al. 2005; Briggs et al. 2006; Higgins 143 

et al., 2009; Maloney et al., 2010). However, only a few studies have examined the structural control 144 

on the morphology of the submarine channels. At a broad scale Hooper et al. (2002) discuss how the 145 

structural evolution controls the development of accommodation space in the form of ponded-slope 146 

basins that are closely linked to the evolution of the associated thrusts. Degradation of emergent 147 

anticline crests was investigated by Heinio and Davies (2006) and the response of deep-water 148 

channels to growing structures has been documented by Morgan (2004) and Heinio and Davies 149 

(2007). Furthermore, a recent study in the deep-water fold belt of the western Niger Delta by Clark 150 

and Cartwright (2012) showed that a good understanding of the interaction between growth 151 

sequence architecture and growing folds can provide insight into the creation, and filing of 152 

accommodation space as folds grow through time. These authors also described the evolution of 153 

paleao-seafloor relief using growth sequences, and how the seafloor relief affected the primary 154 

sediment pathways through time. 155 

 156 

Our study is located in the outer-most of the two fold and thrust belts (Fig. 1a), in water depths of 157 

1700-2800 m below sea level where a number of folds with seabed relief can be seen to affect the 158 

pathways of modern submarine channels (Fig 2). 159 

 160 

3. Dataset and Methods 161 

3.1. Data and seismic interpretation 162 

A time-migrated 3D seismic reflection dataset provided by Petroleum Geo-Services (PGS) was used 163 

for the study. It has a bin size of 50 m x 50 m giving a maximum horizontal resolution of 50 m. Based 164 

on the frequency content and assuming an average interval velocity of 2000 ms-1, the data has a 165 

vertical resolution of approximately 13 m in the shallow Plio-Pleistocene section but decreases to 166 

~30 m in the deepest parts of the section where seismic velocities are also expected to increase. The 167 

data are positive polarity, and are displayed with a black, positive, reflection indicating an increase in 168 

acoustic impedance. 169 

The seabed seismic reflection was mapped throughout the 3D seismic volume and a seawater 170 

seismic velocity of 1490 ms-1 was used to convert the two-way travel time seabed map to 171 

bathymetry (Fig. 2a). From the seabed bathymetry map, an edge-attribute map of the seabed and 172 
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the seismic data, we identified modern seabed channels flowing down-slope from NE to SW and 173 

actively growing structures with seabed relief (Fig 2a,b). Seabed scarps and slumps are commonly 174 

associated with the fold crests  (Fig 2b and 3). The four studied channels and folds are labelled in 175 

Figure 2. A tie-line provided by Shell across the two unreleased wells within the seismic survey area 176 

was used to constrain the stratigraphic ages for five seismic horizons between 23.2 Ma and 7.4 Ma, 177 

based on Shell’s biostratigraphic data (pers. com. Shell Production and Development Company, 178 

Nigeria; 2011). A younger surface, which divides the main syn-growth unit into two packages, was 179 

also mapped. It was assigned an extrapolated age of 3.7 Ma by assuming a constant sedimentation 180 

rate in the main piggyback basin behind the major detachment fold, C, in the east of the study area. 181 

Periods of fold growth were constrained by mapping the syn-growth strata identified from onlapping 182 

reflector geometries, unconformities and thickness changes in the vicinity of the folds with thinning 183 

towards the fold crests and stratigraphic expansion into the inter-fold synclines (Figure 3).  The onset 184 

of growth, as observed within the seismic data, occurs between the 12.8 and 9.5 Ma horizons (Fig. 185 

3b). The 12.8 Ma horizon lies within the pre-growth strata, but the first evidence of thinning of strata 186 

on some fold flanks can be seen before the 9.5 Ma horizon, (see for example the backlimb of Fold D 187 

and backlimb of the next thrust to the south of fold D, Fig. 3). However, for the purpose of mapping 188 

we use the 9.5 Ma surface as a proxy for the base of the growth sequence although we recognise 189 

that in places, structures started to grow somewhat earlier. In this study we mapped seven seismic 190 

horizons, which include the 23.2, 15, and 12.8 Ma horizons within the pre-growth sequence, and the 191 

9.5, 7.4, 3.7 Ma and seabed surfaces within the syn-growth sequences. The distribution, and 192 

thickness variations of the main growth package, from 9.5 Ma to the present day seabed, is 193 

illustrated in a two-way-travel time thickness map (Fig 4), and the strike of the four major structures 194 

studied are also labelled on this map.  195 

 196 

3.2. Measurement of fold shortening  197 

Shortening was measured by line-length balancing (Dahlstrom, 1969) on a series of dip sections 198 

spaced at approximately 2 km intervals along the fault-related folds of interest. The sections were 199 

pinned away from the structure at the point where the strata become horizontal, or pinned midway 200 

between two closely spaced structures. For pre-growth strata, a simple measure of shortening, sh, 201 

can be defined as the summed length of the folded and faulted horizon measured between the 202 

section pin points ((Lo= P1 + P2) in Figure 5), minus the present-day length, Lf, between the same pin-203 

points. However as the absolute value of shortening is dependent on the line-length chosen for the 204 
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measurement, which may change along the length of the fold, where the fold changes in width for 205 

example, we considered strain (e) to be a more useful measure, where: 206 

e = (Lf – Lo)/Lo         (Eq. 1) 207 

We note that the strain can easily be converted to a shortening factor, Sf, where 208 

 Sf = Lf/Lo = 1 + e        (Eq. 2) 209 

hence a strain of -0.8 is the equivalent of a shortening factor of 0.2, or, in other words, the section 210 

has undergone 80% shortening. The syn-growth surfaces for which we measure strain are 211 

predominantly overlapping strata so, Lo = S (Fig. 5).  However, in cases where the syn-growth strata 212 

onlap the growing structure, a modification of methodology is required (see Poblet et al., 2004).  213 

Erosion due to slumping is common on the front limb of the folds and forms significant scarps (Figs. 214 

2b, 3b). For any syn-growth horizon truncated by a palaeo-scarp (such as horizon h3 in Figure 6a) we 215 

measure the length by projecting the horizon across the scarp and over the structure while 216 

maintaining the overall shape of the structure (Fig. 6b). A similar approach was applied to the 217 

seabed for modern seabed scarps (Fig. 6c, 6d). Where recent-near recent channels have incised 218 

across a growing fold, we also extrapolated the stratigraphic horizon, over the growing structure(s), 219 

and into the channel fill as per horizon h3 in Fig. 6(e, f). This method allows us to estimate the likely 220 

strain accumulated by the horizon assuming it had not been affected by slumping or channel 221 

incision.  222 

Strain measurements were made for the seven seismic horizons mapped within the pre-growth and 223 

syn-growth strata on sections across the structures (e.g., section a2 across Fold A; Fig. 7a).  From this 224 

the cumulative strain through time was measured– that is the cumulative summed difference in 225 

strain recorded between adjacent stratigraphic layers (Fig. 7b). The total shortening, or maximum 226 

cumulative shortening, recorded on the pre-growth strata occurs at the present day. If there has 227 

been no ductile thickening of the beds then the shortening calculated on any pre-growth surface 228 

should be constant for each pre-growth layer.  From the cumulative strain it is simple to calculate an 229 

average interval strain rate between dated seismic horizons (Fig. 7c).  230 

Shortening of folded and faulted layers has to be measured on sections where the horizontal and 231 

vertical scales are the same. This requires depth-converting the data; in the absence of velocity data 232 

we have assumed that the velocities in the depth range under consideration are likely to vary 233 

between 2100 ms-1 (near seabed) and increasing to 2500 ms-1 at depth and a mid-point velocity of 234 

