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Abstract 

This research utilizes seismic attributes and advanced machine learning methodologies to analyse high-

resolution 3D reflection seismic data from the deep-water Orange Basin, located offshore western South Africa. 

The primary goal is to gain valuable insights into the basin's tectonic setting, depositional environment, and 

hydrocarbon potential. Significant features are delineated within the basin including (1) a gravitational collapse 

system in the Mesozoic Late Cretaceous, (2) mass flow features in the Cenozoic, (3) natural gas and fluid 

escape structures, (4) a large slope-perpendicular submarine canyon cutting Oligocene strata, and (5) multiple 

slope-parallel, sinusoidal channel features in the Miocene. The Late Cretaceous succession exhibits a 

gravitational collapse system with a translational and compressional domain detaching on seaward-dipping 

Turonian shales. Gravitational collapse during margin uplift formed fold-and-thrust belts along the slope 

characterizing the compressional domain. As they are commonly linked to hydrocarbons, the compressional 

domain of these systems has been extensively studied, while the translational domain has been poorly 

constrained due to its structural complexity. In this research, the translational domain is shown to contain a 

mixture of extensional tectonics (normal faults) up-dip and compressional tectonics (thrusts) down-dip, with 

extensive oblique-slip faults cutting thrusts perpendicularly during the translation of sediment. Variance and 

chaos, conventional seismic attributes, were used to manually pick and interpret the >500 regional-scale 

faults arising from the gravitational collapse system. Fault-net, a convolutional neural network (CNN), was 

compared with these edge-enhancing seismic attributes for extracting faults from the seismic volume. The CNN 

offers several notable advantages over conventional seismic attributes, such as automation, accelerated 

analysis, and improved time-efficiency on large datasets. Analysing the distribution, type, and geometry 

of faults within the basin gave valuable insights into the potential hydrocarbon system at work. Numerous 

natural gas and fluid escape features are identified in the seismic volume including an elongated mud volcano, 

pockmarked surfaces, and polygonal faults. The stability of the evolving margin is influenced by the 

underlying structure of a Late Cretaceous gravitational collapse system, also referred to as a deep-water fold-

and-thrust belt (DWFTB) system. The fault framework within provides primary migration pathways for 

hydrocarbons. Major seafloor slumping occurs directly above a syncline of the Late Cretaceous DWFTB 

system. This slumping surrounds a structurally controlled, 4.2 km long elongated mud volcano situated between 

the translational and compressional domains of the underlying DWFTB system. The late Campanian has the 

largest accumulation of hydrocarbons evidenced by (1) an anticline with a positive high amplitude anomaly 

situated at the intersection of the two domains, and (2) >950 pockmarks preserved on the palaeo-surface 

compared to the 85 pockmarks observed on the seafloor. In addition to tectonics, the onset of stratified 

oceanographic circulation patterns and climate played a large role in changing depositional trends since the mid-

Cenozoic. The Oligocene is characterized by a ~2.3 km wide, >13 km long, slope-perpendicular canyon formed 

at ~30 Ma during a major sea-level fall by a turbidity current. The Miocene is characterized by a ~14 km wide 

zone of slope-parallel, sinusoidal channels between water depths of 1 200–1 500 m. The formation and 

preservation of these features during the Miocene are attributed to the erosive interaction between two distinct 

water currents: (1) the Antarctic Intermediate Water flowing northwards, and (2) the deep North Atlantic 

Deep Water bottom currents flowing southwards; and the effects of the Benguela Upwelling System and a dry 

climate prevailing in southwest Africa all intensifying around 11 Ma. While pre-Miocene hydrocarbons 

originate from Turonian and Aptian source rocks, the origin of hydrocarbons on the seafloor is likely biogenic, 

arising from organic-rich sediment in the Miocene. 
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1 Introduction  

1.1 Background 

Studies on the evolution of the southwest African passive margin, driven mainly by the petroleum industry’s ever-

widening search for hydrocarbons, have increased greatly since the 1960s and 1970s with the advancement of 

deep-sea technologies. Structural and stratigraphic features in the subsurface are detected through the reflection 

seismic method which is an integral part of basin analysis in reservoir studies, optimizing the drilling location and 

production of hydrocarbons. From proximal shelf to distal slope environments the southwest African margin 

contains features such as submarine channel-canyon systems, deltas, and mass flow deposits driven by 

gravitational instability (Rogers and Rau, 2006; Bluck et al., 2007; de Vera et al., 2010; Scarselli et al., 2016; 

Baby et al., 2018). These common depositional and erosional features are identifiable in reflection seismic data. 

They are often associated with natural gas and fluids with hydrocarbons either being sourced from, matured 

within, migrated along, or trapped within the structures formed. Since there is an increasing shortage of fossil 

fuels onshore and in the shallower shelf environments of South Africa (Pretorius et al., 2015), features known to 

be associated with hydrocarbon in the deep-water marine environments need investigation. 

Apart from the considerable presence of diamonds scattered along the southwest African coastline (Corbett and 

Burrel, 2001; Bluck et al., 2007), the margin (western Namibia and South Africa) has been extensively 

investigated concerning both established and speculative hydrocarbon systems found in the offshore basins (van 

der Spuy and Sayidini, 2022). A basin’s underlying petroleum system is often indicated by natural gas and fluid 

escape features appearing on the seafloor as the surface expression of hydrocarbons migrating through the 

sedimentary column. In seismic data, direct hydrocarbon indicators are shown by bottom simulating reflectors 

and positive high amplitude anomalies (Løseth et al., 2001; Gay et al., 2003; Hustoft et al., 2010; Ho et al., 2012). 

Seafloor and buried pockmarks, mud diapers, mud volcanoes, together with the pipes and chimneys which feed 

them, are some natural gas and fluid escape features identified in the shallow Orange Basin offshore southwestern 

Africa (Ben-Avraham et al., 2002; Viola, et al., 2005; Boyd et al., 2011; Hartwig et al., 2012).  

The southwest African margin provides a classic example of processes that occur in passive margin settings 

recording both the pre- and post-rift evolution of the continental margin (Séranne and Anka, 2005). Studying the 

post-rift evolution of the margin is highly important to the petroleum industry as ~ 35% of all giant hydrocarbon 

field discoveries are from the post-rift sequences of passive margins, which represents 67% of conventional 

hydrocarbon discoveries (Levell et al., 2010). Economical hydrocarbon plays have been identified in post-rift 

sequences along the shallow shelf and deep-water slope environments of the Orange Basin (van der Spuy and 

Sayidini, 2022). In production along the proximal shelf are the South African Ibubhesi and Namibian Kudu gas 

fields (Fig. 1.1).  

In passive margin settings the downslope contraction and gravitational collapse of sedimentary sequences form 

shale- or salt-detached gravitational collapse structures in the deep sea (Rowan et al., 2004; Nemcok et al., 2005). 

A full gravitational collapse system, also referred to as a deep-water fold-and-thrust belt (DWFTB) system 

(Maduna et al., 2022, 2023), comprises a (1) linked up-dip extensional domain with basinward-dipping listric 

growth faults, (2) central transitional (or translational) domain with a complex structural framework, and (3) 
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down-dip compressional domain with folded sedimentary wedges separated by thrust faults (Morley et al., 2011). 

Distal folds of the compressional domain are known to host hydrocarbons and are therefore significant to the 

petroleum industry (Krueger and Gilbert, 2009; Morley et al., 2011). The Orange Basin, situated offshore the 

western South African and Namibian coastlines, contains some of the most excellently preserved DWFTB systems 

within Late Cretaceous post-rift sequences (Fig. 1.1; de Vera et al., 2010; Mahlalela et al., 2021). Extensive 

research has been done on the extensional domain and compressional domain of DWFTB systems, due to the 

straightforward nature of the former and the recognized hydrocarbon potential of the latter. There is however a 

lack of sufficient data available for the structurally complex transitional/translational domain (Dalton et al., 2017a) 

and this work aims, in part, to address this.  

