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SUMMARY

A detailed investigation of the structural evolution of the deepwater west
Niger Delta was undertaken from the combination of industry 2D and 3D
seismic reflection datasets. The study has been focused on three themes:
crustal architecture, thrusting in oceanic crust and the role of multiple
detachments in developing the structural style in the area. Detailed analysis
and mapping of the basement structures, crustal thickness and distribution,
identification and analysis of thrust-fault pattern and its relationships to
detachment levels have provided a completely new understanding of the
structural evolution of the deepwater west Niger Delta.

The study shows that the area is underlain by oceanic crust that is
characterised by a thickness of 5-7 km and by internal reflectivity consisting of
both dipping and sub-horizontal reflectors. Inclined reflections can be traced
up to the top of the crust where they offset it across a series of minor to major
SW-NE striking basement thrusts in the SE of the study. The crust is thinnest
around a major transform structure, the Chain Fracture Zone possibly related
to the local geometry of the spreading fabrics with no significant variation the
crustal thickness across the transform zone.

Detachments are located within the ‘Dahomey unit’, and the transition
between the Agbada and Akata Formations (Top Akata). Quantitative
measurements of fault displacements show that the utilisation of different
detachments results in contrasting styles of thrust propagation and fold
growth.Two geographical zones are defined. In zone A, (NW sector of the
study area), the stratigraphically shallowest Dahomey detachment is
dominant and is associated with thrust truncated folds while in zone B, (SE
sector of the study area) a stratigraphically lower detachment approximately
at the Agbada-Akata Formation boundary is associated with thrust propagation
folds.
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AUTHOR’S NOTE

Chapters Three, Four and Five of the present Thesis have been submitted as
papers to three different international publications. The present status of these
publications are summarised as follows:

e Chapter Three has been submitted to Marine and Petroleum Geology
as: Crustal structure of the Deepwater West Niger Delta Passive Margin from
the interpretation of seismic reflection data. Sepribo E. Briggs, Joe
Cartwright & Richard J. Davies.

e Chapter Four has been submitted as: Thrusting in oceanic crust during
continental drift offshoreNiger Delta, Equatorial Africa. Sepribo Eugene
Briggs*!, Richard ] Davies, Joe Cartwright & Richard Morgan

e Chapter Five has been published in Basin Research as: Multiple
detachment levels and their control on fold styles in the compressional domain
of the deepwater west Niger Delta. Sepribo .E. Briggs, Richard ]. Davies,
Joe A. Cartwright & Richard Morgan.
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here. Fault cutting through the entire crust with an average dip of 35°.
These types of faults are generally compressive in nature.
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3.12

A 3D structural map of horizon B showing the termination of fault
(dashed black lines) generally termed curved abyssal hill at the major
transform structure (Chain fracture zone). The transect G-G'

(Figure. 3.14) is a strike line across the uplifted area showing the
topographic change across the area.
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3.13

A graphical picture showing the spacing and vertical displacement of
faults measured from 2D and 3D seismic data in the study. Note that F
and SP signifies frequency and scarp spacing on the table.
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3.14

Cross section across the uplifted zone on horizon B from 3D seismic data.
The exact position of this section is shown on figure 3.12.

3-30

Chapter Four: Thrusting in Oceanic crust deepwater west Niger
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4.1

(A) Map of the Atlantic showing the location of oceanic fracture zones
(modified after Le Pichon & Fox, 1971; Wilson, 1975; Wilson & Williams,
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1979). Note the location of the Falkland and Agulhas Fracture Zones. (B)
Reconstruction of the Gulf of Guinea during the Albian time showing the
Benue trough (modified after Benkhelil et al. 1998).

42

(A) Gravimetric Satellite imagery map of the Central, Equatorial and
South Atlantic showing the study area and the position of the major
fracture zones in the area (Sandwell & Smith, 1997) but modified after
Fairhead and Wilson, 2005. (B) Satellite Gravity map of the study showing
the (1) Chain and (2) Charcot Fracture Zones (Sandwell & Smith, 1997) and
the approximate position of the 2D and 3D seismic data utilised
superimposed on it.

43

Simplified 2D and 3D seismic reflection database overlain by a 2D
structural interpretation map of the study area. PZ on the map signifies
uplifted (pop-up) compressional fault zone. The red colour features are
compressional faults while the orange and grey signifies the position of
normal faults but with different dipping direction.

49

4.4

A 3D seismic line showing the defined major horizons used in the study

4-11

4.5

Time-Structural map of horizon 2 based on 3D seismic data. Note the
curvature of the tectonic spreading fabric towards the trace of the Chain
Fracture zone.

4-13

4.6

Interpreted 3D seismic data example of the basement thrust faults F2 and
F4 verging in the south.

4-14

4.7

Interpreted 3D seismic data example of basement thrust faults F1, F3 and
F5 verging in the north.

4-15

48

3D fault surface model of all the five (F1-F5) crustal interpreted faults. This
view does not cover the extreme southeast and west of the study area due
to the unavailability of dense 3D seismic reflection data here. This view
covers all the major thrust faults in the basement that contributes to the
formation of the triangle zone. The thrust faults F1, F3 and F5 are verging
towards the north while F2 and F4 are south verging. Note the area of
basement fault ramp and linkage.
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4.9

(A) Uninterpreted and (B) interpreted WNW-ESE oriented 2D seismic line
across the Charcot fracture zone (see Figure 2 for the exact position of the
line) showing anomalous crustal features. Note that Lf1, Lf2 and Lf3 are
due to the lack of lateral support on the fold leading to the development of
listric faults surfaces. R and F on reflection 1 correspond to ramp and flat
as observed on fault-bend fold models. Also note that the group of
reflections marked A on this figure are onlap features typical of fold
growth.
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4.10

(A) Uninterpreted and (B) interpreted WNW-ESE oriented 2D seismic
reflection line labelled B across the Charcot fracture zone (see Figure 3 for
the exact position of the line). This line is about 20 km to the south of the
previous figure (4) showing yet another perspective of the anomalous
basement features.
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4.11

A line drawing of figure 4.9 illustrating the two possible interpretations of
the same data over the Charcot ridge structure. (a) Shows thin-skinned
model with the ramp-flat (marked as R and F) thrust fault detaching
within or near the Moho marked as reflection 1. (b) Shows a thick-skinned
model with the thrust actually continuing at depth after displacing the
Moho.
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51 (a) Map of the Niger Delta showing the different structural domains 54

(modified after Damuth, 1994). Note IFTB, DFB and OFTB are equivalent
to the inner fold and thrust belt, detachment fold belt and outer fold and
thrust belt respectively (b) Regional dip line extending across the onshore
into the deepwater west Niger delta. Modified after Haack et al., (2000).
Vertical exaggeration = 2.0.