2300 ms-1 was used. A test of the dependence of the results on changes on velocity is shown in 235 
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Figure 7 for Fold A. Increasing the velocity to 2500 m s-1 changes the measurements by about 1–10 % 236 

at high values of shortening, and makes little difference to the cumulative shortening through time 237 

(Fig. 7b). The interval shortening rates are also similar regardless of seismic velocity used, although 238 

the percentage error is greater at smaller values of strain, normally within the younger syn-growth 239 

strata (Fig. 7c).   240 

To view the variation in shortening along the length of each structure we plot the shortening for 241 

each surface against distance along the structure to produce a strain-distance diagram as is routinely 242 

done for extensional fault systems (i.e., displacement-distance plot). This was done using transects 243 

taken at approximately 1.5 km intervals along the strike of the structures. Similar diagrams have 244 

been constructed for displacement on active thrusts in New Zealand (Davis et al. 2005); and 245 

subsurface thrusts imaged on seismic data from the Niger Delta, Sichuan Basin in China, and the 246 

Magdalena Basin in Colombia (Higgins at al. 2009; Bergen and Shaw, 2010). 247 

Limitations of the line-length balancing approach have been discussed in the literature in some 248 

detail (e.g., Hossack, 1979; Chapman and Williams, 1984; Moretti & Callot 2012). For example, any 249 

ductile thickening of the units during deformation where strain is accommodated by layer-parallel 250 

shortening will introduce errors. However our measurements typically show that strain for all 251 

horizons pre 15 Ma is approximately the same within measurement error which suggests that ductile 252 

thickening was not significant in the lower parts of the sedimentary units in the area, at least within 253 

the resolution of the data and our measurements. However Figure 7b suggests that some reduction 254 

in total strain is observed for the 12.8 Ma horizon in Fold A, which occurs before any significant 255 

growth strata are observed in the seismic data (Fig. 3b). There are two possible explanations; firstly 256 

there may be some ductile thickening of the 15-12.8 Ma interval, or secondly it may reflect some 257 

uncertainty in the location of the thrust fault (Fig 7a). The seismic signal is often degraded in the 258 

vicinity of the thrust faults towards the top of the pre-growth package which introduces uncertainty 259 

in the location of fault plane and hence position of horizon cut-offs (Fig. 7a).  A single fault-plane was 260 

normally interpreted in such zones by positioning it mid-way through the zone of poor data quality, 261 

and the horizons were extended to intersect the fault plane, following the approach taken by Bergen 262 

and Shaw (2010). Error can also arise from the digitization of the horizon upon which strain is 263 

measured either by slightly increasing or decreasing the original length (Lo). Errors arising as a result 264 

of digitization are very small in absolute terms, and reach up to 0.5 % for higher strain values on the 265 

pre-kinematic units. However, they become relatively more significant when the absolute strain 266 

measurements themselves are very small, such as the younger syn-growth strata or older pre-267 

growth strata with very low strain. In these cases the very low absolute strain values have error bars 268 
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of comparable magnitude to the strain itself. Errors may also arise from the reconstruction of the 269 

seismic horizons that have been eroded on the fold crest (e.g., scarps and channel incision; Fig. 6). 270 

Unfortunately we have no information on the errors associated with the stratigraphic ages and 271 

therefore cannot assess any potential effect on the calculated interval strain rates. The majority of 272 

these limitations will affect the absolute value of shortening derived, but as this paper focuses on 273 

the relative variation in shortening both through time, and along the strike length of the structures, 274 

it is considered that the approach used is robust enough for the purpose of the study.  275 

 276 

4. Results and observations 277 

4.1. Structures and fold geometries 278 

The western half of the area is dominated by closely-spaced, fault-propagation folds with a linear 279 

NW-SE trend (Figs. 2b, 3, 4). Many fold crests are separated by only 2 – 3 km. In the east, a 10 km 280 

wide, arcuate, fold (Fold C) dominates; it forms the southern boundary to a synclinal, piggyback 281 

basin which is at least 20 km wide (Fig. 4). Generally the synclinal basins located between folds and 282 

thrusts contain up to 2000 ms TWTt of syn-growth strata with significant thinning onto the crests of 283 

the structures (Figs. 3, 4). The thrust faults of the fault-propagation fold structures terminate within 284 

the lower parts of the syn-growth strata, and rarely intersect the 3.7 Ma horizon, with no faults 285 

extending to the seabed (Fig. 3). Many of the structures in the area are buried (Figs. 3, 4). We focus 286 

on four folds (A – D; Figs. 2 and 4) which can be traced for up to 35 km along strike, have seabed 287 

expression and deform the seabed, and hence demonstrate evidence for on-going growth.  Although 288 

the folds have a relatively simple expression at the seabed, with associated seabed scarps where the 289 

structural relief is highest (Figs. 2b, 3b), some are more complex structures at depth.   290 

Fold A extends outside the study dataset. It is linear in plan view and formed above a seaward-291 

verging forethrust dipping at c. 28 – 31° which detaches within the Akata shales (Fig. 8). An antithetic 292 

backthrust, which intersects the main thrust, deforms the back limb of the fold. The faults die out 293 

upwards within the folded syn-growth strata and deform, but do not offset the 3.7 Ma horizon. 294 

Seabed scarps, up to 250 m in height, occur along the fold in regions of higher structural relief (e.g., 295 

Fig. 2b; Fig. 8 a,b). Fold A is interpreted to be a fault propagation fold forming in response to on-296 

going shortening in the toe region of the Niger Delta. 297 

Fold B is a composite structure consisting of two, closely spaced thrusts. Along the north-western 298 

half of the mapped fold trace (solid line Figs. 2, 4) the seaward thrust dominates the structure and 299 

has the highest structural relief (Fig 9b). Seabed scarps form on the frontal side of the associated 300 
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fold. A second thrust cuts the backlimb of the frontal thrust and is buried at the present day but was 301 

active until at least 3.7 Ma. In contrast, on the south-eastern half of Fold B, the more landward of 302 

the two thrusts takes over as the dominant structure, with highest structural relief (Fig. 9d) and the 303 

frontal thrust is buried (dashed line on Figs. 2a, 4). Because the two thrusts are so closely spaced, for 304 

the purposes of calculating the shortening it is necessary to calculate the strain across both 305 

structures to allow a consistent pin-point for the line-length measurements on both flanks of the 306 

overall fold. 307 

Fold D is also a composite structure, where the more landward of the two folds is the one with 308 

seabed expression, while the frontal fold has been buried since at least 3.7 Ma (Fig. 9 e,f). In contrast 309 

to Fold B, the relationship between the two structures remains consistent along the fold length (Fig. 310 