  

Figure 1.1 Location of the Orange Basin study area showing wells and hydrocarbon systems in play, 3D deep-

water seismic surveys and gravitational collapse structures. 
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The Petroleum Agency of South Africa (PASA) confirms that the Orange Basin remains relatively underexplored 

due to sparse 3D reflection seismic survey coverage, and despite dense 2D seismic data, only one well has been 

drilled per 4000 km2 in South African waters (PASA, 2017). Notably, in the deep-water environment of Namibia, 

significant hydrocarbon discoveries were made between 2021 and 2022 from the Venus-1X wildcat and Graaf-1 

appraisal wells, situated at depths between 2000–3000 metres below sea level (mbsl) (Fig. 1.1; van der Spuy and 

Sayidini, 2022). Since the two regions likely share the same underlying geology and petroleum system, the 

potential for a substantial hydrocarbon find in the South African deep-water area adjacent to these Namibian deep-

water discoveries is very high. This research therefore concentrates on the South African deep-water Orange 

Basin, which borders the Namibian maritime licensing region.  

1.2 Location 

The study area lies offshore southwestern Africa in the deep-water regions of the Orange Basin (Fig. 1.1). 

Sediments were deposited into the basin since the Early Cretaceous from the Orange and Olifants rivers (Maslanyj 

et al., 1992; de Vera et al., 2010). The Orange Basin covers a large ~160 000 km2 area in Namibia and South 

Africa combined and is South Africa’s largest basin offshore (Kuhlmann et al., 2010; PASA, 2017). Three 3D 

seismic surveys were conducted in the South African deep-water extension of the basin; the most recent two 

surveys were acquired between 2012 and 2014, and the oldest in 2002 (van der Spuy and Sayidini, 2022). A ~1800 

km2 portion of the northern-most seismic survey (OB123D-01) is used in this research, located adjacent to the 

Namibian waters (Fig. 1.1). The deep-water study area stretches between water depths of approximately 1000 and 

2000 meters along the continental slope.  

1.3 Aims and objective 

Prior investigations of the Orange Basin primarily concentrated on the 2D seismic interpretation of DWFTB 

systems, which inherently presents limitations and inadequacies in describing their complete evolution. This 

research, however, benefits from high-resolution 3D reflection seismic data. A comprehensive understanding of 

the stratigraphic and structural architecture of the Orange Basin deep-water region, spanning between the 

Mesozoic and overlying Cenozoic successions, can therefore be established. Understanding the stratigraphic, 

lithological, morphological, and tectonic evolution of the basin is crucial for determining potential sites for 

petroleum exploration through basin modelling. 

The research aims to:  

• Examine the structural relationship and change between the translational and compressional domains of 

the gravitational collapse system. 

• Analyse the depositional elements of the gravitational collapse system together with that of the younger, 

overlying sedimentary successions.  

• Identify natural gas and fluid escape features present and investigate the processes responsible for them.  

• Compare conventional methods of seismic interpretation (seismic attributes) with machine learning 

algorithms for detecting fracture systems in reflection seismic data. 
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The main goal is to develop a comprehensive model of the Orange Basin’s deep-water region, encompassing the 

evolution of the Cretaceous gravitational collapse system in the Mesozoic to the depositional processes and 

systems of the Cenozoic. Through this model, the petroleum system of the deep-water Orange Basin can be better 

comprehended. While it’s important to note that each passive margin setting is unique, the analysis of structural 

and depositional elements in this research may provide valuable insights and serve as an analogue for 

understanding the evolution of comparable passive margin settings.  

1.4 Thesis structure 

This thesis is divided into several chapters outlined as follows: 

Chapter 1 (Introduction) provides an overview of the motivation behind the research, the location of the study 

area, the aims and objective, and the structure of the dissertation.  

Chapter 2 (Regional setting) is a summary of the geological background and literature review of geological 

features related to the study area. This chapter is based on the structural framework and stratigraphy of the SW 

African environment looking at the tectonic, climatic, and oceanographic processes responsible for sedimentation; 

gravitational collapse structures (DWFTB systems); and hydrocarbon systems of the Orange Basin.  

Chapter 3 (Review of the seismic reflection method and seismic stratigraphy) gives the theory of the seismic 

reflection method and the principles of seismic stratigraphy used in seismic interpretation. The chapter also 

includes the theory behind seismic attributes used to aid seismic interpretation in Chapter 4’s Methodology.  

Chapter 4 (Methodology) details the step-by-step interpretation of seismic data from loading the seismic data to 

creating a 3D structural model using Schlumberger’s Petrel software package. This follows a summary of how 

the seismic data were acquired and processed by other companies on behalf of Shell (a global group of energy 

and petrochemical companies).  

Chapter 5 (Summary of manuscripts) provides summaries of the three papers produced from this research. 

Chapter 6 (Strato-structural evolution of the deep-water Orange Basin: constraints from 3D reflection seismic 

data) is the first manuscript. Part one of the main findings of the research are presented as an accepted and 

published paper in the Solid Earth journal. This research utilizes 3D reflection seismic data obtained from the 

deep-water Orange Basin in South Africa to conduct a comprehensive analysis of features present in the 

Mesozoic’s Late Cretaceous to Cenozoic sedimentary successions. By doing so, it offers valuable insights into 

the structural styles observed within the Late Cretaceous gravitational collapse system, particularly in the 

transitional area between the translational domain and the compressional domain. Furthermore, the research sheds 

light on the tectonic and oceanographic processes that have contributed to mass-scale erosion in the Cenozoic’s 

Tertiary and Quaternary periods. 

As the primary author of this paper, the doctoral candidate (Nombuso G. Mauna) carried out the full seismic 

interpretation of the study and prepared the manuscript. Musa SD Manzi assisted in the practical use of the 

software and the concepts used in reflection seismic data. Zubair Jinnah assisted with the geological interpretation 
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of the dataset. The manuscript was reviewed and edited under the guidance of secondary authors and supervisors 

Musa S.D. Manzi and Zubair Jinnah, together with mentor Julie E. Bourdeau who provided additional insights 

into the geological interpretation.  

Chapter 7 (3D reflection seismic imaging of natural gas/fluid escape features in the deep-water Orange Basin of 

South Africa) is the second manuscript. Part two of the main findings of the research are presented as an accepted 

and published paper in Marine Geophysical Research. 3D reflection seismic data from the deep-water Orange 

Basin, South Africa, are used to image natural gas and/or fluid escape features in the basin to assess its 

hydrocarbon potential. Several volumetric seismic attributes are used as direct hydrocarbon indictors to identify 

natural gas and/or fluid escape features associated with the Mesozoic’s Late Cretaceous DWFTB system and 

Cenozoic sequences of the Orange Basin. These features would have otherwise been missed or not fully resolved 

in a regular 2D seismic survey and without the use of volumetric seismic attributes. 

Author contributions are the same as in the first manuscript published in Solid Earth. As the primary author of 

this paper, the doctoral candidate (Nombuso G. Maduna) carried out the full seismic interpretation of the data 

using seismic attributes and prepared the manuscript draft. Musa SD Manzi assisted in the practical use of the 

software and the concepts used in reflection seismic data. Zubair Jinnah assisted with the geological interpretation 

of the dataset. The manuscript was reviewed and edited under the guidance of secondary authors and supervisors 

Musa S.D. Manzi and Zubair Jinnah, together with mentor Julie E. Bourdeau who provided additional insights 

into the geological interpretation.  

Chapter 8 (A novel approach to fault interpretation using convolutional neural network: a case study of the deep-

water Orange Basin, South Africa) is the third manuscript related to part one of the main findings of the research. 

The paper is currently under-review. A convolutional neural network (CNN) for segmenting faults is compared 

against conventional edge-enhancement methods of fault detection using 3D reflection seismic data from the deep-

water Orange Basin as a case study. The fault-net CNN used proved to be highly effective in the identification 

and delineation of faults from the seismic dataset over the chaos and variance seismic attributes.  

The doctoral candidate (Nombuso G. Maduna) computed and applied the variance and chaos seismic attributes to 

the data and wrote the primary aspects related to this method. Nombuso G. Maduna was assisted by Glen Nwaila 

to carry out the fault-net CNN method of fault extraction on the seismic volume. Steve Zhang wrote the primary 

aspects related to the deep learning algorithm used. Musa SD Manzi created and facilitated the whole structure of 

the paper, and furthermore reviewed and edited the paper draft. Julie E. Bourdeau prepared the regional setting 

and Zubair Jinnah, one of the main author’s supervisor, assisted with the geological interpretation of the dataset. 

All authors were involved in writing the discussion and editing the paper.  