52 Chronostratigraphic diagram showing the regional variability in 5-7
stratigraphy along a NW-SE transect across the deepwater west Niger
Delta.. 2D seismic line showing the abrupt change in stratigraphy
between units 1a, 1b and unit 2. Note that BSM, PASW, Unit 2, Unit 1a and
unit 1b corresponds to the basement (Ajakaiye & Bally, 2002), pre-Akata
sediment wedge (see Morgan, 2003, 2004), Akata Formation (Avbovbo,
1978; Knox & Omatsola, 1989), Dahomey wedge (Morgan, 2003; 2004) and
Agbada Formation (Short & Stauble, 1967; Avbovbo, 1978) respectively.

5.3 Non-interpreted and Interpreted seismic lines from (a) the 2D dataset (b) 5-11
the 3D dataset, showing the major stratigraphic subdivisions of the
deepwater west Niger delta. The major reflectors defined in this section
are the BSM, the PASW, unit 2 corresponding to the Akata Formation, unit
1A which is the Dahomey detachment unit, and unit 1b which defines the
Agbada Formation. Note the sinusoidal geometry of the Dahomey unit
that thins towards the SW direction here and in the SE direction on Fig. 2
but becomes relatively thicker towards the NE. The compressional faults
tip out from the thick units marked DW. Older inactive fold features are
observed buried without seafloor expression.

54 Location map of the study area showing the 2D and 3D seismic database, 5-12
the approximate demarcation of zones A and B and the location of faults
F1 - F8 described in this study. It also shows the approximate extent of the
Dahomey wedge.

5.5 Time structural map of Miocene (10.3 Ma) showing the parallelism 5-14
between fold axes and the strike of the thrust faults. The figure is
dominated by dip-slip regime. The measurements of the fault
displacements were made on profiles that are generally parallel to the
likely transport direction.

5.6 Uninterpreted (a) and interpreted (b) representative seismic section from 5-16
zone A showing a typical fault (F1) detaching within the Dahomey wedge.
(c) An enlarged section of the sole segment where the fault plane reflection
terminates within a bedding parallel layer marked as BPR.

5.7 Uninterpreted (a) and interpreted (b) representative seismic section from 5-17
zone A showing a typical fault (F2) detaching in the Dahomey wedge.
5.8 Representative (a) Uninterpreted and (b) interpreted seismic section from 5-18

zone B showing fault F3. Note how the thrust ramps up forming a thrust
wedge. Also observed is the amount of displacement between the footwall
and hanging walls. The upper tip is invisible within a trishear zone (c) A

xvi




section of the sole segment defining the exact position of the detachment
layer (d) Line drawing of the sole segment describing the relationship
between the reflections (e) A depth converted seismic section showing
fault F3 from which actual displacement measurements were made.

5.9

Representative (a) non-interpreted and (b) interpreted seismic section
from zone B showing fault F4. Note how the thrust ramps up forming a
thrust wedge on the top Akata Formation define by A-A. The upper tip of
the thrust is invisible within the trishear zone.

5-19

5.10

Displacement-distance plots for thrusts F1, F2 and F7 from zone A. The
origin (0;0) of the plots are equal to the upper tip of the faults.

5-24

5.11

Displacement-distance plots for thrusts F3, F4, F5, F6 and F8 from zone B.
The origin (0;0) of the plots are equal to the upper tip of the faults.
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5.12

Non-interpreted (a) and interpreted (b) seismic section showing early
stage of development in a faulted detachment fold. Fault and deformation
zones form on steeply dipping rotated segments on both limbs resulting in
pop-up like structures.

5-31

5.13

Model showing thrust related fold types and their associated
displacement-distance profiles. (a) Thrust related fold type with apparent
nucleation point at the centre of the fault. (b) Idealised displacement-
distance pattern from a “C-type” fault (after Muraoka and Kamata, 1983).
(c) Thrust related fold type showing nucleation point at the base of the
fault. (d) Idealised displacement-distance pattern from a type II fault. Note
here that the nucleation point corresponds to a detachment level.
Displacement values are projected from a perpendicular down to a
horizontal line from the midpoint between the hanging wall and footwall
cut-offs.
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Chapter Six: Tectono-stratigraphic Evolution of Cretaceous to

Recent Deepwater West Niger Delta

Figure
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6.1

A simplified model describing the initial phases in the evolution of the
study area. (A) Shows the initial stage before the development of the
evolution. (B) The continent undergoes extension. Here the crust is
thinned and a rift valley forms Continental separation, as the continent
edges are faulted and uplifted Basalt erupts from the ocean crust. (C) This
shows the development of rifts due to the upwelling of mantle materials
(D) shows a wider coverage of the evolution and how it develops into
continental and oceanic segments.

6-8

6.2

A WNW-ESE oriented seismic section showing examples of basement and
the deposition of syn-rift and post-rift sediements.