2a). Again, to get consistent shortening estimates the two structures are considered together. In the 311 

same way as Folds A and B, fold D also has well-developed seabed scarps, with a seabed relief of up 312 

to 280 m (Fig. 2b).   313 

In contrast, Fold C, in the east of the area (Figs. 2a, 4), has a very different geometry.  It is a much 314 

broader, longer wavelength anticline (>5 km), with low displacement planar thrusts on the front and 315 

back limbs, and in places in the fold core (Fig. 10).  A key difference between Fold C and the other 316 

folds is the thickening of the Akata shale observed under the fold crest. Some of the thickening is 317 

due to imbrication within parts of the Akata shale itself (Fig. 10). In the core of this fold, the top of 318 

the Akata shale is approximately 800 ms (TWTT) shallower than in the fault-related folds in the west 319 

of the area. The first-order geometry of this anticline is similar to a detachment fold where the 320 

folding is driven by thickening at the detachment level (Jamison, 1987).  Fold C may be the along 321 

strike continuation of a similar structure documented by Maloney et al. (2010), from an area just to 322 

the east of our study.  323 

4.2. Channels and interaction with structures  324 

The four Pleistocene to Recent channels that are the focus of the study can be identified clearly on 325 

the seabed bathymetry and edge map together with a buried channel (Figs. 2b; 11b). Regional 326 

seabed bathymetry maps compiled from 3D seismic datasets shows that these channels largely 327 

originate from the shelf edge region of the Niger Delta (pers. com. PGS, 2013; Mitchum and Wach, 328 

2002). The channels are mostly erosionally confined, but are also partially associated with 329 

constructional levees (Fig 11 a, b). They all have a well-defined erosional base, (e.g. cyan surface on 330 

Fig 11b), with a complex internal fill made up of a number of smaller cut and fill channels. The 331 

lowermost erosional surface that defines the base of the channel complex defines a channel system 332 
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that can be up to 4 km wide and contains a maximum total fill thickness of between 100-350 m. The 333 

seabed expression of the channels is defined by the youngest, most recent erosional surface (Fig 11, 334 

a, b). The channel complex fills are characterized by medium to high amplitude, discontinuous, 335 

chaotic seismic reflections, with several erosion surfaces within the main channel complexes.  The 336 

levees, where present, are up to 4 km in lateral extent and are characterised by low to high 337 

amplitude, continuous seismic reflections that thin laterally away from the main channel axis, 338 

defining a wedge-shaped geometry (Fig 11b). Most of the Pleistocene – Recent channel levees 339 

appear to downlap onto a seismic surface that is estimated to be approximately 1.2 – 1.3 Ma (Fig. 340 

11) which implies that the channels are approximately of that age and younger. While it is difficult to 341 

accurately determine the relative ages of the individual, our interpretation suggests that channel 4 is 342 

the oldest, followed by channel 3 and that channels 1 and 2 are the youngest. 343 

The channels display a range of interactions with the active structures (Fig 11c) which include 344 

deflection around fold tips (e.g., channel 4); diversion parallel to a structure (e.g., channel 2) and 345 

incision across the centre of growing structures (e.g., channel 1). Channels 1, 3 and 4 are transverse 346 

to structure and predominantly run in a NW-SE direction parallel to the slope gradient except where 347 

they interact with active structures (Figs 2a, 11c). Channel 4 is deflected at the lateral tips of Folds D 348 

and B. It is then diverted to a more southerly path as it approaches Fold A, before cutting through 349 

Fold A where it then joins, or is captured by Channel 1. Channel 1, in contrast cuts through Fold B, 350 

but Channel 3, is deflected slightly to the south prior to joining Channel 1 where Channel 1 cuts 351 

across the fold.  Channel 2 exhibits a somewhat different behaviour. It flows down through the 352 

piggyback basin behind fold C and it is diverted by approximately 25 km in a SW direction to end up 353 

running almost perpendicular to the regional seabed slope behind Fold C. Beyond the tip of Fold C it 354 

too joins channel 1.  355 

 356 

4.3. Temporal and spatial variation in fold shortening 357 

The calculated shortening through time, expressed as strain, is shown for four representative 358 

sections, a1, b1, c2, and d1 across each fold (Fig. 12a). The total (maximum) shortening is the strain 359 

recorded on the pre-growth strata at the present day and hence is the intercept on the y-axis in the 360 

cumulative strain graph.  The sections chosen for this calculation are at strain maxima. Folds D and B, 361 

which each include two fault-related, fold structures (cf. Fig. 9) have shortened by 3810 m and 3430 362 

m respectively. This equates to a strain of -0.35 and -0.32. The shortening of Fold A is lower (1470 m) 363 

with a strain of -0.15. Fold C has only shortened by 1027 m and so has a significantly lower strain 364 
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than the other structures (-0.06 ; Fig 12a). The shortening started between 12.5 and 9.5 Ma for all 365 

structures investigated (Fig. 12a). The three fault propagation folds, A, B and D respectively, then 366 

grew at a faster rate between 9.5 and 3.7 Ma. In contrast, the detachment fold (Fold C) grew at a 367 

low, almost constant rate until 7.4 Ma when it then showed a modest increase in rate until 3.7 Ma. 368 

In the last 3.7 Ma growth on all the structures has slowed (Fig. 12a).  Folds A, B and D record the 369 

highest, average interval strain rates, with values of 0.02 and -0.06 Ma-1 (or -1E-16 and -15 s-1), from 370 

9.5 to 3.7 Ma (Fig. 12b). For Fold C, the strain rate values are very low (< -0.01 Ma-1), although there 371 

was a small increase in rate to almost 0.01 Ma-1 between 7.4 and 3.7 Ma (Fig. 12b).  372 

The larger maximum strains recorded for Folds B and D are not surprising because in comparison to 373 

Fold A, Folds B and D are composite folds formed by two fault-propagation faults. The results are 374 

interesting in that if we assume equal contribution of both structures in B and D to the total strain, 375 

to a first approximation individual fault-propagation fold structures in this part of the Niger Delta 376 

have almost the same maximum cumulative strain.  It also appears that the strain accumulated at 377 

very relatively similar rates (-0.02 to – 0.06 Ma-1), at least within the temporal resolution of our data.  378 

The pattern of strain distribution along the strike of the folds is shown in Figure 13 for a single pre-379 

kinematic horizon (23.2 Ma) and three other syn-kinematic horizons, 7.4 Ma, 3.7 Ma and the seabed 380 

respectively.  For Folds B and D the strain reduces towards the fold tips, while for Folds A and C, the 381 

folds continue outside of the survey area, so the lateral tips are not observed. Folds B and D have 382 

broadly ‘bell’-shaped shortening profiles, which is characteristic of structures that grow by lateral 383 

propagation. Strain is highest on the oldest pre-kinematic horizons and declines over time, 384 

consistent with the data in Figure 12.  For all three of the folds, local minima are seen between 385 

regions of higher strain. Such local minima in both thrust and normal fault systems are typically 386 

interpreted as the signature of segment linkage (e.g., Davis et al. 2005; Higgins et al., 2009; Bergen 387 

and Shaw, 2010, for thrust systems and Cartwright et al., 1995; Gawthorpe and Leeder, 2000 388 

amongst many others for normal faults). Significantly, the minimum in the strain profile for the 389 

composite Fold B at 18 km strike distance coincides with the position where the switch occurs in 390 

dominance of the two thrusts that make up Fold B (Fig. 2a). So although neither fault-propagation 391 

fold tips out at this position, the cumulative shortening is at a minimum at this position at all times 392 

during the formation of the fold, including at the present day.  However, in detail the along-strike, 393 

strain-distribution maxima and minima are not always in the same location for each stratigraphic 394 

horizon. At the 10 km position on Fold A for example, maxima or relative highs in the 23.2 and 7.4 395 