Chapter 9 (Discussion) discusses all the main findings of the research which is centred around the three 

manuscripts produced in Chapter 6, 7 and 8. Discussion topics cover the evolution and hydrocarbon potential of 

the deep-water Orange Basin, together with the use of conventional seismic attributes and a CNN. Lastly, 

recommendations are given for future work in the Orange Basin’s deep-water region. 

Chapter 10 (Conclusion) gives the overall concluding remarks of the research.  
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Chapter 11 (References) lists the references used from Chapters 1–4 and 9.  

Appendix A contains copies of abstracts (peer-reviewed and non-peer-reviewed) submitted and presented at 

various geological and geophysical conferences covering topics within the PhD research. As primary author, the 

doctoral candidate (Nombuso G. Maduna) interpreted the seismic data and prepared the abstracts, and furthermore 

presented the work. Secondary authors Musa S.D. Manzi and Zubair Jinnah reviewed and edited the abstracts as 

supervisors of the doctoral candidate. The description of conference abstracts presented are listed as follows: 

• From a Cretaceous deep-water fold-and-thrust belt to Cenozoic mass transport systems of the Orange 

Basin. This was presented at the 35th International Association of Sedimentology Meeting in 2021. 

• Evolution of the Orange Basin; Cretaceous Deep-water Fold-and-Thrust Belts to Cenozoic Mass 

Transport Systems. This was presented both at the European Association of Geoscientists and Engineers   

Near Surface Geoscience Conference & Exhibition 2021, and the 82nd  European Association of 

Geoscientists and Engineers Annual Conference & Exhibition (https://doi.org/10.3997/2214-

4609.202120156). 

• Constraining the temporal evolution of the deep-water Orange Basin using high-resolution 3D seismic 

reflection data. This was presented at the European Association of Geoscientists and Engineers Near 

Surface Geoscience Conference & Exhibition 2022. 

• Temporal evolution of the deep-water Orange Basin using high-resolution 3D seismic reflection data. 

This was presented at the 17th South African Geophysical Association Biennial Conference & Exhibition 

in 2022. 

Appendix B is a compilation (i–viii) of the picked horizon- to surface-based attributes applied on each 

stratigraphic surface used in the structural model. This includes the picked horizon in elevation time (a), 

confidence classification map (b), influential data (c), dip angle (d), dip azimuth (e), and edge detection (f) 

attributes applied to the Albian (i), early Campanian (ii), late Campanian (iv), Maastrichtian (v), Oligocene (vi), 

Miocene (vii), and seafloor (viii) surfaces. 

 

  

https://doi.org/10.3997/2214-4609.202120156
https://doi.org/10.3997/2214-4609.202120156
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2 Regional setting 

2.1 Structural framework offshore southwestern Africa 

The structure offshore the SW African coastline can be attributed to two significant phases of tectonism. The first 

phase involved Basin and Range type extension followed by rifting during Gondwana breakup in the Late Jurassic 

(Fig. 2.1; Maslanyj et al., 1992; Light et al., 1993; Hartwig et al., 2012). Between the Late Cretaceous and early 

Paleogene, the second phase occurred which is characterized by thermal subsidence and the formation of a passive 

margin at the onset of drift. During the first phase, the offshore region displayed a structural grain orientated north 

to south and fracture zones orientated east to west which facilitated the formation of three primary Early 

Cretaceous depocenters (Fig. 2.2; Light et al., 1993). These depocenters mark the position of the Walvis, Lüderitz, 

and Orange basins (from youngest to oldest) formed in zones with the greatest subsidence (Fig. 2.2). Additional 

depocenters accommodated the smaller Cape and Outeniqua basins located offshore southern South Africa (Fig. 

2.2).  

 

Figure 2.1 Rifting of Gondwana during the Late Jurassic (modified after Light et al., 1993). 

The basins, situated between the Aghulhas-Falkland Fracture Zone in the south and the Rio Grande Fracture Zone 

in the north, enabled dextral strike-slip motion during rifting (Figs. 2.1 and 2.2; Séranne and Anka, 2005). The 

second phase of drift is associated with the development of a spreading oceanic ridge (Séranne and Anka, 2005). 

This subdivided the margin into distinct basin, slope, and shelf environmental settings (Light et al., 1993). The 

continental shelf of southwest Africa comprises a mostly flat (<1°) outer shelf region, a middle shelf, and a steep 

rocky inner shelf at water depths of about 200–500 m, 30–200 m, and 20 m, respectively (Rogers and Rau, 2006). 

The shelf break occurs at water depths between 400–500 m (Rogers and Rau, 2006; Compton and Wiltshire, 

2009). Moderate seismic activity is experienced along the South African margin, with earthquakes accountable 

for triggering turbidites along the lower slope as observed on the eastern margin (Rogers and Rau, 2006). 
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Figure 2.2 Tectonic structural framework of south-western Africa (modified after Baby et al., 2018). 

2.2 Offshore stratigraphy  

2.2.1 Pre-rift  

As reflected on by Mohammed et al. (2017), very little is known of the pre-rift configuration of passive margin 

settings and the role it plays in basin evolution. In reflection seismic data, the offshore intra-continental basement 

of SW Africa is similar to the intricate onshore Pan African Gariep Belt (Proterozoic to early Palaeozoic in age) 

in that it is acoustically transparent, and lacks internal reflections (Mohammed et al., 2017). A 30 km wide section 

of the basement forms a pronounced N-S boundary zone of flexure, known as the hinge line, separating the margin 
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into distinct onshore and offshore morphologies (Clemson et al., 1997; Aizawa et al., 2000; Mohammed et al., 

2017). The hinge line has several perpendicular segment boundaries which indicate different times of rifting 

during the break-up of Gondwana (Clemson et al., 1997). The thickness of the continental crust (from the Moho 

to the top of the basement rocks) gradually decreases from ~45 km inland to ~25 km at a location that is 100 km 

offshore the western coastline (Séranne and Anka, 2005).  

2.2.2 Syn-rift  

Gondwana break-up initially began between 170 and 150 Ma as the west (South America and Africa) separated 

from the east (Australia, Antarctica, India, and New Zealand) (Viola et al., 2012).  This was accompanied by 

~183–174 Ma doleritic and basaltic intrusions of the Karoo Large Igneous Province (Hastie et al., 2014). The 

separation of Africa and South America (west Gondwana) began around 144 Ma followed by ENE–WSW 

extension and rifting with the opening of the South Atlantic Ocean at ~134 Ma (Viola et al., 2012).  

The upper portion of the basement is characterized by seaward-dipping reflectors (Fig. 2.3) that are believed to 

have originated from a significant subaerial, basaltic extrusive event linked to continental rifting (Menzies et al., 

2002; Séranne and Anka, 2005; Granado et al., 2009). These seaward-dipping reflectors constitute a thick package, 

measuring over 3 km in thickness (Baby et al., 2018) and are approximately the same age as the ~135 Ma Parana-

Etendeka Large Igneous Province (Koopman et al., 2016). The M3 magnetic anomaly (Fig. 2.2) is the earliest 

indication of mid-oceanic ridge activity and oceanic crust formation at ~127 Ma (Séranne and Anka, 2005).  

The synrift sequence is predominantly characterized by isolated half grabens filled with alternating layers of 

clastic and volcanic deposits (Jungslager, 1999). This Late Jurassic to late Hauterivian syn-rift sequence consists 

of siliciclastic and volcaniclastic sediments, clearly demarcated by a regional break-up unconformity from the 

post-rift clastic sediments situated above (Figs. 2.3 and 2.4; Light et al., 1993; Granado et al., 2009). 

 

Figure 2.3 Regional NE-SW seismic line showing the tectonostratigraphy of the Orange Basin (de Vera et al., 

2010). 
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2.2.3 Post-rift  

The Olifants and Orange rivers have deposited post-rift clastic sediments into the Orange Basin ever since ~130 

Ma (Figs. 2.3 and 2.4; Maslanyj et al., 1992; Granado et al., 2009; de Vera et al., 2010). These clastic sediments 

form the current post-rift megasequence, with a central basin thickness of 5.6 km and 3 km in the north and south, 

respectively (Dalton et al., 2017a). Numerous authors including Emery et al. (1975), Brown et al. (1995); Holtar 

and Forsberg. (2000), Paton et al. (2008), Granado et al. (2009), de Vera et al. (2010), Kuhlmann et al. (2010), 

Dalton et al. (2017a), and Baby et al. (2018) have described the southwest African margin's post-rift 

megasequence, subdividing the stratigraphy into various depositional units, each delineated by unconformities 

and/or maximum flooding surfaces shown in Fig. 2.5.  