6-11

6.3

A regional scale cross section showing the structural and stratigraphic
subdivision of the Niger Delta. In terms of the structure it shows the
variations in structural styles from the extensional to the compressional
zones. The litho-stratigraphic distributions of the different formations are
clearly observed. Note that the topmost Benin Formation disappears
downslope. Overpressure in the Akata Formation has rendered the Akata
structurally weak and the entire sediment cone has collapsed on intra-
Akata detachment faults creating extensional, faulted-diapiric and
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Chapter One Introduction

Chapter One: Introduction

1.1 Rationale

A good understanding of the structure and mode of evolution of the
continental margin of the Niger Delta is crucial for many reasons. In terms of
hydrocarbon exploration, the area is of high economic importance as
demonstrated by the high level of hydrocarbon exploration activities, interest
and investments that have been maintained in the area for the past five
decades. The deepwater Niger Delta slope area has become one of tll'le world’s
exploration hotspots over the last few years (1995 to present). Previously, the
advance of exploration off the shelf and onto the slope area of the Niger Delta
produced a succession of large significant discoveries -Bonga, Agbami/Ekoli/
Ikija, Bosi/Erha, Ukot, Akpo/Egina/Preowei/Kuro, Nnwa/Doro, Chota to name
a few and hopes have been high for a continuation of this success further
downslope.

The existing information on the evolution and structure of the margin
are largely due to the results of surveys of a regional nature carried out by
several international organisations. The most useful of these are the reports of
Mascle et al. 1973; Emery et al. 1975 and that of Lehner and De Ruiter, 1977.
Petroleum exploration activities in the region, particularly in the Niger Delta
have also led to the acquisition of a vast amount of data in order to study the
structure of the delta (Short and Stauble, 1967; Hospers, 1971, Evamy et al.
1978). Nevertheless, the results from the studies carried out by oil and gas
exploration companies are always placed in an archive, and as such there has
not been much published works on the deepwater part of the Niger Delta.

Despite the plethora of studies on the subaerial delta and on the adjacent
inner continental shelf, the continental slope and rise seaward of the shelf

break off the Niger Delta remains one of the least surveyed and studied
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continental margin of the world. At a time when most continental margins
throughout the world are being increasingly subjected to sophisticated
geophysical surveys, studies on the structure and tectonic evolution of the
deepwater Niger Delta are limited and are based largely on widely spaced
reconnaissance seismic lines on the West African margin (Burke, 1972; Mascle
et al. 1973; Delteil et al. 1974; Emery et al. 1975; Mascle, 1976; Lehner and De
Ruiter, 1977; Gorini, 1981). Many of these studies have focused on mapping
the trends of fracture zones and other basement structures in order to
reconstruct the plate tectonic history of the Equatorial Atlantic. As petroleum
exploration activity is rapidly advancing into the deep and ultra-deepwater
Niger Delta, an understanding of its structural and tectonic evolution is now
imperative and necessary for the successful and economic hydrocarbon
exploration.

Understanding of the crustal structure is a major challenge for regional
basin analysis and petroleum exploration in frontier regions such as
deepwater Niger Delta. However, many questions remain relating to: (1) the
crustal architecture and a better definition of the position and nature of the
Continent-Ocean Boundary (COB), (2) the causes of the intraplate
compressional deformation within the deepwater west Niger Delta, and (3)
the causes of the variability in fold styles across the deepwater and their
structural evolution. Many of these questions are unresolved simply because
of the inadequacy of the widely spaced data, their limited scale and the
general lack of well bore calibration of stratigraphy within the area. This is
now possible with recently acquired 2D and 3D seismic reflection data and
well information.

This PhD project uses this available and recently acquired commercial
2D and 3D seismic reflection data to study the structural evolution of the
deepwater west Niger Delta and to improve our current understanding of the

basement and cover structures that formed the delta.
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In this chapter a list of the principal aims of this PhD research project is
provided. Subsequently, a concise overview of the location and geological
setting of the study area, the data and the methods used, and an acct;unt of
the history of hydrocarbon exploration in the Niger Delta are presented. The
chapter concludes with the layout of the thesis. More detailed background to
the geological setting of the study area; the datasets and methodologies
employed throughout this research, and a review of the previous literature

are provided in subsequent chapters.

1.2 Aims of the study

This thesis has a broad range of aims, the majority of which are related to
improving the current understanding of the structural evolution of the
deepwater West Niger Delta. However, because this research is focused on an
area that is currently housing world class hydrocarbon discoveries and at the
moment undergoing increased and aggressive exploration efforts, a series of
resultant aims are to recognise how these results could aid hydrocarbon
exploration in the Niger Delta margins.

The aims of this thesis are:

e To determine the crustal architecture and evolution of the crust under

the deepwater west Niger Delta basin.

e Address the spatial and temporal variability in crustal type, structure

and thickness under the toe region of the delta.

e To describe the anomalous crustal features inherent in the oceanic

crust.

e To document the causes of the regional structural variability within the

fold and thrust belts of the deepwater west Niger Delta.
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e To investigate the role of multiple detachments in the deepwater west
Niger Delta folds and thrust belt. This particular theme has the aim of
answering questions which includes

> Are multiple detachments responsible for the development of
different sets of structures in the west Niger Delta fold and
thrust belt? Can these structures easily be distinguished by their
geometry and wavelength?

> In what way does the presence of multiple detachments
influence the spatial-temporal evolution of the deepwater west

Niger Delta compressional belt?

To address these issues, extensive interpretation of the regional 2D
seismic reflection data complimented with detailed interpretation of 3D
seismic reflection data in the deepwater west Niger Delta provided by Veritas

DGC, was undertaken.

1.3 Significance of the study

This study is one of the first to explore the application of large coverage and
high quality 2D and 3D seismic reflection data to the study of basement
structures and as such has important value for further development in this
direction. It is expected that the ability to image basement structure available
through the application of 2D and 3D seismic reflection data will provide the
much needed insight that will further advance our understanding of the plate
tectonic history of the Equatorial Atlantic.