Ma horizons actually correlate with strain minima at the 3.7 Ma and seabed surfaces. At a position of 396 

15 km along this fold the opposite occurs, and again at 30 km a broad minimum in the older two 397 
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horizons corresponds with a high in the 3.7 Ma surface. In Fold C, the strain variations in along strike 398 

distance also show possible fold segments identified in the older horizons, but the youngest syn-399 

growth strata (seabed) does not show the same number of segments. This may suggest early linkage 400 

between fold segments and once linked, younger growth strata record shortening of a single 401 

structure, and that linkage points do not necessarily remain the location of persistent low 402 

displacement. For the detachment fold C, the accumulated strain is low compared to the other 403 

structures (Fig. 12). The maximum strain recorded by this structure is less than -0.06, which is 404 

approximately one third of the maximum strain recorded for Fold A, which is also a single structure 405 

and not a composite structure as are Folds B and D. 406 

4.4. Strain variation and submarine channel response   407 

Using the temporal and spatial evolution of strain through time, we can evaluate how the shortening 408 

in the toe-region of the Niger Delta affected pathways of submarine channels in the area.  In the 409 

north of the study area, channel 4 is deflected around the tip of Fold D, where there is a minimum in 410 

the present day bathymetric expression of the fold (Fig 11c). When the position of Channel 4 is 411 

plotted on the strain-distance graph, the channel has been deflected to the region of lowest 412 

cumulative strain at the tip of the fold (Fig. 14, D1). In addition, if the interval strain rates for two 413 

positions along the fold are examined- firstly at position [1], towards the centre of the fold, and 414 

secondly at position [2] towards the fold tip, the rates at position [2] are consistently lower than 415 

those at position [1], for the entire growth period of the structure, and the strain rate was at its 416 

lowest value (approximately -0.0023 Ma-1 or -7 x 10-17 s-1) during the last 3.7 million years (Fig. 14, 417 

D3).  These data indicate that channel 4 is exploiting this region to cross Fold D because it has been a 418 

region of low bathymetric relief, due to being a local strain minimum throughout the lifetime of the 419 

channel.  420 

However, down-system to the south, both Channel 4 and Channel 1 cross Fold A in an area where 421 

the total cumulative strain since the Miocene is high (ca. -0.15), and close to a maximum for this 422 

structure (Fig. 14, A1 and A2). Although this position is one of high total strain for the structure, it is 423 

a point of low strain rate for the 3.7 Ma to recent interval with a rate of -0.0016 Ma-1 (-5 x 10-17 s-1; 424 

Fig. 14, A1, A3). Channel 4 was deflected southward as it approached the fold to cross the fold at a 425 

position of strain minima in the 3.7 Ma horizon, instead of continuing down slope and crossing the 426 

fold at a position of relative strain maximum (at distance positions 29-30 km in Fig 14, A1 along the 427 

fold strike).    428 
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Fold B, in the center of the study area, is incised by Channels 4, 3 and 1. The seabed map shows that 429 

Channel 4 is deflected to the fold tip, crossing in a region characterized by low cumulative strain 430 

values on the older stratigraphic horizons, and also low strain for the younger stratigraphic horizons, 431 

where the interval strain rate from 3.7 Ma to present is  -0.0026 Ma-1 (-8.4 x 10-17 s-1) (Fig. 14, B1 and 432 

B2). Similarly, Channels 1 and 3 also cross close to the local strain minimum on Fold B where 433 

displacement is transferred between the two structures that form the composite fold (Fig. 14, B2). 434 

Channel 3 deflects from its original course to join with Channel 1 upstream of the position where 435 

both channels cross the active structure. However, despite being a local strain minimum, the 436 

cumulative strain of the older 23.2 and 7.4 Ma horizons is still relatively high at this position at -0.16 437 

and -0.28 respectively, but importantly the cumulative strain for the interval in which the channels 438 

were active (3.7 Ma to Recent) is very low. Likewise the interval strain rate is very low for this 439 

interval (approximately  -0.0022 Ma-1 or-7.2 x 10-17 s-1) and is similar to the values calculated for the 440 

same interval where Channel 4 crosses Fold D and Channels 1 and 4 cross Fold A. 441 

In comparison, Fold C has a much lower cumulative strain over its entire history than the other three 442 

folds examined (Fig. 14, C1). The maximum cumulative strain is about 15 % that of Folds D and B and 443 

30 % that of Fold A. The interval strain rate for the time of channel development is consequently also 444 

very low, reaching only -0.0023 Ma-1 (-7.3 x 10-17 s-1; Fig. 14, C3). Nevertheless, this structure is still 445 

able to cause the diversion of Channel 2 for up to 25 km before the channel finally deflects around 446 

the fold tip and joins with the other channel systems (Fig. 14, C2, Fig. 2a).  447 

 In summary, the seabed channels in this part of the Niger Delta can keep pace with the growth of 448 

fault-propagation folds whose interval strain rates are between -0.002 to -0.0022 Ma-1 (-5 and -7.2 x 449 

10-17 s-1) for the time period from 3.7 – 0 Ma. For the broad, detachment fold with a longer 450 

wavelength of uplift field, even lower maximum strain rates -0.0023 Ma-1 (-7.3 x 10-17 s-1) caused a 451 

seabed channel to be diverted.  452 

 453 

5. Discussion   454 

Our results show that the spatial and temporal variation in shortening along major thrusts and folds 455 

having seabed relief has played an important role in controlling the position of submarine channels 456 

in the Niger Delta. We now address how the relative rates of fold growth and apparent sediment 457 

accumulation help to constrain when structures have positive bathymetric relief on the sea bed, and 458 

we consider how shortening might be converted into estimates of the vertical uplift rates with which 459 
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submarine channels are able to keep pace. Finally, we discuss the implication of the strain results for 460 

the structural evolution of the Niger Delta gravity driven system. 461 

5.1. Fold growth and sediment accumulation rate 462 

Where fold growth is associated with the deposition of syn-growth units, two conceptual end-463 

member models can be used to describe the relationship between sediment accumulation rate and 464 

structural uplift rate (Fig. 15). The ratio of the amount of sediment accumulation to the rate of 465 

structural uplift determines whether a structure develops a bathymetric expression on the seafloor 466 

(Burbank and Vergés, 1994, Burbank et al., 1996, Ford et al., 1997, Broucke et al., 2004, Shaw et al., 467 

2004, Shaw et al., 2005).   For example, when the sediment accumulation rate is greater than the 468 

uplift rate of the structure, the deposited sediments will thin over the crest of the structure, forming 469 

overlapping stratal geometries and there will be smooth or flat seabed bathymetry (Fig. 15a).   470 

Seabed channels would be expected to cut across the structure as shown Figure 15b, and will not be 471 

deflected by it because there is no associated positive bathymetric relief. However, when the 472 

structural uplift rate is greater than the sediment accumulation rate (Fig. 15c), the syn-growth 473 

sediments will onlap the structure and a bathymetric expression of the growing structure will remain 474 

at the seabed.  Consequently, seabed channels would be expected to divert to the lateral tips of the 475 

structure as a result of the development of positive bathymetric relief (Fig. 15d). 476 