 

Figure 2.4 Orange Basin tectonochronostratigraphic chart illustrating the principal depositional sequences, their 

corresponding bounding surfaces, and the margin's evolutionary history, influenced by sea-level variations 

(Hartwig et al., 2012). 
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The number of depositional units, the age of their bounding surfaces, and nomenclature used varies between 

different studies as shown in Fig. 2.5. The most popularly used nomenclature for bounding surfaces in the Late 

Cretaceous was developed by Soeker (now called PetroSA) (Brown et al., 1995; PASA, 2017). These are the 6At1 

Hauterivian, 13At1 Aptian, 14At1 Albian, 15At1 Turonian, possibly 16Dt Santonian, 17At1 early Campanian, 

18At1 late Campanian, and 22At1 Maastrichtian surfaces (Fig. 2.5). Unconformity surfaces recognised in the 

Cenozoic sedimentary succession of the Orange Basin are in the Oligocene and Miocene (Baby et al., 2018). 

Dalton et al. (2017a) categorized the post-rift sedimentary succession into three distinct megasequences: (1) Early 

Cretaceous (early drift), (2) Late Cretaceous (late drift), and (3) the Cenozoic. Black shales and claystones 

dominate in the Early Cretaceous, while interbedded heterolithic claystones and shales dominate in the late drift 

and Cenozoic megasequences.  

 

Figure 2.5 Integrated chronostratigraphy of the southwest African passive margin from various studies (modified 

after Baby et al., 2018). 

2.3 The interplay of tectonic, climatic, and oceanographic processes  

The southwest African margin’s tectonic history is primarily based on shallow marine, coastal and interior land 

studies (Cockburn et al., 2000; Bluck et al. 2005; Bluck et al., 2007; Braun et al., 2014). The post-rift succession 

of the margin records multiple instances of uplift and denudation, leading to the inversion of extensional faults, 

crustal thinning, and intensifying gravitational processes within the Orange Basin (Fig. 2.4; Granado et al., 2009; 

Brown et al., 2014; Wildman et al., 2015). The interplay of oceanographic processes and climate in the Cenozoic 
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has strongly influenced depositional trends in the Orange Basin’s post-rift succession (Fig. 2.6; Weigelt and 

Uenzelmann-Neben, 2004). Two major uplift events are recorded in southwest Africa’s post-rift sedimentary 

succession; one in the Late Cretaceous leading to the spectacular formation of DWFTB systems, and another in 

the Oligocene accompanied and followed by significant changes in climate and oceanic circulation (Séranne and 

Anka, 2005; Paton et al., 2008, Wigley and Compton, 2006; Kuhlmann et al., 2010; Baby et al., 2018; Baby et al., 

2020).  

2.3.1 The role of tectonics on Late Cretaceous sedimentation 

Compared to the arid climate and resultant low sedimentation rates (×1 000 km3/Myr) of the Early Cretaceous 

between 134–113 Ma, the Late Cretaceous had a wetter climate with increased sedimentation rates (×10 000 

km3/Myr) recorded between ~110–80 Ma (Baby et al., 2020). The increase in Late Cretaceous sedimentation is 

correlated with a major erosional event of the continental margin supported by onshore thermochronological data 

where the rate of erosion is estimated to have increased from 0 m at the hinge line to ~1 000 m in the inner margin 

(Hirsch et al., 2010; Kuhlmann et al., 2010; Baby et al., 2018; Baby et al., 2020). High rates of sedimentation 

(>30,000 km3/Myr) are observed in the Orange Basin between 93.5–81 Ma (Baby et al., 2020). A period of uplift 

is identified along the southwest African margin constrained between ~81 Ma (late Campanian) and 66 Ma (late 

Maastrichtian) marked by the extensive 22At1 erosional unconformity at its terminus (Figs. 2.4 and 2.5; Hirsch 

et al., 2010; Baby et al., 2018). The deposition of sediment upon an already unstable slope during this time created 

large-scale DWFTB systems as the southwest African margin tilted along-strike between 23° S to 35° (Fig. 2.3; 

Kuhlmann et al., 2010; Baby et al., 2018). The Late Cretaceous to Eocene greenhouse age had low pole to equator 

temperature differences and well-stratified oceans (Spicer and Corfield, 1992; Miller et al., 2005). Consequently, 

sedimentation was primarily influenced by tectonics, with oceanic circulation and climate having minimal to no 

impact (Light et al., 1993; Séranne and Anka, 2005; Uenzelmann-Neben et al., 2017).  

2.3.2 The interplay of tectonics, climate, and oceanic circulation on early Cenozoic sedimentation  

Low rates and volumes of sedimentation are recorded in the Palaeogene period with values below 1 000 km3/Myr 

(Baby et al., 2020). The southwest African margin has undergone marine transgressions and regressions of at least 

+170 m in the Eocene to -120 m in the late Pleistocene as observed for the Namibian coastline according to Bluck 

et al. (2005) and Bluck et al. (2007). The most significant of these is speculated to be the Oligocene sea-level 

lowstand corresponding to global sea-level fall (Dingle et al., 1983; McMillan, 2003; Wigley and Compton, 2006). 

The Oligocene sea-level fall is believed to have moved the southwest African shoreline 100–170 km west from 

its present-day location rejuvenating the Orange River and exposing shelf sediments (Miller, 2008). Controversy 

surrounds the true depth that sea level fell by; postulated to be 500 metres below sea level (mbsl) (Siesser and 

Dingle, 1981; Dingle et al., 1983). The margin, however, lacks substantial evidence to support a sea-level fall of 

this magnitude beyond the shelf break, i.e., no wave-cut platform, beach terrace, nor major incision into shelf 

sediments extending from the Orange River is evident at 500 mbsl (Miller, 2008). A large portion of younger Late 

Cretaceous sequences were eroded making it difficult to reconstruct a complete sea-level curve for this period 

(McMillan, 2003; Hirsch et al., 2010).  
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The significant decline in local sea levels during the Oligocene to late Miocene was attributed to an estimated 

290–345 m tectonic uplift event caused by the African superswell underneath the southern African plate (Séranne 

and Anka, 2005; Baby et al., 2018). This is evidenced by tilted topsets in the Walvis Basin and the 350 m elevation 

difference of the late Eocene and Oligocene coastlines in the northern Orange Basin (Paton et al., 2008; Baby et 

al., 2018). The effect of uplift was further intensified by the major growth of continental ice which accumulated 

in Antarctica from the late Eocene at ~34 Ma then rapidly grew in the Oligocene (Lear et al., 2000). This major 

growth of ice coincided with a decline in atmospheric carbon dioxide levels and the opening of oceanic gateways 

as continents continued their migration, marking the change from greenhouse to icehouse climates (Uenzelmann-

Neben et al., 2017). The formation of the Antarctic Circumpolar Current and Atlantic Meridional Overturning 

Circulation currents is attributed to the Drake Passage which opened in the early Oligocene (DeConto and Pollard, 

2003; Uenzelmann-Neben et al., 2017).  

Ever since the early Oligocene, the west African margin has experienced increased rates of continental erosion 

due to the tropical to humid equatorial change in climate resulting in the large Congo deep-sea fan offshore 

(Séranne and Anka, 2005). In contrast, the SW African margin entered a more arid climate in the Palaeogene with 

very low denudation rates (0.5- 1m/My) in the Neogene attributed to the Namibian desert and later intensification 

of the mid-Miocene initiation of the cool Benguela Current (Cockburn et al., 2000; Séranne and Anka, 2005; 

Wigley and Compton, 2006). The aridification of southwest Africa is believed to have prevented significant large-

scale erosion of the southwest African margin despite the high topographic gradient and extension of the Orange 

River catchment during the Oligocene (Séranne and Anka, 2005). 