The advancement of our understanding of the structural evolution has a
number of implications for plate tectonic reconstruction, hydrocarbon
exploration, basin modelling and this study is, therefore, of general interest

beyond the field of structural geology and seismic interpretation.
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1.4 Location and geological setting

The Niger Delta (Figs. 1.1 and 1.2) is located in the Gulf of Guinea and
regarded as one of the most prolific hydrocarbon provinces in the world. It is
typically a wave and tide dominated delta that is located on the Atlantic coast
of Africa and fed by the Niger River (Doust and Omatsola, 1990). It is
characterised by a thick succession of deltaic sediments that have prograded
over the passive margin and overlie a ductile substrate of overpressured
shales reaching é maximum thickness of 10-12 km (Doust and Omatsola, 1990;
Cohen and McClay, 1996). It is characterised by large regional and counter-
regional extensional growth faults that have mainly formed on the delta top
together with a belt of imbricate thrusts and folds at the delta toe (Fig. 1.2). It
is generally accepted that the delta top growth fault systems form as a result
of differential progradation and loading of the ductile substrate of
overpressured pro-delta shales and that the extensional growth faults are
mechanically linked to the contractional fold/thrust system at the delta toe
(Morley and Guerin, 1996; McClay et al. 1998).

The compressional domain of the deepwater Niger Delta is divided into
three (3) subdomains which have been termed the inner fold and thrust belt,
the transitional inter-thrust and the outer fold and thrust subdomains (Fig.
1.2) (Connors et al. 1988; Corredor et al. 2005a; Briggs et al. 2006).

(1) The inner fold and thrust subdomain is a highly shortened and
imbricate fold and thrust belt while the outer fold and thrust belt is a
more classic toe thrust zone with thrust-cored anticlines that are
typically separated from one another by several kilometres

(Corredor et al. 2005a).
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Chapter One Introduction

(2) The inter-thrust subdomain is a transitional subdomain between
the inner and outer fold and thrust subdomains and characterised by
regions of little or no deformation interspersed with broad
detachment anticlines that accommodates relatively small amount of
shortening (Bilotti and Shaw, 2005).

(3) The outer fold and thrust belt is comprised of local depocentres
and both basinward and hinterland verging thrusts. This domain is
situated further downdip, with channelised turbidite sands trapped
in broad wavelength anticlines above incipient thrust propagation

Zzones.

1.5 History of hydrocarbon exploration in Nigeria

The Nigeria National Petroleum Corporation (NNPC) upstream operations
are in joint partnership with major oil companies. These multinational
companies are operating predominantly in the on-shore Niger Delta, coastal
offshore areas and lately in the deepwater. As with many other developing
countries, the multinationals have been operating under what is called a
concession system, with NNPC being the concessionaire, while the companies
are the operators. The NNPC also is responsible for the management of the
exploration bidding round for oil and gas until lately when it was transferred
to the DPR (Department of Petroleum Resources) in the Federal Ministry of
Petroleum Resources now called Ministry of Energy. The multinational oil
companies operate in partnership with NNPC under a Joint Operating
Agreements (JOA's) or Production Sharing Contracts (PSC's). Others,
especially the indigenous oil companies, operate in partnership with
international companies under sole risk or as independents.

The Niger Delta has been an area of immense oil and gas exploration

since 1908 when the German Nigeria Bitumen Corporation commenced
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exploration activities and drilled the first well (total of 14 until the end of
1914) in the vicinity of the tar seep deposit of Araromi area, west of Nigeria in
the northern part of the delta (Frost, 1997). These pioneering efforts ended
abruptly with the outbreak of the First World War in 1914. Oil prospecting
efforts resumed in 1937, when Shell D Arcy (the forerunner of Shell
Petroleum Development Company of Nigeria) was awarded the sole
concessionary right covering the whole territory of Nigeria. Their activity was
also interrupted by the Second World War, but resumed in 1947. However,
significant oil shows were not found in the Tertiary rock until 1956 when
Shell-British Petroleum brought the first commercially viable discovery well
at Oloibiri on stream with a modest production rate of 5,100 barrels per day.

This discovery opened the oil industry in 1961, bringing Gulf, Agip,
Safrap (now Elf/Total), Tenneco and then Amoseas (ChevronTexaco) to join
the exploration efforts both in the onshore and shallow offshore areas of
Nigeria. Subsequently, the quantity doubled the following year in 1962 and
progressively as more players came onto the oil scene, the production rose to
2.0 million barrels per day in 1972 and reached a peak at 2.4 million barrels
per day in 1979. Nigeria thereafter, attained the status of a major oil producer,
ranking 7th in the world in 1972, and has since grown to become the sixth
largest oil producing country in the world. The country’s reserves of crude oil
currently stand at 36.220 billion barrels with a natural gas reserves total of
181.900 trillion standard cubic feet (scf) (Radler, 2006).

From the very beginning of oil exploration in Nigeria in 1937 by Shell-
D’Arcy till early 1993, virtually all exploration and production activities were
restricted to land and swamps. Where prospecting ventured offshore, it was
in areas not greater than 200 m water depth. The year 1991 herald the entry of
more new players like BP, Statoil, Amoco, Esso, Conoco, Total and other
indigenous companies. This development was enhanced by the extension of

the concessionary rights previously a monopoly of Shell. But in 1993, the
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federal government opened up a new frontier in oil and gas exploration,
heralding the bright prospects of a promising future, by allocating some
deepwater acreage in water depths reaching 2500 m. Though these deepwater
operations are technically challenging and massively capital intensive,
experienced multinational companies have been awarded some deep offshore
blocks and even ultra deep concessions. By the end of 1998, the deepwater

operators in Nigeria have archived the following:

(@) Acquisition of 21, 000 sq. km 2D Seismic Lines

(b) Acquisition of 21, 500 km 3D Seismic Lines

(c) Drilling of 33 exploration/appraisal wells in a depth range between 300
and 1460 m.

The technical challenges of deep and ultra-deepwater depths meant a
number of less than 20 wells drilled worldwide in water depths greater than
1000 m. Expectedly, since most of the deep water activity in Niger Delta is in,
so called, “virgin” territory and lacking infrastructural support and services,
the cost of prospecting is extremely high. This is however ameliorated and set
off against the PSC (Production Sharing Contract) with the Federal

Government of Nigeria under the auspices of the NNPC.