In reality the stratal geometries observed on the flanks of structures are not often this well-defined, 477 

and both onlapping and overlapping geometries can occur on the same fold, as either sediment 478 

supply or growth rates vary through time (e.g. Shaw et al. 2004). In our study for example, two 479 

groups of structures were identified – the fault-propagation folds that largely occur in the central 480 

and western parts of the study area (folds A, B, D), and the broad detachment fold (C) that occurs in 481 

the eastern part of the study area. Since 3.7 Ma, within resolution of the seismic data, the syn-482 

growth sediments in the fault-propagation folds largely overlap the crest of the growing structures 483 

as shown in sections across Folds A and D in Figure 16 (a, b). However they are still associated with a 484 

tilt of the present day seabed and there is a 2 km landward-facing uphill slope on both of these folds 485 

(Fig. 16a, b) of between 1.5o and 2o on the up-dip, north-easterly dipping limb of the respective 486 

anticline. The presence of this uphill slope, coupled with the overall thinning of the growth 487 

sequences at the structural culmination of the fault-propagation folds, does suggest the presence of 488 

a slight positive bathymetric relief for most of the recent growth history albeit having an overall 489 

marginally greater sediment accumulation rate relative to structural growth rate. Consequently, the 490 

fault-propagation folds in the central parts of our study area lie somewhere close to the end-491 

member model (a) in Figure 15.   492 
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On the other hand, the detachment fold in the east of the study area, lies closer  to end-member 493 

model (c) in Figure 15 because the syn-growth sequences associated with this structure since 3.7 494 

Ma, largely onlap the fold (Fig. 16c). On close examination, these syn-growth units show periods of 495 

minor offlap (continuous yellow lines, Fig. 16c) within overall onlapping geometry. These discrete, 496 

alternating packages of onlap and offlap within overall onlapping geometry, suggest variations in 497 

either the growth rate of Fold C through time, or the rate of sediment accumulation in the area. Fold 498 

C also has a similar uphill slope of between 1.5o and 2o, on its northerly dipping limb, but it has a 499 

longer wavelength uphill slope of up to 5 km when compared to the fault-propagation folds (Fig. 500 

16c). In addition to the difference in uphill slope length, the fault-propagation folds are only 2 to 3 501 

km wide whereas Fold C is characteristically very broad (up to 10 km wide, cf. Fig. 4).  502 

5.2. Shortening versus vertical uplift 503 

An important issue is the conversion of horizontal fold shortening and strain rate to the vertical 504 

component of growth. In general, all cases of fault-related-folding will generate vertical uplift 505 

associated with shortening.  This uplift continues as shortening progresses except for the case of a 506 

simple fault bend fold, where once the lowest unit in hanging-wall reaches the upper footwall flat, 507 

the fold broadens (increases in width) without generating any further vertical relief.   Conversion of 508 

shortening into a vertical component of uplift requires an appropriate geometrical and kinematic 509 

model for the fault-fold type under consideration (e.g. Hardy and Poblet, 1994; Poblet and Hardy, 510 

1995), which means that estimates of uplift are tied to the model chosen. For fault-propagation folds 511 

there are a number of kinematic models and the precise final shape of the fold depends on whether 512 

flexural slip (e.g., Suppe and Medwedeff, 1990) or a trishear model (e.g., Allmendinger, 1998) is 513 

assumed. Within the flexural-slip suite of models, two cases often considered are that of a constant 514 

limb thickness, or a fixed axial surface that allows for thickening or thinning in the frontal limb of the 515 

fold (Suppe and Medwedeff, 1990; Hardy and Poblet, 2005). For these geometries both models 516 

predict an almost linear relationship between uplift and shortening (e.g., Storti and Poblet, 1997). 517 

Hardy and Poblet (2005) also investigated the relationship between uplift rate, fault geometry and 518 

slip rate using a velocity description of deformation for both fault-propagation and trishear folds. 519 

Their results show that the velocity field varies in the back-limb, crest and forelimb of the structure. 520 

When they compare velocity models of a trishear fold versus a fault-propagation fold, they show 521 

that the uplift rate above trishear fold crests is smaller than for fault-propagation fold models. One 522 

method proposed by Bernard et al. (2007) and subsequently applied to emergent growing folds in 523 

the Tienshan, Taiwan and the Chinese Pamir (Daeron et al. 2007; Simoes et al. 2007; Li et al. 2013) 524 

uses another analytical, velocity-based model, derived from an analogue sandbox model of a 525 
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growing fault-tip fold to relate fault slip to vertical rock uplift.  This model likewise shows that uplift 526 

rate can vary within domains with separate axial surfaces defined for the fault-related fold.   527 

For our purposes, we are interested in approximating the vertical uplift magnitude produced by the 528 

growing folds in the last 3.7 Myr over which the channel systems have been active.  While the 529 

kinematic approach does have its limitations, we choose to estimate the vertical uplift in the crestal 530 

area using the methodology of Hardy and Poblet (2005) for fault propagation folds, a geometry 531 

which is appropriate for folds A, B and D.  Making the reasonable assumption that the decollement 532 

surface the fault detaches into is approximately horizontal, we can use the model of a single step 533 

flexural-slip fault propagation fold to estimate crestal uplift.  In this case the uplift rate, u, at the fold 534 

crest is given by 535 

u = 2 ṡ Sin θ        (Eq. 3) 536 

where ṡ = slip rate, and θ is the fault dip (obtained here from a depth conversion of the seismic data 537 

and estimated to be between 28 and 31 degrees).  Alternative fault propagation fold geometries 538 

considered by Hardy and Poblet (2005) produce results which differ in detail but are similar in order 539 

of magnitude terms (e.g. a trishear model produces exactly half the crestal uplift of the equivalent 540 

single step flexural slip fault propagation fold), so we consider this approach robust enough for our 541 

purposes. 542 

Clearly use of Eq. 3 requires the conversion of our fold shortening (sh) estimates to a slip rate, which 543 

we do using the relationship:  544 

   
  

      
    (Eq. 4) 545 

where t is the time frame of reference. Resultant uplift rates (m/Myr) for the fault-propagation folds 546 

(A, B and D) over a period of 3.7 million years are shown in Table 1. The maximum shortening 547 

measured across Folds A, B, and D in this study, is -216 m, -198 m, and - 204 m respectively. Using a 548 

fault dip angle of ca. 30°, these translate to an approximate crestal uplift of 218 m, 202 m, and 216 549 

m respectively over this time period. Estimated uplift rates are therefore 59 m Ma-1, 54 m Ma-1, and 550 

58 m Ma-1 respectively, equivalent to 0.05 - 0.06 mm/yr (Table 1). Overall, these calculated values of 551 

crestal uplift rate are similar in magnitude to the shortening documented on the folds from 3.7 Ma 552 

onwards.  553 

Fold C has a lower documented cumulative shortening (169 m), but as it is a detachment fold, rather 554 

than a fault propagation fold, the method outlined above is likely to be inappropriate for this 555 

structure.  For detachment folds there are a wide variety of model outputs for uplift that depend on 556 
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the geometric assumptions made.  In the Dahlstrom (1990) model, where fold limbs lengthen as dip 557 

increases and folds grow, the relationship between uplift and slip is linear (Poblet and Hardy, 1995). 558 

In contrast, for the classic De Sitter (1956) model for detachment fold growth, where the fold grows 559 

by an increase in limb dip, or progressive limb rotation, then the relationship between uplift and slip 560 

is highly non-linear, with significant uplift accrued at low slip values, with the rate of additional uplift 561 

generation decreasing markedly as cumulative slip increases (e.g., Hardy and Poblet, 1994; Poblet 562 

and Hardy, 1995; Storti and Poblet, 1997). Distinguishing between these possibilities is not easy for 563 