2.3.3 The interplay of tectonics, climate, and oceanic circulation on mid-Cenozoic sedimentation 

Sedimentation and facies distribution offshore southwest Africa has strongly been affected by climate and 

oceanographic processes since the mid-Miocene (Weigelt and Uenzelmann-Neben, 2004, 2007a). Although an 

increase in sedimentation rates is recorded along southwestern Africa between the late Miocene to Pliocene times, 

the seismic profiles of rivers along the margin barely show any evidence of uplift due to the greater effect of ocean 

currents (Baby et al., 2020). The intensification of the Antarctic Circumpolar Current and Atlantic Meridional 

Overturning Circulation in the mid-Miocene formed thermally stratified, bottom water currents in the western 

South Atlantic including the deep south-flowing Antarctic Bottom Water current, south-flowing North Atlantic 

Deep Water current, and the north-flowing Antarctic Intermediate Water current (Fig. 2.6; Weigelt and 

Uenzelmann-Neben, 2004, 2007a).  

The development of these stratified bottom and deep-water masses resulted in the change from warm-water 

carbonate deposition to cold water upwelling of the Benguela Current around ~15 Ma until ~1.5 Ma (following 

the Oligocene to Miocene uplift event) (Wigley and Compton, 2006; Weigelt and Uenzelmann-Neben, 2007b). 

The Benguela Current directs surface waters in a northerly direction as the eastern boundary of the South 

Atlantic’s subtropical gyre offshore the SW African coastline (Peterson and Stramma, 1991; Diester-Haass et al., 

1992). Since terrigenous sediment supply was low because of the arid climate, deposition was mostly dominated 

by slope-parallel bottom currents during the Miocene (Baby et al., 2018). The mouth of the Orange River is 

characterized by a late Pleistocene to Holocene wave-dominated delta thinning seawards and northwards 

terminating around Elizabeth Bay in Namibia (Rogers and Rau, 2006). According to Spaggiari et al. (2006) and 
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Bluck et al. (2007), higher sedimentation rates are implied during the Pleistocene to Holocene with the delta being 

extensively reworked by intense wave action driven by strong northerly winds.   

 

Figure 2.6 Oceanic circulation offshore southwest Africa from the Cenozoic till present (modified after Weigelt 

and Uenzelmann-Neben, 2004). Abbreviations: BOC= Benguela Oceanic Current, BCC= Benguela Coastal 

Current, AGC= Agulhas Current, NADW= North Atlantic Deep Water, AABW= Antarctic Bottom Water, 

AAIW= Antarctic Intermediate Water. 

2.4 DWFTB systems 

2.4.1 Overview of DWFTB systems 

In very deep sedimentary basins with high sedimentation rates, the gravitational collapse of sediment may occur 

to form gravity collapse structures referred to as DWFTB systems (Morley et al., 2011). Gravitational collapse 

encompasses two primary mechanisms: (1) gravity spreading, involving the flattening of sediment laterally due 

to its own weight, and (2) the sliding of sediment masses along a weak, dipping detachment surface that lost 

cohesion (Rowan et al., 2004; Morley et al., 2011). In passive margin settings, well-developed DWFTB systems 

are interconnected tripartite systems, comprising a compressional, transitional/translational, and extensional 

domain (Fig. 2.3; Rowan et al., 2004; Krueger and Gilbert, 2009). Listric faulting separates convex-upward 

growth strata in the up-dip extensional domain (Fig. 2.3; Butler and Paton, 2010). The continued supply of 

sediment up-dip in the extensional domain eventually leads to gravitational collapse with down-dip compression 

along a basal shale or salt detachment surface forming fold-and-thrust belts (King and Morley, 2017). The 

transitional/translational domain is generally a poorly studied region in between the extensional and 

compressional zones. This is due to poor seismic imaging of its structurally complex internal geometry (e.g., 

Butler and Paton, 2010).  
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Numerous researchers have classified DWFTB systems based on their tectonic setting, basal detachment 

lithology, and the type of stress field the system is under (Rowan et al., 2004, Hamilton and de Vera, 2009; 

Krueger and Gilbert, 2009). Combining these, Morley et al. (2011) proposed a robust classification of DWFTB 

systems shown in Table 2.1. Type 1 systems are driven by near-field stresses and are mostly found in passive 

margin settings with either shale (Type 1a) or salt (Type 1b) detachments or associated with large deltas. Type 2 

systems are driven by both near- and far-field (Type 2a) or predominantly far-field (Type 2b) stresses in 

continental convergent zones (Type 2a and 2bi) and accretionary prisms (Type 2bi). The basal detachment strength 

of DWFTBs in near-field stress driven systems is known to be weaker than those formed by far-field stress driven 

systems and display smaller wedge-taper angles attributed to the lithology and high pore fluid pressures of the 

detachment (Table 2.1; King and Morley, 2017). In seaward dipping detachments such as the Orange Basin, 

however, the wedge-taper angle is not strongly a result of the detachment’s lithology or overpressure but more 

the dip which is secondary to fault strength.  

Table 2.1 Characteristics of DWFTB systems according to Morley et al. (2011). Fold and thrust style 

abbreviations: PU= pop-up, BT= break thrusts (related to folding), FBF= fault bend fold, FPF= fault propagation 

fold, I= imbricate thrusts, DF (TF)= detachment fold (in thrust faulting), CF= crestal normal faults. Overpressure 

abbreviations: S= slab-derived fluids, BDC= burial disequilibrium compaction, I= inflationary, C= chemical.  

 Type 1 Type 2  

(Shale detachments) 

Type 1a  

(Shale 

detachment) 

Type 1b  

(Salt 

detachment) 

Type 1 

(Large 

deltas) 

Type 2a  Type 2bi  Type 2bii 

 

Tectonic 

setting  

Passive margins Continental 

convergent 

zones 

Continental 

convergent 

zones 

Accretionary 

prisms  

Stress type Near Field Near and far 

field 

Predominantly 

far field 

Dip direction 

of 

detachment  

Oceanward Oceanward Landward Landward 

Propagation 

of DWFTB 

Oceanward Landward 

propagation 

can be 

important 

Oceanward

, lateral 

migration 

of DWFTB 

Oceanward 

Fold and 

thrust style 

I, FPF, FBF, 

F(TF) 

DF, I, FPF, 

PU, CF 

DF, I, PU, 

CF, FBF, 

FPF 

DF (TF), I, 

FPF, FBF 

DF (TF), I, FPF, FBF 

Inversion of 

DWFTB-

related 

growth faults 

No Yes, in 

deepwater 

Uncertain, 

probably 

no 

Deepwater 

no, 

nearshore 

yes 

No Deepwater 

no, 

nearshore 

yes 

Duration 1's my–10's 

my 

Episodic up 

to 
~100my  

<40 my? <15 my? <15 my? 10's my–100 

my+ 

Overpressure BDC, C BDC, C BDC, I, C BDC, I, C BDC, I, C BDC, I, C, S 

Critical taper 3°< 0–3° 2–3° 3–8° 3–11° 4–11° 

2.4.2 DWFTB systems of the Orange Basin 

The impressive formation of DWFTB systems offshore southwest Africa is attributed to sea-level fall in the late 

Campanian due to seaward tilting and major margin uplift (Fig. 2.3; Paton et al., 2008; Hirsch et al., 2010; de 
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Vera et al., 2010; Kuhlmann et al., 2010; Baby et al., 2018). The Orange Basin contains Type 1a, near-field stress-

driven DWFTB systems (Morley et al., 2011) with all extensional, transitional, and compressional domains 

observed along a roughly east-west transect (Fig. 2.3; de Vera et al., 2010). Sediment from the upper parts of the 

extensional domain undergo reworking in the proximal settings of fully developed DWFTB systems giving rise 

to various mass flow deposits including slides and slumps (Kuhlmann et al., 2010; Dalton et al., 2017a). 

Deformation in the Orange Basin is confined to the sedimentary section through gravitational instability and is 

underlain by three main offshore dipping shale detachment surfaces (Morley et al., 2011). These are Cenomanian-

, Turonian-, and Aptian-aged maximum flooding surfaces composed of thin, over-pressured basal shale (Brown 

et al., 1995; Dalton et al., 2015) the properties of which are extensively reviewed in Morley et al. (2011). The 

lateral movement of sediment is contained within a set of sidewall faults within the extensional domain, aligned 

in a parallel manner to the direction of sediment transport (de Vera et al., 2010; Scarselli et al., 2016). Folds and 

thrusts of the compressional domain are 60 km wide in a ~3 km thick section with 1–5 km spacings between 

imbricate thrusts (Fig 2.3; de Vera et al., 2010; Morley et al., 2011).  