1.6 Database and Methodology

2D and 3D seismic reflection datasets represent the main primary source of
information used in this study. This deep seismic reflection data consists of
recently acquired high resolution 120 fold 2D seismic reflection data acquired
in 1998, with 6 km cable length and 12 second recording interval, processed
using the Kirchhoff bent ray pre-stack time migration. The 3D seismic
reflection data were acquired in 1999 and imaged deep levels to

approximately 12 seconds (s) two-way travel time (TWT). The 2D seismic
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reflection data consists of 2 strike lines of about 320 km combined length
which are oriented in a WNW-ESE direction with spacing of 20 km between
them. The rest of the 2D seismic reflection data is made up of 8 strike lines of
1648 km oriented in a NW-SE direction and 33 dip lines of 4089 km with a
SW-NE orientation (Fig. 1.4). They cover an area of 3057 km2acquired from 6
km offset length and 12 s record interval, with line spacing of 25 m and has a
similar processing sequence to the rest of the data. These dataset were
acquired from an area where the water depth is between 1500- 4000 m. The
specifics of the seismic data acquisition allowed for the imaging of deep
reflections from the crust below the Niger Delta. The quality of the data is
excellent due to the application of pre-stack time migration (PSTM). The data
are displayed with a reverse polarity (European convention) so that an
increase in acoustic impedance is represented by a trough and is black on the
seismic data in all figures presented here. The data are displayed in seconds
two-way-travel time marked TWT.

The dominant frequency of the seismic data varies with depth, but it is
approximately 10 Hz at the level of interest. When calculating the resolution,
realistic seismic interval velocity of 6000 m/s was assumed within the crust.
This velocity is estimated from studies on other areas in the South Atlantic
(Sage et al. 2000; Wilson et al. 2003). Vertical resolution (A/4) is estimated to be
about 150 m for the studied crustal interval.

This study is also supported by satellite derived gravity data from the
world database compiled by Sandwell and Smith (1997) which images the
Chain and Charcot fracture zones (Fig. 1.2). It covers the Gulf of Guinea
region of the Equatorial Africa from about latitude 9°00" N to 2° 00" S and
longitude 1° 00" E to 12° 00" E (Fig. 1.1).
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Chapter One Introduction

The interpretation of 2D and 3D seismic data represents the core method
used in this PhD research project. In the past, seismic interpretations have
been used for studying the evolution of the Niger Delta. However, previous
works on this field have been limited to the analysis of widely spread 2D
seismic data. The present research project represents the first comprehensive
work on the structural evolution using the combination of 2D and 3D seismic
data. This has allowed an excellent coverage of the basinal distribution of the
crust and revealed anomalous structures in the region and promoted the
investigation for the causes of the variation in structural styles within the fold
belts. Each of the main composite chapters (3, 4 and 5) contains a description

of the methods used for the study.

1.7 Thesis layout

The core of this thesis consists of three paper-style chapters (Chapter 3, 4 and
5). These have been structured according to the guidelines for authors as
specified for Marine and Petroleum Geology (Chapter 3); the journal
“Tectonics” (Chapter 4) and Basin Research (Chapter 5). There are elements of
repetition in the introductory and review sections of these chapters. Also,
there are unavoidable overlaps between discussion topics and conclusions in
the chapters due to the location of the study and the data set used. The
duplication however has been kept to a minimum. The three core chapters (3,
4 and 5) are put in between two introductory, scene setting chapters (1 and 2),

and two summative and concluding chapters (6 and 7).

o Chapter 2 reviews the existing literature on regional geology and the

plate tectonic evolution of the deepwater west Niger Delta.
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e Chapter 3 examines the structure of the deepwater west Niger Delta,
looking at the crustal thickness and type, internal structural elements

and other inherent features of the crust.

o Chapter 4 deals with some of the novel features of thrust systems that
have been observed in Chapter 3. It is focused on looking at the
evolution of thrusting in oceanic crust within the study. These thrusts
are anomalous features that are very important to the general evolution

of the Niger Delta.

e Chapter 5 examines the role of multiple detachments in the variability
in structural styles within the compressional domain of the study area.
It uses various methods to characterise the different structural areas

and differentiate them from the others.

e Chapter 6 is an extended and detailed discussion of the topics that
were introduced in chapters 1 and 2 and which form the main body of
the thesis (Chapters 3, 4 and 5). These are the crustal structure and
architecture, evolution of the thrusting within the Charcot fracture
zone, and the significance of multiple detachment levels on the
evolution of fold and thrust belts in the delta. This chapter has been
developed as the tectono-stratigraphic evolution of the Deepwater

West Niger Delta.

e Chapter 7 concludes the thesis by drawing together the various strands
of discussion that have emerged from the entire study and arrives at a

series of conclusions.
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Chapter Two: Regional Geology and Tectonic Evolution of the

Deepwater West Niger Delta Margin

2.1 Introduction

This chapter aims to lay the foundation for the three investigative chapters
that follow, and begins with a synthesis of the regional geology and evolution
of the Niger Delta margin. This involves a review of the relevant literature,
which is interwoven with and complemented by observations drawn from the
regional mapping components in this study. It is aimed at chronologically
describing the evolution and the regional geological context of the deepwater
west Niger Delta. The ensuing section will covers some introductory material
on the plate tectonic origin of the Equatorial Atlantic, and aims to arrive at an
understanding of the place of the Niger Delta margin within a global plate
tectonic context. This is followed by a review of the general structural geology
of the deepwater Niger Delta without isolating the west from the east/south
lobes of the delta and then rounded up with an insight to the stratigraphy in
the area.

The Niger Delta is situated in the Gulf of Guinea and is one of the largest
deltaic systems in the world (Doust and Omatsola, 1990). The subaerial part of
the delta covers about 75, 000 km?, extending for more than 300 km from the
apex to the mouth. The regressive delta and adjacent margins comprise a
wedge of clastic sediments of about 12 km thick formed by series of offlap

cycles (Evamy et al. 1978; Doust and Omatsola, 1990).