Fold C so we do not estimate an uplift rate although this is likely to be less than for the fault 564 

propagation folds.  Nevertheless, the growth of this broad fold has led to the diversion of channel 2, 565 

while channels 1 to 3 have been able to incise across Folds A, B and D which are growing at ≥ 0.05 566 

mm/yr.  567 

5.3. Channel response to active deformation   568 

Our analyses show that all structures affecting channel pathways are associated with some 569 

bathymetric relief, but the length of the landward-facing uphill slope varies (approximately 2 km for 570 

the fault-propagation folds and up to 5 km for the detachment fold). Whilst the syn-growth 571 

sediments largely overlap the fault-propagation folds, the presence of the local uphill slopes on the 572 

up-dip flanks of the anticlines suggests that sedimentation has not completely kept pace with the 573 

structural growth.  574 

Our quantitative results support the qualitative conclusions that workers have drawn from previous 575 

studies – namely that submarine channels seek out points of lowest relief and lowest relative uplift 576 

rate to make their way down slope (e.g., Huyghe et al., 2004; Ferry et al., 2005; Clark and Cartwright, 577 

2009; Morley, 2009; Mayall et al., 2010 amongst others).  In addition, we find that fault-propagation 578 

folds with very little positive bathymetric relief – associated with an uphill slope of no more than 2 579 

km long (Fig. 16a, b); and whose contemporary interval strain rates are between -0.002 to -0.0022 580 

Ma-1 (-5 and -7.2 x 10-17 s-1) can be incised by modern seabed channels that are active at the same 581 

time. However, for the detachment fold whose positive bathymetric relief is associated with a longer 582 

5 km wavelength of uphill slope, even a comparatively lower maximum strain rates of -0.0023 Ma-1 (-583 

7.3 x 10-17 s-1) can cause enough tilting of the seabed and force channels to be diverted around the 584 

tip of the fold. These results suggest that where channels have already developed, and are cutting 585 

through a growing structure, they are likely to be able to keep pace with growth rates on the order 586 

of 0.0022 Ma-1 once the uphill slope length is not more than 2 km as seen in the fault-propagation 587 

folds. However, these channels could be diverted if the uphill slope was already in place) prior to 588 

channel development. Secondly, broad structures with longer wavelength of uphill slope will cause 589 
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channels to divert (such as the diversion of Channel 2 by Fold C, Fig. 2a). But if the channel was 590 

already in place, it might be forced to abandon its original path, or migrate laterally as a response to 591 

continued seabed tilting as the structure widens through time. 592 

 We note that there are further factors that are likely to play an important role in channel incision 593 

through growing structures. These include both the erosive power and flow frequency of the 594 

sediment gravity flows within the channels. Channels with lower erosive power will be forced to 595 

divert and those with higher erosive power may be able to continue to incise and maintain a 596 

pathway through a growing structure (see also Morley, 2009; Mayall et al., 2010).   597 

While variation in strain is useful in determining channel response to growing structures as 598 

demonstrated in this study, it is important to note that using displacement – distance plots to 599 

identify strain minima for prediction of sediment pathways can be misleading if these displacement 600 

measurements are not made for strata that actually bracket the time interval of channel system 601 

activity. We have demonstrated that fold growth rates have not been constant through time, and 602 

that areas with high cumulative displacement may nonetheless have accumulated relatively small 603 

amount of strain in the recent geological past. In a number of examples, positions of fold/thrust 604 

linkage remain persistent regions of low displacement during the life of fold growth (e.g., Fold B, Fig. 605 

13).  Yet for some folds (e.g., Folds A, C), the regions of low displacement may vary during the life of 606 

fold growth (cf. Fig. 13).  607 

 608 

5.4 Implications for the structural evolution of the Niger Delta 609 

5.4.1 Strain rate reduction in last 3.7 Ma   610 

An important result of the study is that over the 40 km transect of the study area the four thrusts 611 

with seabed expression all show a reduction in shortening in the last 3.7 Ma, and that many of the 612 

buried thrusts between those studied, appear to have stopped moving within the lower part of the 613 

3.7 Ma-Recent interval (Fig. 3). This reduction in growth during the later stages of fold growth may 614 

be due to the fact that (i) growth is now mainly being taken up by the younger thrusts/folds which 615 

have formed further basinward at the down-dip toe of the outer fold and thrust belt, or (ii) there has 616 

been an overall reduction in deformation rate on the entire Niger Delta gravitational system in the 617 

Plio-Pleistocene.  618 

Although both explanations are plausible, recent work by Rouby et al. (2011) suggests that second 619 

reason given above for the slow-down in growth is the more likely. Using a detailed stratigraphic 620 
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framework at high temporal resolution, they demonstrate a slow-down of both the amount and rate 621 

of deformation in the upslope extensional domain in the Plio-Pleistocene of the eastern Niger Delta 622 

in the last 4 Ma. Their work also shows that deformation slowed down in the compressional domain 623 

within the same time-frame, indicating a strong coupling between the deformation in the 624 

extensional and compressional domains, as is expected in a gravity-driven system.  Our data are 625 

consistent with this interpretation. Rouby et al. (2011) attribute the slow-down in the extension to a 626 

decrease in sediment supply reaching the delta. The reduction in sedimentary load leads to a 627 

reduction in strain rate on the extensional faults, which then translates down-slope to lower rates of 628 

shortening. The reduction in sedimentary load is supported by the work of Jermannaud et al. (2010) 629 

who reported a general reduction in sediment supply to the Niger Delta during the Plio-Pleistocene 630 

which they suggest may have been in response to the aridification of the East Atlantic region. These 631 

interpretations are particularly interesting because they suggest that the magnitude and distribution 632 

of sediment supply to gravity-driven systems play a key role in driving the structural evolution of the 633 

fold and thrust belt in a potentially similar way to that suggested for terrestrial settings (e.g. 634 

Simpson, 2006). 635 

5.4.2 Sequence of thrusting 636 

A further observation that arises from our study, is that across the ~40 km wide transect through the 637 

outer fold and thrust belt there is no evidence for simple forward-propagating (or piggyback) 638 

thrusting as is often predicted for fold and thrust belts (Fig 3). Whilst the timing of onset of thrusting 639 

was not examined for all the structures in the study area, the four thrusts studied in detail all started 640 

to form at the same time, at least within the constraints of the available stratigraphic data. As these 641 

thrusts continue to grow, others in between have stopped moving within the last 3.7 Ma (Fig. 3).    642 

Two sequentially restored structural sections through the inner and outer fold and thrust belts by 643 

Corredor et al. (2005), located very close to our study area, document that at a regional scale the 644 

inner fold and thrust belt started to form earlier than the outer fold and thrust belt and that the 645 

frontal thrust of the entire system is the youngest thrust. They also show that at a more local scale, 646 

such as that of our study area, a complex sequence of thrusting can be observed which can include 647 

forward- propagation (i.e. piggyback), backward propagation and coeval thrusting.  Thus the 648 

observation of synchronous growth on the four structures studied for our work is consistent with the 649 

structural restoration results of Corredor et al. (2005). 650 

 Both analogue (e.g. Colletta et al., 1990; Huiqi et al, 1992; Storti et al. 1997) and numerical models 651 

of thrust belt development (Simpson, 2006,  Stockmal et al., 2007) show that in the earliest phases 652 
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of development of a fold and thrust belt the thrusts tend to develop by in-sequence, forward-653 

propagation, with the youngest thrust forming in the most outboard position. As the belt continues 654 

to shorten older thrusts become inactive and are carried along passively (e.g. Colletta et al 1990), 655 

but in general overall forward propagation tends to dominate. However this is not what we, nor 656 