Up-dip extension should equal down-dip compression in linked DWFTB systems but has been found to not be the 

case in some systems such as in the Gulf of Mexico (Vázquez-Meneses, 2005), Spanish Pyrenees and the Orange 

Basin (Dalton et al., 2017b). Approximately 5% of strain is missing between the extensional (length of 25 km) 

and compressional (length of 16 km) domains of an Orange Basin’s DWFTB system (Rowan et al., 2004; Butler 

and Paton, 2010; de Vera et al., 2010; Dalton et al., 2015). Based on Dalton et al.'s (2017b) findings, the 5% 

missing strain is attributed to second-order compressional features in the extensional domain, which could be 

applicable to various DWFTB systems. The absence of a compressional domain in the far outer regions of certain 

DWFTB systems (e.g., elsewhere the Orange Basin; Dalton et al., 2015) may additionally indicate an internal 

redistribution of strain. According to Butler and Paton (2010) and de Vera et al. (2010) the transitional zone results 

from the central shift in contact between the extensional and compressional domains, and therefore contains 

features overprinted by both tectonics. Other researchers such as Corredor et al. (2005), Krueger and Gilbert 

(2009) and Dalton et al. (2017a), however, suggest the zone to be a package of mostly undeformed sediment.  

Gravitational collapse in a sedimentary basin is strongly controlled by the stratigraphic setting and the detachment 

surface’s properties (Rowan et al., 2004; Dalton et al., 2017a). The presence of three over-pressurized shale 

detachment surfaces in the Orange Basin played a significant role in DWFTB formation in the Orange Basin (de 

Vera et al., 2010; Kuhlmann et al., 2010; Dalton et al., 2017a). Localized variations in slip potential along a 

detachment are caused by changes in detachment thickness, lithology, and overpressure (Dalton et al., 2017a). In 

Fig 2.7, Dalton et al. (2017a) presented a model for the growth of these gravitational collapse structures in the 

Orange Basin with multiple shale detachment surfaces. Margin uplift (Fig 2.7a) caused DWFTB formation with 

gravitational collapse initiating in the transitional domain (Fig 2.7b) as initially proposed by Dalton et al. (2015). 

Proximally, normal faults in the extensional domain eventually led to fold and thrust belt formation in the distal, 

down-dip compressional domain upon an initial shale detachment surface (Fig 2.7b). With deformation 

progressing through time gravitational sliding continued upon an upper shale detachment surface (Fig 2.7c). Once 

the upper DWFTB system could no longer accommodate gravitational slip, faults propagated downwards to 

another shale detachment surface at depth (Fig 2.7d) and formed underlying DWFTB (Fig 2.7e). The order of the 

formation of the upper and lower DWFTB system may be controversial; rather than strain being redistributed 
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upwards into younger sequences, Dalton et al. (2017a) suggest strain was redistributed downwards forming a later 

set of DWFTB systems in older sedimentary sequences.  

2.5 Hydrocarbon systems of the Orange Basin 

When organic matter is deposited and buried in an anoxic marine environment it may mature into petroleum over 

millions of years (Pepper and Corvi, 1995). Petroleum is a fossil fuel composed of a mixture of hydrocarbons 

(hydrogen and carbon) in the solid, oil or gaseous phase, and may include elements of oxygen, nitrogen, sulfur 

and trace metals in decreasing amounts. The terms “petroleum” and “hydrocarbon” are thus often used 

interchangeably. The maturation of petroleum depends on temperature and pressure increases through time 

starting with the formation of kerogen followed by oil then lastly gas (van der Spuy, 2003). Globally, 60% of 

discovered hydrocarbon provinces have been found within major Jurassic and Cretaceous source rocks in the 

Mesozoic, and 15% in the Cenozoic (Levell et al., 2010). Source rocks of passive margins fall within the same 

period (e.g., Toarcian, Aptian, Turonian, and Lower Eocene shales) and are found to extend to whole sets of basins 

within the Atlantic Ocean.  

 

Figure 2.7 Model illustrating gravitational collapse to form Orange Basin DWFTB systems (modified after Dalton 

et al., 2017a). a) Margin uplift, (b) Downslope sliding of sediment upon a shale detachment surface beginning 

with gravitational collapse centrally (transitional domain) (c) new thrusts and folds form down-dip following 

normal faulting up-dip in the extensional domain; (d) Gravitational sliding upon upper system becomes 

increasingly difficult forcing faults to propagate onto a lower slip surface to redistribute strain; (e) Sediment above 

the lower slip surface becomes compacted then a second compressional domain develops. 

The deep Barremian gas, Albian gas, Late Cretaceous deep-water slope turbidite oil/gas, and shallow Late 

Cretaceous gas plays are currently being appraised in the Orange Basin (PASA, 2017). Source rocks of the Orange 
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Basin include the syn-rift Hauterivian deposits of the Late Jurassic–Neocomian, and the transitional to early post-

rift Barremian–Aptian and Turonian deposits of the Early Cretaceous (Aldrich et al., 2003; van der Spuy, 2003). 

The Hauterivian source rock is composed of high-quality, oil-prone lacustrine shales found within syn-rift half 

grabens producing the commercial A-J oil syn-rift system in the shallow Orange Basin offshore the South African 

margin (Jungslager, 1999; van der Spuy, 2003; van der Spuy and Sayidini, 2022). The late Barremian to early 

Aptian shallow sea environment provided the ideal anoxic conditions for the generation of petroleum (van der 

Spuy, 2003) to produce the commercial multi-trillion cubic feet Ibhubesi and Kudu gas fields located offshore 

South Africa and Namibia, respectively (Fig. 1.1; PASA, 2017). Natural gas reservoirs of the Ibhubesi gas field 

occur within Albian–Cenomanian fluvial channel-fill sandstones following the trend of underlying grabens while 

those of Kudu gas field occur within Barremian aeolian sandstones stratigraphically trapped by basement 

volcanics (Paton et al., 2008; Kuhlmann et al., 2010). The results from a 300 m thick interval in the DSDP 361 

well (Fig. 1.1) show a total organic carbon content up to 25% with a hydrocarbon indicator of 800 mg HC/g 

according to van der Spuy (2003) and Paton et al. (2008). Some wells in the Orange Basin show evidence for a 

wet gas shale source rock in Cenomanian–Turonian sediments corresponding to a gas-prone maximum flooding 

event in the Late Cretaceous (Aldrich et al., 2003; van der Spuy, 2003; Kuhlmann et al., 2010). The comparison 

between shallow and deep-water wells (e.g., DSDP 361; Fig. 1.1) show that source rocks become increasingly 

oil-prone in distal deep-water environments while gas is concentrated along the proximal shelf (Jungslager, 1999; 

van der Spuy, 2003).  

The geochemical analyses of samples collected from the Orange Basin’s seafloor indicate both a biogenic and 

mostly thermogenic origin of hydrocarbons, with the thermogenic source possibly derived from early Aptian 

shales (Jungslager, 1999; Kuhlmann et al., 2010). Petroleum migrates from the organic-rich source rock in which 

it formed into porous reservoir rocks. In seismic sections common features associated with fluid and gas migration 

indicative of hydrocarbons include bright spots, flat spots, wipe-out zones, gas chimneys, natural gas and fluid 

escape features (e.g., craters, mounds, mud volcanoes, pockmarks) and bottom simulating reflectors (Jungslager, 

1999; Kuhlmann et al., 2010). These are found in the shallow and deep, undrilled, and high-risk regions of the 

Orange Basin (PASA, 2017).  
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3 Review of the seismic method and seismic stratigraphy 

3.1 The seismic reflection method  

The seismic method is a geophysical method involving the propagation of elastic waves through the subsurface 

from a seismic source and the reflection and refraction of waves due to changes in density and velocity recorded 

by receivers (Sengbush, 1983). A seismic source may generate two primary types of waves: (1) body waves 

including P- (compressional) and S- (shear) waves, and (2) surface waves including L- (Love) and R- (Rayleigh) 

waves (Cox et al., 2020). P-waves have high velocities with backwards and forwards particle motion travelling 

parallel to the wave direction through solids, liquids, and gases. S-waves travel only through solids in a side-to-

side manner perpendicular to the wave travel direction thus causing a shearing effect. L-waves are side-to-side 

particle motions perpendicular to wave propagation causing the earth’s surface to shift horizontally. R-waves have 

dispersive velocities and frequencies due to their complex vertical and horizontal rolling particle motion.  