2.2 Geodynamic evolution of West African margin

2.2.1 Permo-Triassic rifting episode related to break up of Gondwana
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This stage is associated with the break up of the Gondwana which started in
the Middle Jurassic with the opening of the Central Atlantic (Klitgord and
Schouten, 1986). There was no associated major intra-continental basin
development in North West Africa that is coincident with this phase of
opening, probably due to the location of the stable West African cratonic
block. By the Mid-Jurassic, the Indian Ocean had started to open with the drift
of Madagascar, India and Antarctica away from Africa. This break up was
preceded by a significant phase of intra-continental rifting and sedimentation
within the extensive Karoo basin of East and Southern Africa. The Karoo
basin started developing in the Permo-Triassic (Lambiase, 1989) utilizing the
weak zones of the Pan-African mobile belts surrounding the cratonic blocks of

southern Africa.

2.2.2 The initial opening of the South Atlantic

Nurnberg and Muller (1991) suggested a stepwise, northward-propagating
rift for the South Atlantic (Figs. 2.1-2.4). The first rift phase is tentatively dated
as 150 Ma (Tithonian) to about 130 Ma (Hauterivian) from Nurnberg and
Muller, (1991). This rift propagated from the southernmost tip of the South
Atlantic to about 38° S in the vicinity of the Salado Basin. This rifting phase
caused continental stretching and minor dextral strike-slip motion within the
Colorado and Salado Basins. The post upper Jurassic sediment fill as well as
the inception of faulting between Middle and Upper Jurassic lines (Urien and
Zambrano, 1973) supports this assumption. At about 130 Ma, rifting
combined with dextral strike-slip motion is assumed to have started along the
Parana/Chacos Basin deformation zone. It has been recognized that this
strike-slip motion was related to further northward propagation of rifting in
the South Atlantic up to 28°S. North of this rift, Africa and South America are
assumed to have been rigidly attached until Chron M4 (126.5 Ma) (Fig.2.3).

2-2-



Chapter Two Regional Geology & Tectonic Evolution

Between Chron M4 (126.5 Ma) (fig.2.3) and Chron MO (118.7 Ma)
(Fig.2.4) rifting propagated northward into the Benue Trough. There is no
evidence for opening in the equatorial Atlantic before Aptian time (118.7 Ma)
(Jones, 1987; Castro, 1987; Mascle et al. 1988). The extension south of the
equatorial Atlantic was taken up by continental stretching and sinistral strike
slip motions in the Benue Trough/Niger rift system in accordance with
Fairhead and Okereke (1987) and Fairhead (1988). No evidence of
compressional phase in the equatorial Atlantic is evident during this stage
(Castro, 1987; Mascle et al. 1988) as was proposed by Rabinowitz and
LaBrecque (1979). At Chron MO (118.7 Ma) movements along the
Parana/Chacos Basin deformation zone ceased, having generated 60 to 70 km
of crustal extension and between 20 and 30 km of dextral shear.

After Chron MO (118.7 Ma) (fig. 2.4), the equatorial Atlantic began to
open. According to Mascle et al. (1988), continental rifting in the equatorial
Atlantic resulted in the creation of small divergent basins in the Aptian times
characterised by thinned continental crust. Not until Late Albian to Early
Cenomanian time (ca. 100 Ma) (fig. 2.5), small oceanic basins were created
establishing the final breach between the continental crusts of Brazil and
Africa (Mascle et al. 1988: Popoff et al. 1989). Paleo-current interconnection
between Central and South Atlantic was established around Upper Albian
times documented from the presence of Atlantic and Tethyan faunas
(Wiedmann, 1978).

While intracontinental movements within Africa continued until about
Chron 34 (84 Ma) (fig. 2.6) (Fairhead and Okereke, 1987; Castro, 1987), rifting
in the Salado and Colorado basins is assumed to have ceased about chron M4
(126.5 Ma), having generated 20-25 km and 40-45 km of crustal extension in
the Salado Basin and Colorado Basin, respectively, and 20 to 30 km of dextral
strike-slip in both basins. Since Chron 34 (84 Ma) (fig. 2.6), the South Atlantic

has opened as a two plate system. The strike-slip/rift zones present during
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various times at the northernmost end of the propagating rift can be regarded
as stress buffers that prevented the translation of compression into the region

north of the rotation pole.
2.2.3 Neocomian-Early Aptian rifting episode

From Late Juraissic —Early Cretaceous onwards, rifting took place along the
lines of the proto-South Atlantic, as South America commenced its separation
from Africa (fig. 2.1). This is coincident with the second phase of intra-
continental rifting which led to the development of the west and central
Africa rift systems (Burke et al. 1971; Genik, 1992; Guiraud and Maurin, 1992).
This continen;al separation has been defined by the emplacement of oceanic
crustal material dated at ~130 Ma for the Cape Basin area (Rabinowitz and
LaBrecque, 1979) becoming younger northwards, so that the Equatorial region
had only just began separation by ~119 Ma (fig. 2.4) (Mascle et al. 1986). Prior
to the opening of the Equatorial Atlantic, the Central and South Atlantic
oceans were opening independently from one anoth»er resulting in
considerable stress building up in the Equatorial region (Fairhead and Binks,
1991). This stress was dissipated into the Caribbean (Pindell and Dewey,
1982), West and Central Africa (Fairhead, 1988, Fairhead and Binks, 1991),
northeast Brazil (Chang et al. 1992).

Voluminous tholeiitic flood basaltic volcanism in Brazil and Southern
Africa between 120-130 Ma (Parana province, Brazil; Etendeka province,
Namibia) has been related to the activity of a deep mantle plume (Tristan da
Cunha hotspot) beneath the newly developing plate boundary (White and
McKenzie, 1989; O Connor and Duncan, 1990; Davison, 1999). This suggests
that at least for the opening of the South Atlantic, there is an intimate

relationship between hotspot activity and continental rifting.