Corredor et al., observe for the Niger Delta and we would concur with the conclusion drawn by 657 

Corredor et al. (2005) that the sequence of thrusting in the deepwater Niger Delta does not obey the 658 

simple rules that are commonly used to prescribe the thrusting sequence in fold and thrust belts.  659 

However recent dynamic numerical models which incorporate syn-kinematic sedimentation appear 660 

to be able to replicate some of the observations from the Niger Delta. For example Stockmal et al. 661 

(2007), show that as the deformation progresses, older formed thrusts do not stop moving, and that 662 

deformation can localize behind the deformation front and focus on a few older thrusts, whilst 663 

others become inactive. Out-of-sequence thrusts are also common in some of these models 664 

particularly in the later phases of the model when the total amount of shortening increases. 665 

Although the Stockmal et al (2007) models were constructed to investigate tectonically driven fold 666 

belts, and hence incorporate, flexural loading, erosion as well as syn-kinematic sedimentation, its 667 

seems that some of their results may be applicable to the structures observed in deepwater passive 668 

margin fold belts where deformation is driven by gliding or spreading. This suggests that more 669 

sophisticated mechanical models incorporating a range of parameters that include varied strengths 670 

and rheologies for the basal décollement, pore-fluid pressure (important for settings such as the 671 

Niger Delta), multi-layer rheologies for the deforming strata, and sedimentation may assist us in 672 

understanding more fully the parameters that affect the kinematics of deepwater, gravity driven fold 673 

and thrust belts. It also leads to the intriguing suggestion that deepwater fold and thrust belts may 674 

have some similarities with their tectonic counterparts, where coupling and feedback between 675 

structural evolution and surface processes has been shown to be important (e.g. Willett, 1999; 676 

Simpson 2006; Stockmal et al. 2007) 677 

 678 

6. Conclusions  679 

• We have reconstructed temporal and spatial variations in cumulative strain and strain rates for the 680 

four thrusts-related folds that actively deform the modern seabed in the deep water Niger Delta. 681 

The maximum interval strain rate occurred between 9.5 Ma and 3.7 Ma, and has reduced 682 

significantly in the last 3.7 million years. This reduction in strain rate is attributed to the slow-down 683 

in gravity-driven deformation on the Niger Delta as a whole, in response to a reduction in sediment 684 

supply to the delta.  685 
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•The highest interval strain rates for the fault-propagation folds studied are between 0.02 and 0.06 686 

Ma-1 (equivalent to 1E-16 and -15 s-1). The detachment fold, Fold C, has much lower maximum 687 

interval strain rate values (< -0.01 Ma-1).   The total shortening for the structures varies from 3810 m 688 

(Fold D) to 1072 m Fold (C) giving a time-averaged maximum shortening rate of between 350  50 689 

and 90  10 m/Myr (0.4 and 0.1 mm/yr). Lower shortening rates of between 50  5 and 40  5 690 

m/Myr (0.05 and 0.04 mm/yr) were recorded in the last 3.7 Ma when the channels studied were 691 

active.   692 

•  Submarine channels that developed coevally with structural growth cross the fault propagation 693 

folds in the central and western parts of the study area in positions of recent strain minima and at 694 

interval strain rates that are generally less than -0.02 Ma-1 (i.e., -15 m per million years or ca. -1 x 10-695 

16 s-1) or at a cut-off rate of approximately -0.001 to -0.002 Ma-1 (-5 to -7 x 10-17 s-1).  However the 696 

broad detachment fold (Fold C) has caused channel diversion of up to 25 km at an even lower strain 697 

rate of -0.002 Ma-1 (-7 x 10-17 s-1).  We propose that this is due to the longer wavelength of the 698 

detachment fold which has a landward facing uphill slope of 1.5-2° extending laterally for up 5 km 699 

behind the fold crest, in comparison to similar magnitude slopes behind the fault propagation folds 700 

that only extend for 2 km. Additionally the ratio of sediment accumulation rate to the structural 701 

growth has most likely varied at temporal scales beneath the resolution of our biostratigraphic data. 702 

The stratal geometries suggest that there were periods in the last ca. 2 Ma when the growth rate of 703 

the detachment fold exceeded sediment accumulation leading to greater seabed bathymetric relief 704 

on this structure, during early phases of formation of the channel system, which most likely affected 705 

the channel pathway.  706 

• Positions of low displacement may not be persistent in the same position of fold linkage during the 707 

life of the fold, and that implies shortening measurements using strata that bracket the time interval 708 

of the channel systems provide the best insights into the locus of channel-fold crossing points. This 709 

observation has important implications for the use of fold displacement – distance measurements in 710 

the prediction of sediment pathways through structures. Our results indicate that the use of 711 

cumulative displacement or shortening measurements are inappropriate for constraining the 712 

sensitivity of channel pathways to tectonic perturbation if they are made for strata that pre-date the 713 

existence of channel systems that cross the structure.  714 

•Although our data gives new insights into the time-averaged interaction of fold-thrusts with 715 

submarine channels, an important avenue for future research is to consider how the episodic nature 716 

of both submarine channel incision/sedimentation and structural growth helps to control the timing 717 

and locus of channel diversion in tectonically active submarine settings. 718 
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 918 

Fold 
Uplift 

(m) 

Uplift 
rate 

(m/M
yr) 

Shortening 
(m) 

Shortening 
rate (m/Myr) 

strain 
Strain 
rate 

(Ma/Ma) 
Strain rate (s-1) 

A 218 59 -216 -58 -0.0266 -0.00719 2.3E-16 
B 202 54  -198 -54 -0.0265 -0.00716 2.3E-16 
D 216 58  -204 -55 -0.0298 -0.00805 2.6E-16 
C - - -169 -46 -0.0107 -0.00289 9.2E-17 
 919 

Table 1. Values of maximum uplift, uplift rate, maximum shortening, shortening rate, maximum 920 

strain and strain rate since 3.7 Ma for the structurally highest fold crest of the fault-propagation 921 

folds (A, B and C) and the detachment fold (Fold C). See text for discussion of how the uplift and 922 

uplift rate are calculated. 923 

 924 
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Figure captions 927 

Figure 1: (a) Bathymetry map of the Niger Delta (modified from Corredor et al., 2005) showing the 928 

structural zones of the Niger Delta and the study area. (b) Regional section across the Niger Delta 929 

(modified from Corredor et al., 2005) showing the structural styles from extension on the shelf to 930 

shortening in the  toe-thrust area in the deep-water parts of the delta.  931 

Figure 2: (a) 3D bathymetry map and (b) edge-attribute map of the seabed in the study area. The 932 

maps show modern, seabed channel systems (1, 2, 3 and 4) and growing folds with seabed relief (A, 933 