Although the seismic method is believed to have first begun in the past century to understand the internal structure 

of the earth through earthquake monitoring, the most basic use of sound reflection dates to 450 BC as the earliest 

written record by Heroditus (Veekan, 2007; Veekan, 2013). Here, people avoided possible threats in tunnels (such 

as loose rocks) using the echoed return signal of sound waves through rocks. Modern seismic surveys use multi-

component receivers to measure all waves since S-waves are also known to give important information of the 

subsurface (Dondurur, 2018). The seismic reflection method has been invaluable in exploration since the 1960s 

and 70s, particularly offshore in the oil industry’s search for hydrocarbons and are the most used surveys while 

refraction is used where more detailed velocities are needed to image deep structures or obtain the near surface 

information (Cox et al., 2020).  

3.1.1 Seismic acquisition 

Figure 3.1 illustrates the typical layout of the reflection seismic survey in marine settings involving a ship-towed 

transmitter and linked array of hydrophones (Song et al., 2012). A sound wave generating device, usually an array 

of airguns in marine settings, transmits acoustic (seismic) energy that propagates through the water column and 

stratigraphic layers. Air bubble pulses of compressed air from different-sized airguns are released at set time 

intervals into the water from a navigating ship (Ruddick et al., 2009; Song et al., 2012). The pulses or source 

wavelet resemble a radio antenna in the water column created from the difference in time of shots fired and the 

strong reflection of sound from the sea’s surface. Once this transmitted energy encounters a contrast in physical 

properties (a product of density and compressional velocity termed an acoustic impedance) between different 

layers, a fraction of the energy is reflected back from the surface and received by an array of hydrophones tuned 

to the same transducer generated from the outgoing signal (Song et al., 2012). Hydrophones record the amplitude 

and arrival time of reflected signals therefore giving information of their depth and distance behind the acoustic 

source (Fig. 3.1; Ruddick et al., 2009). The reflected energy is defined by the reflection coefficient (RC) as 

follows:  

           RC =
ρ2V2−ρ1V1

ρ2V2+ρ1V1
             (3.1) 

Where ρ= density, V= compressional velocity.  
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In Eq. 3.1, ρ2V2 is the underlying layer’s acoustic impedance reflecting the interface and ρ1V1 is the overlying 

layer’s acoustic impedance the reflecting interface, e.g., the surface between layer 2 and layer 3 in Fig. 3.1. The 

RC value lies between -1 and +1 meaning that the rest of the seismic signal is transmitted downwards and thus 

able to reach great depths at which hydrocarbon reservoirs may be found.  

 

Figure 3.1 Illustration of the seismic reflection method as used in marine settings showing the ray path along the 

surface of layer 3 (modified after Song et al., 2012). 

3.1.2 Seismic processing 

To produce a seismic section as representative to the subsurface image as possible, the seismic data need to be 

processed to remove noise artefacts and distortions produced during acquisition (Onajite, 2013). Dondurur (2018) 

categorizes the general steps used in seismic processing into: (1) data preparation involving demultiplexing and 

trace editing; (2) data correction involving amplitude correction, noise attenuation, static corrections, and velocity 

analysis; (3) data reduction involving common midpoint stacking and multiple attenuation; and (4) data 

enhancement involving deconvolution, migration, filtering, and scaling. Since seismic data are obtained from a 

variety of geological settings with different acquisition parameters, the steps used in seismic processing differs 

from dataset to dataset (Cox et al., 2020). All processing steps are however designed to aid the accurate and 

efficient interpretation of data through noise removal, minimizing artifacts and improving the resolution.  

Hydrophones receive a hyperbolic pattern of returns equivalent to the wavelet generated by the source (Ruddick 

et al., 2009). The wavelet’s seismic resolution limit, defined as the ability to seismically detect different objects, 

is explained by the Rayleigh criterion (Sheriff and Geldart, 1995). Both vertical and horizontal (lateral) resolutions 

are considered in seismic data processing which, to note, decrease with increasing velocities and depth (Onajite, 

2013). Yilmaz (2001) gives the dominant wavelength (λ) of seismic waves by: 

λ =
v

f
            (3.2) 

Where v= average velocity, f= dominant frequency.  

The vertical resolution limit needs to be generally ¼ of the wavelength of the dominant frequency in Eq. 3.2 to 

distinguish between different reflectors at depth in the seismic section (Sheriff and Geldart, 1995). According to 

Yilmaz (2001), the ¼ wavelength criterion may be too much especially if the RC value is small resulting in an 

indiscernible reflection event. A 1/8 dominant wavelength may also be used, defining the Widess criteria (Widess, 



21 
 

1973). Thinner units or beds in the seismic data may be resolved using the Widess criteria as reviewed by Manzi 

et al. (2013). Modern digital seismic systems with peak frequencies of 50 Hz and higher may improve the vertical 

resolution to 8 m or less showing that higher frequencies produce greater vertical seismic resolution limits 

(Ruddick et al., 2009). The difference in time of the seismic wavelets and the presence of wavelet side lobes may 

cause confusion as multiple reflectors overlap resulting in constructive or destructive interference. The amplitude 

of the interfering reflectors is fine-tuned and built up in constructive interference while in destructive interference 

the amplitude is degraded and thus discarded from the output (Dondurur, 2018).  

The horizontal seismic resolution is described in terms of the Fresnel Zone shown in Eq. 3.3 and illustrated in Fig. 

3.3. This is the radius over which reflected waves interfere with each other constructively, occurring when the 

path lengths of reflected waves differ by less than half the dominant period in the “first” Fresnel Zone region 

(Sheriff, 1996; Ruddick et al., 2009; Onajite, 2013). Beyond this region the interference of waves may either be 

constructive or destructive (Sheriff, 1996). As the radius of the Fresnel Zone decreases, the horizontal resolution 

increases. The Fresnel Zone's radius is dependent on the wavelength, and for an unmigrated section with a zero 

offset, this relationship is described by Yilmaz (2001) as: 

R =
V

2
√

t0

f
              (3.3) 

Where V= average velocity, t= two-way time, and f= dominant frequency. 

 

Figure 3.2 Schematic illustration of the Fresnel Zone (Fourie and Botha, 2001). 

For high-resolution, migrated seismic data Herron (2011) states that the horizontal resolution may be equal to as 

small as ½ the wavelength. Other factors to consider in relation to horizontal resolution include the bin size, trace 

spacing, and aperture width (Lebedeva-Ivanova et al., 2018). In 3D seismic data acquisition, bins are rectangular 

cells found centrally within a surficial area between an inline and crossline termed a bin grid (Dondurur, 2018). 

The size of the inline and crossline bins for a single source array are usually ½ of the group interval and ½ streamer 

separation, and ¼ of the streamer separation in flip-flop acquisition for dual source arrays, respectively. 

In seismic processing seismic traces are edited, noise-filtered and corrected for the decay of wave amplitude with 

distance. The common midpoint method is then used to enhance the signal-to-noise ratio by sorting common 
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midpoint gathers (in order of the increase in offset) from seismic traces (Fig. 3.3; cf. Yilmaz, 2001; Song et al., 

2012). The common midpoint is the common offset point between the receiver and source. In 2D seismic 

processing the common midpoint methodology is used to obtain a near vertical signal of reflection and the speed 

of sound as the acoustic signal moves through different layers (Song et al., 2012). The offset in distance and travel 

time of the reflected traces corresponding to each common midpoint is corrected for through the normal moveout 

correction, making the delay time of each seismic trace equivalent to a vertical traverse where x=0 (Fig. 3.3c; 

Ruddick et al., 2009). These are then all added together to form a stacked section (Fig. 3.3d) representing the 

response a sound wave would generate as it travels downwards vertically from the source and is reflected along 

the same traverse to a coincident receiver.  