2-4-



s 117

7 8

%

%

%-/1

% 0 2

%



/-
(L
8V\

e
%

XXXXXXXXXXXXXXXXXXXXXXXXXXXX XXX

/9 TB



XXXXXXXXXKXXAXXXXXXXXXXX XX XXX XX XX

I "#$% &' (
/ 8 < (T -1 L % ) #
# .8U - (L % ) < (T =)
# $ 9 0 ' A
-<1 IV
' -< (T
/Uu9/: $ <U9<: $ ' 2
"% & /U 8U $ 2 $ 9

/9D9

IA9 -

-)

%

9



XXXXAXXXXXXXXXAXKXXXXXKXKXXXX XXX XXX X

IIG 2
9L
9 )
D.
* +
&Q
H 4
1" -1 (..V D -)
/| < A # -< -11 # A
A o" & ' 0
& # "% VU - (H '$ $ 1 .CVvD)
-1 % 0 ' A E ' 1 %
TU DU $ 2 /U 8U $ 2 %
& 1
(N 1 .CVD) H /.
- 1 .CC.)

/9 V9



XXXXXXXXXKXXXXXXXXXXXXXXXXXXXXXX

9 'L - 99
0Qs$"o0
R R 0
" D a7’
0

+))

/ .Uu

1
&1 ' % 1 #

# "% 2 & VU - ( : )

( # " - 1 .CC.)

/s G



Chapter Two Regional Geology & Tectonic Evolution

2.2.4 Aptian-Albian rifting episode

The final separation of the African and South American continents occurred
between approximately 100-105 Ma (Mascle et al. 1986; Nurnberg and Muller,
1991) but subsidence within some of the rift basins continued until the
Santonian (fig. 2.6) when there was a major phase of regional deformation
(Benkhelil et al. 1988) possibly related to N-S compression between the
African and the European plates (Guiraud ‘eé al. 1987). Following this
Santonian event at ca. 85+/-5 Ma (Genik, 1992), localised rifting continued into
the Lower Eocene (Guiraud et al. 1992) with little associated magmatic
activity.

One consequence of the pronounced history of the African continental
extension is that plate scale compressional events have received relatively
little attention in the geological literature, though they were noted by early
workers (e.g. Burke et al. 1971). This is partly because these events were short-
lived and because in some cases evidence for their existence is only present
within the surface sections of pre-existing rift basins. Amongst these
compressive events are those of thé Late Santonian (ca. 83-85 Ma) (Guiraud
and Bosworth, 1997) which corresponds to a major change in the pole of
opening for the Atlantic Ocean (Binks and Fairhead, 1992; Guiraud et al.
1992), and the Maastﬁchﬁm compressive event. This particular event is
described in more detail below. Another problem has been the general lack of
detailed chronostratigraplﬁc data due to the abundanée of terrigenous
continental series which have hindered the correlation of events across the

large areas that have been involved.

2.2.5 South Atlantic seafloor spreading since Chron 34
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The subsequent opening of the South Atlantic since Chron 34 is characterized
by simple divergence of two plates (Fig. 2.6-2.8). This simple spreading
history is complicated by minor ridge jumps, fracture zone jumps as well as
variations in seafloor spreading rate and direction. These reorganizations are
reflected in the present day satellite gravity map (Fig. 2.9). Fluctuations of half
spreading rates indicate considerable variations in seafloor spreading during
the South Atlantic ope;ling. Between Chron M4 (126.5 Ma) (Fig. 2.3) and
Chron 34 (84 Ma) (Fig. 2.6) spreading half rates increased to a maximum of 28-
38 mm/yr at Chron 34 (Nurnberg and Muller, 1991). From this time, half rates
gradually decreased, reaching a minimum of about 14-16 mm/yr (Chron 27 to
25) in the early Cenozoic. This period of slow spreading lasted from about
Chron 30 (66.7 Ma) to Chron 21 (48.3 Ma), coincident with slow convergence
between the Nazca and the South American plates (Pardo-Casas and Molnar,
1987) and resulting in the creation of many new fracture zones.

An increase of spreading half-rates to 25-29 mm/yr at Chron 20 (44.7 Ma)
resulting in a decreasing number of fracture zones is followed by fine scale
fluctuations until present day (Figs. 2.9) which, in general, show a decreasing
trend. In general, the magnetic anomaly pattern of the South Atlantic
indicates asymmetrical spreading. According to Cande et al. (1988), spreading
rates have been about 7% faster on the west flank of the South Atlantic than
on the east flank since Chron 34 (Figs. 2.6). Although this asymmetry in
spreading rate cannot be regarded as spatially or temporally uniform (Cande

et al. 1988).
2.2.6 The Santonian (80-85 Ma) compressive event

Many African basins contain stratigraphic records of intra-Santonian hiatus,
whereby Campanian sediments unconformably overly Coniacian strata or

occasionally older folded strata. This hiatus can be related to a regional
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compressional episode referred to as the “the Santonian event” which affected
much of the West and Central Atlantic rift systems from the Lower Benue
trough to the Chad-Sudan border (Avbovbo et al. 1986; Benkhelil et al. 1983).
This event is associated with folding, conjugate strike-slip faulting, reverse
faulting often generating transpressional flower structures, development of
local schistocity (Abakaliki anticlinorium) and inversion of some of the
deepest Early to Middle Cretaceous basins (Genik, 1992; Bosworth, 1992;
Guiraud and Maurin, 1993; Guiraud and Bellion, 1995; Guiraud, 1997).

This event is synchronous with a rapid change in the direction of the
African plate motion that is well established by kinematic studies of the
Atlantic opening (Klitgord and Schouten, 1986; Fairhead and Binks, 1991;
Binks and Fairhead, 1992). This rapid change in the African plate motion
entails the onset of its collisional interaction with the European plate (Ziegler,
1988). At the same time, differences in spreading rates between the Central
and South Atlantic spreading ridges were taken up in Africa along the broad
WSW-ENE striking zone of deformation (Guiraud et al. 1992). This zone
extends from the Equatorial Atlantic across Africa, with deformation focused
in the rift zones located along pre-existing zones of lithospheric weakness.
The Santonian compressive event marked a change in the intra-plate stress
regime of Africa which led to distinct changes in fault geometries in many of

the intracontinental basins (Genik, 1992).