B, C and D). The trace of the fold axes at the seabed is shown as sold lines with diamonds; the 934 

dashed fold axes are folds that do not have bathymetric expression at the modern sea floor. (c) Map 935 

of main thrusts and folds present at approximately 550 ms Twtt beneath the seabed.  Folds with 936 

seabed relief are in brown, and the associated thrusts in red.  Section lines, a1, a2, a3, b1, b2, c1, c2 937 

and d1, d2 across folds are shown in Figures 8, 9, 10, and 16. Black to white gradient on edge-938 

attribute map is high to low slope dip. 939 

Figure 3: (a) Uninterpreted and (b) interpreted seismic cross-section across the study area 940 

illustrating the general structural style (See Fig. 2b for location). The structures consist of fore-941 

thrusts that detach within the Akata Formation shales, and back-thrusts that mostly intersect the 942 

fore-thrusts. Syn-growth units can be identified by stratal thickness changes towards fold crests and 943 

in inter-thrust synclines.  944 

Figure 4:Isochron map of the growth sequence interval over the study area showing a series of NW – 945 

SE orientated depocentres (blue areas) and growing folds (yellow areas). The depocentres 946 

correspond to the footwall and hanging wall synclines of the actively growing structures. Labelled 947 

folds are those studied in detail. 948 

Figure 5: Methodology used for measuring strain based on line-length balancing. Lf = the present day 949 

length of the section while the original bed length is defined as L0 . L0 for pre-growth horizons = P1 + 950 

P2 and L0 for syn-growth strata = S. 951 

Figure 6: Seismic sections across Folds A and Fold B, illustrating potential seismic interpretation 952 

problems and how they are treated. Section a, shows a palaeo-scarp and the interpretation in b, 953 

shows the extrapolation of horizon h3 across the palaeo-scarp in order to measure strain. Section c, 954 

shows a seabed scarp and the interpretation in d, shows how the scarp is smoothed in order to 955 

measure strain on the seabed. Section e, shows channel incision across growing folds and the 956 

interpretation, f, shows extrapolation of horizon h3 across the erosive base of the channel in order 957 

to measure strain. 958 

Figure 7: (a) Seismic section across Fold A (section a2; Fig. 2a); stratigraphic horizons used for strain 959 

measurements are labelled.  (b) Plot of cumulative strain for two different depth conversion seismic 960 

velocities of 2300 and 2500 m/s; (c) interval strain rates derived from (b).   961 

Figure 8:  Uninterpreted (a, c) and interpreted (b, d) seismic sections across Fold A  (See Figure 2a for 962 

location). These sections reveal the structural style of the fold with a fore-thrust that detached 963 

within the Akata shales, and a back-thrust that intersects the fore-thrust.  964 
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Figure 9:  Uninterpreted (a, c, e) and interpreted (b, d, f) seismic sections across Folds B and D; 965 

(sections located in Figure 2a). These sections all show composite thrust-related folds each with two 966 

fore-thrusts. Note that only one of the folds has a significant influence on the seabed and the other 967 

is buried. Note also that there is a palaeo-scarp in (a, b); and the folds in (c, d) have been cut by an 968 

active seabed channel.  969 

Figure 10:  Uninterpreted (a) and interpreted (b) versions of section c1 across Fold C  (located in 970 

Figure 2a). Fold C has low displacement planar thrusts in its front and back limbs, and is cored by a 971 

duplex within the Akata shales. 972 

Figure 11:(a) and (b) seismic section across a buried channel and channel 4  illustrating how the 973 

downlap surface of channels levees is used as a proxy to estimate channel age. (c) Sea-bed edge map 974 

illustrating channel-structure interaction.  975 

Figure 12:  (a) Graph of cumulative strain against stratigraphic age for sections a1, b1, c2 and d1 976 

(located on Figure 2a).  (b) Interval strain rate plotted against stratigraphic age (i.e., the gradient of 977 

curves shown in (a)). These plots show variations in the interval strain rate through time. The 978 

maximum interval strain rate for all folds occurred between 9.5 Ma and 3.7 Ma; and all folds show a 979 

significant reduction in interval strain rate in the last 3.7 million years.  980 

Figure 13:  Graph of cumulative strain versus distance along strike for folds A to D. The blue curve is 981 

the strain for 23.2 Ma, red for 7.4 Ma and green for the 3.7 Ma horizons respectively. The present 982 

day seabed relief is shown in purple. The strain decreases as the horizons become younger, 983 

reflecting the growth of the structures through time.   984 

Figure 14:  (D1) Cumulative strain of stratigraphic horizons in Fold D; (D2) seabed map showing the 985 

outline of Fold D and relative position of Channel 4; (D3) interval strain rates measured at locations 986 

[1] and [2] shown in D1, and represented by the black and brown bars respectively. (A1) Cumulative 987 

strain of stratigraphic horizons in Fold A;(A2) seabed map showing the outline of Fold A and relative 988 

positions of seabed channels; (A3) interval strain rates measured at location [1] shown in A1. (B1) 989 

Cumulative strain of stratigraphic horizons in Fold B; (B2) seabed map showing the outline of the 990 

composite Fold B and relative position of seabed channels, (B3) interval strain rates measured at 991 

locations [1] shown in B1. (C1) Cumulative strain of stratigraphic horizons in Fold C, (C2) seabed map 992 

showing the outline of Fold C and relative position of Channel 2, (C3) interval strain rates measured 993 

at location [1] shown in C1. Distances on x-axes are measured from NW end of structures. 994 

Figure 15:  Simple diagrams to illustrate end-member relationships between structural uplift rate 995 

and sediment accumulation rate. (a) Higher sediment accumulation rate relative to uplift rate where 996 

the syn-growth sediments (pink) overlap the growing structure. Because of lack of bathymetric relief 997 

associated with the growing fold seabed channels can cross over the fold crest as shown 998 

schematically in (b).   (c) Higher uplift rate relative to sediment accumulation rate with the syn-999 

growth sediments (pink) onlapping the growing structure. This scenario generates seabed relief and 1000 

any channels crossing the area are likely to be deflected away from the fold-related seabed relief as 1001 

shown in (d).  1002 

Figure 16:  (a) Section across Fold A (section a3 in Figure 2a) showing mainly overlapping seismic 1003 

horizons over the structure since 3.7 Ma (although these horizons have been truncated by the 1004 
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seabed scarp); this indicates a slightly lower uplift rate relative to sedimentation rate. Note that the 1005 

uphill slope is 1.8 km in length. (b) Section across Fold D (section d2 in Figure 2a) also showing the 1006 

same geometric relationship as in (a). Note also that the uphill slope is ~ 2 km in length and the 1007 

overlapping horizons have been truncated by a scarp.  (c) Section across Fold C (section c2 in Figure 1008 

2a) showing seismic horizons which largely onlap the growing structure since 3.7 Ma – although 1009 

there are periods of minor offlap (continuous yellow lines) which indicate variation in growth rate 1010 

through time. The overall onlapping geometry indicates a slightly higher uplift rate relative to 1011 

sedimentation rate. Note that the uphill slope is ~ 5.6 km in lateral extent. 1012 

Table 1: Values of maximum uplift, uplift rate, maximum shortening , shortening rate, maximum 1013 

strain and strain rate since 3.7 Ma for the structurally highest fold crest of the fault-propagation 1014 

folds (A, B and C) and the detachment fold (Fold C). See text for discussion of how the uplift and 1015 

uplift rate are calculated. 1016 

 1017 
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