2.2.7 Summary of the tectonic evolution

The Niger Delta continental margin is a passive margin system formed in the
Equatorial part of the African plate (Fig. 2.8) and has undergone a complex
phase of evolution from initial extension in the Cretaceous to the present day
passive margin. The Central and South Atlantic basins developed

independently of each other during the early stages of their evolution.
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Chapter Two Regional Geology & Tectonic Evolution

Initial seafloor spreading in the Central and South Atlantic occurred

during the Bathonian (165 Ma) and Barremian (130 Ma), respectively
(Rabinowitz and LaBrecque, 1979; Klitgord and Schouten, 1986; Nurnberg
and Muller, 1991) (with absolute age based on the time scale of Harland et al.
(1990). Seafloor spreading in the Equatorial Atlantic began during the Aptian
(118 Ma), with shearing along the Equatorial fracture zones and rifting in the
Benue trough (see fig. 2.10). The South and Central Atlantié Ocean continued
to open independently until the Early Santonian (84 Ma), when continental
Africa and South America were no longer in contact. This time coincided with
a change in the poles of rotation and the Atlantic Ocean began to open as a
two plate system (Nurnberg and Muller, 1991).

Plate tectonic reconstructions suggest that sea-floor spreading began in
the Equatorial Atlantic at half-spreading rates of between 9 and 28 mm/yr
concurrently with the Cretaceous constant polarity interval (anomalies MO to
34, 124-83 Ma) (Le Pichon and Hayes, 1971; Nurnberg and Muller, 1991). Thus
the spreading rate in the Gulf of Guinea during most of the Cretaceous cannot

be verified from sea-floor spreading magnetic anomalies.

2.3. Regional Geology of the deepwater west Niger Delta

2.3.1 General gravity tectonics of passive margins

Most passive margins are usually typified by distinctive zones of linked
extensional, transitional and contractional deformation, where post rift cover
sediments are driven by downslope gravitational failure of the margin
towards the abyssal plains (Evamy et al. 1978; Doust and Omatsola, 1990;
Cobbold et al. 1995; Letouzey et al. 1995; Peel et al. 1995; Spathopoulos,
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Chapter Two Regional Geology & Tectonic Evolution

1996; Morley and Guerin, 1996; McClay et al. 1998; Marton et al. 2000; McClay
et al. 2000; Cramez and Jackson, 2000; Rowan et al. 2000; Wu and Bally, 2000;
Morley, 2003; Van Rensbergen and Morley, 2003; Rowan et al. 2004). This
gravitational failure is compensated by a linked system of updip extension
and downdip contraction.

Deltaic systems developed in post-rift cover sequences of passive
margins also exhibit gravity driven deformation with linked thin-skinned
upslope extensional faults and downslope contractional fold and thrust
systems above single or multiple ductile detachment levels (Evamy et al. 1978;
Wu et al. 1990; Doust and Omatsola, 1990; Morley and Guerin, 1996; Poblet
and McClay, 1996; McClay et al. 1998; McClay et al. 2000, 2003; Wu and Bally,
2000; Morley, 2003; Van Rensbergen and Morley, 2003; Cobbold et al. 2004;
Rowan et al. 2004; Briggs et al. 2006).

Some fold and thrust belts found in deepwater passive margins detach
on overpressured and undercompacted shales due to rapid burial as, for
example, in the fold belts of the Western Gulf of Mexico (Trudgill et al. 1999;
Vazquez-Meneses and McClay, 2003), Sergipe-Alagoas and Para-Maranhao
basins of Brazil (Zalan, 1999), Niger Delta (Evamy et al, 1978, Doust and
Omatsola, 1990; Morley and Guerin, 1996; Connors et al. 1998; Wu and Bailly,
2000). Others detach on eitber post-rift or syn-rift salt and associated
evaporites, as for example, the Mississippi fan (Atwater) and Perdido fold belt
of the Northern Gulf of Mexico (Wu et al. l§90, Weimer and Buffler, 1992;
Peel et al. 1995, Trudgill et al. 1995; Rowan et al. 2000 ; Wu and Bally, 2000);
fold belts in the Campos, Santos and Espirito Santo Basins of Brazil
(Demercian et al. 1993; Cobbold et al. 1995; Mohriak et al. 1995), and the
Benguela Kwanza, Congo, Gabon and Rio Muni Basins of West Africa
(Lundin, 1992; Duval et al. 1992; Spathopoulous, 1996; Morley and Guerin,
1996; Marton et al. 2000; Cramez and Jackson, 2000).

2-19-



Chapter Two Regional Geology & Tectonic Evolution

In the following section of this chapter, a review of the regional geology
of the deepwater west Niger Delta is made that describes the characteristics of

the gravity-driven tectonic system.

2.3.2 Regional Structure of the Niger Delta

The Niger Delta has been described structurally in terms of three linked
gravity systems of updip extension dominated by extensional growth faults
and a downdip thrust related fold dominated compressional systems with a
transitional shale diapir controlled system intermediate beh((;:n them (see
Fig. 2.11). A major detachment zone within the Akata Formation that will be
described later in this chapter, links the extensional province across the mud-
diapir zone to the contractional fold-thrust belts in the lower slope. (Evamy et
al. 1978; Doust and Omatsola, 1990; Damuth, 1994; Cohen and McClay, 1996;
Morley and Guerin, 1996; Jubril et al. 1998; Connors et al. 1998; Hooper et al.
2002; Corredor et al. 2005a; Briggs et al. 2006). These three tier systems are
further subdivided into five (5) major structural provinces or zones based on
structural styles imaged on seismic data and high resolution bathymetry.
These structural zones (figs. 2.11 and 2.12) include (1) an extensional province
(2) a mud diapir zone (3) the inner fold and thrust belts (4) a transitionalr
detachment fold zone, and (5) an outer fold and thrust belt zone. The
deformation across these structural provinces is active today, resulting in the
pronounced bathymetric expression of structures that are not buried by recent
sediments as illustrated on figure 2.12. To illustrate the deformation styles in
the Niger Delta, cross sections (figs. 2.13-2.17) are used to describe the
structural style. The positions of these regional structural cross sections are
presented on figure 2.11. The ensuing sub-sections will deal with the detailed

description of these structural styles.
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