Equivalent to the common midpoint common midpoint method for 3D seismic processing (in swath shooting with 

straight lines), is the creation of common cell stacks as traces of data are sorted and collected into common cell 

gathers called bins (cf. Yilmaz, 2001). 3D seismic processing otherwise follows much of the same basic principles 

used in 2D seismic processing. The common midpoint methodology only works for reflections of horizontal layers 

while dipping layers have problematic azimuthal variations of the normal moveout (Yilmaz, 2001). This effect is 

corrected for in the seismic section through the process of migration either before (pre) or after (post) stacking in 

either the time or depth domain.  

 

Figure 3.3 Illustration of the common midpoint method (modified after Ruddick et al., 2009). (a) A set of source 
to receiver pathways showing multiple sampling of the same feature to produce a common midpoint gather. (b) 

Plotted traces from the common midpoint gather in (a) showing the delay to return time (TWT) on the vertical 

axis with the increase in displacement (x- axis) laterally. (c) common midpoint gathers after the application of a 

normal moveout correction. (d) The normal moveout-corrected traces are averaged out to create a “stack”. 
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Seismic migration is an image processing technique that collapses the in-line aspect of the Fresnel Zone within 

the seismic section (Ruddick et al., 2009). By suppressing diffracted energy, the effects of dipping reflectors and 

wave propagation are removed to obtain a more accurate subsurface image of the reflection events (Dondurur, 

2018). Migration techniques are classified into many types: (1) Kirchhoff migration method, (2) finite-difference 

migration, and (3) reverse migration are the most commonly used methods in seismic processing (Onajite, 2013). 

The most popularly used migration technique in offshore data processing in the time domain is Kirchhoff pre-

stack time migration (Fig. 3.4). Kirchhoff migration is an algorithm based on the integral form of the scalar wave 

equation (Dondurur, 2018). It uses Huygens principle together with geometry to collapse diffraction and reposition 

reflectors to their correct geological positions (Onajite, 2013; Dondurur, 2018).  

The amplitude of diffraction hyperbolas generated from reflectors in the subsurface (each consisting of multiple 

contiguous point sources) are added together as a summed amplitude at the peak of the diffraction hyperbola (Fig. 

3.4). This apex is considered the true location of the reflector in the output field of the migrated trace (Fig. 3.4).  

Two important parameters need to be considered for Kirchhoff migration: (1) migration aperture width; 

controlling the accuracy and quality of the migrated output and how long the diffraction summation algorithm 

runs for, and (2) velocity model; the algorithm is sensitive to velocity errors so a slight departure from the true 

velocity field may result in over- or under-migration. 

 

Figure 3.4 Illustration of Kirchhoff pre-stack time migration (a) multiple reflection points on the diffraction curve 

and (b) summed amplitudes along the diffraction curve (modified after Onajite, 2013). 

The seismic section produced at the end of processing is usually plotted along the vertical axis in the time domain 

known as two-way time (TWT) travel with the common midpoint plotted along the horizontal axis (Ruddick et 

al., 2009). To obtain the true thickness of seismic units the TWT may be converted to depth using velocity-depth 

functions obtained during normal moveout correction. Usually, a constant 1500 m/s sound speed is given to sea 

water so 1000 ms TWT correlates to ~ 750 m water depth. Using a two-colour palette scheme, the seismic traces 

are placed one on top of another as positive (peak) and negative (trough) reflectors in the seismic section. 

3.1.3 Seismic interpretation 

Once reflection seismic data have been processed, interpretation may take place. The interpretation of seismic 

data includes many steps and applications which depend on the level of detail the interpreter wants to achieve. 
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Prior to computer-generated software, reflection seismic data were interpreted on paper (Cox et al., 2020). Today, 

various computer-based software platforms may be used for seismic interpretation. These software packages 

display various intersections. A 3D seismic volume appears as orthogonal slices with three principal directions; 

two of which are vertical sections (inlines and crosslines) and one a horizontal section (time/depth slices) through 

the earth illustrated in Fig. 3.5 Inlines (y-axis) are acquired parallel to the direction of boat movement while 

crosslines (x-axis), also known as xlines, are acquired perpendicular to these. Time or depth slices (z-axis) are 

horizontal sections created from the seismic volume. Additional vertical sections may be created from a 3D 

seismic volume in any orientation called arbitrary polylines. Arbitrary polylines can be used to verify the 

consistency of an interpretation, e.g., determining the continuation of a surface beyond a fault plane otherwise not 

clearly resolved on the inline and crossline section.  

 

Figure 3.5 Reflection seismic data of the deep-water Orange Basin showing (a) a 3D window displaying the 

inline, crossline (or xline) and time slice sections, and (b) a 2D interpretation window of the crossline viewed in 

(a). Common features including the different axes, compass, 3D grid, horizontal scale and seismic colour bar have 

been annotated. VE= 5. 

Genetically related strata, called stratigraphic units, are separated from each other by stratigraphic surfaces upon 

which reflectors terminate against through downlap, onlap, toplap, erosional truncation, or concordance (Mitchum 

et al., 1977). The first step in seismic interpretation is identifying stratigraphic surfaces marking important 

geological events. These stratigraphic surfaces often (but not always) appear as high amplitude reflections 

dominant throughout the study area. The vertical displacement of a continuous reflector (i.e., stratigraphic surface) 

and the abrupt termination of a seismic event are the main criteria for identifying faults in a seismic section (Duru 

et al., 2018). Stratigraphic surfaces may be picked in 2D and 3D on the vertical inline, crossline and additional 

arbitrary lines using two principal methods: (1) manual interpretation, and (2) auto-tracking. Manual interpretation 

involves clicking key points or dragging a freeform curve along a stratigraphic surface of interest to create a 

horizon interpretation. Faults may be manually picked in the same manner by clicking points between the observed 
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hanging wall and footwall blocks of a discontinuity. Auto-tracking is a quick essential tool in picking horizons. 

Auto-tracking automatically extrapolates selected high or low amplitude horizons throughout the seismic data 

then where the tracking criteria cannot be satisfied, auto-tracking stops. This occurs either when the quality of the 

surface decreases in a particular section (low signal-to-noise ratio) or when the tracker detects discrepancies on 

the surface caused by fault displacement, sharp changes in dip, or stratigraphic events such as a change in facies, 

channels, and eroded or merged surfaces (Veekan, 2017). Well ties, if present, may help resolve such features 

during seismic interpretation, together with the application of seismic attributes. The following section outlines 

the seismic stratigraphic concepts used in seismic interpretation. 

3.2 Seismic Stratigraphy  

3.2.1 Background 

The interpretation of reflection seismic data reveals important geological information pertaining to the history, 

depositional facies, and stratigraphy of a sedimentary basin. Based on the observations of Vail et al. (1975) and 

Vail et al. (1977) together with the latter’s published sea-level chart, the concept of seismic stratigraphy was first 

introduced by Mitchum et al. (1977). Seismic stratigraphy is the study of cyclical changes in sedimentation 

patterns arising from the interplay of accommodation and sedimentation (Catuneanu, 2006; Catuneanu et al., 

2009). It is based on the view that the formation of sequences at all levels of stratigraphic cyclicity is driven 

mainly not only by eustacy but also tectonics, together termed as relative sea-level. Stratigraphic cyclicity is also 

controlled by climate, sediment supply and loading (leading to compaction) and other autogenic processes 

affecting sediment supply such as fluvial avulsion and delta lobe switching (Catuneanu et al., 2009).  

The concept of seismic stratigraphy has greatly evolved since the 1970s due to the petroleum industry’s persistent 

search for hydrocarbons in deeper parts of sedimentary basins (Veeken, 2013). The significance of seismic 

stratigraphy today lies in the fact that two different scales of observation are used in exploring sedimentary basins 

including (1) the well-control approach, and (2) the seismic method used particularly where well-control is limited 

or lacking (Cross and Lessenger, 1988; Veeken, 2007). Although seismic data covers a large areal extent enabling 

one to define sequences and sequence sets, smaller scale stratal units such as laminae and beds are often poorly 

resolved. To incorporate other forms of data such as outcrop and core/well log data covering the smaller details 

of strata in more detail, the more generic term “sequence stratigraphy” evolved in the 1980’s (Catuneanu, 2006; 

Catuneanu et al., 2009). 

3.2.2 Sequence stratigraphic framework 

Seismic analysis involves subdividing genetically related strata into seismic sequences or packages based on their 

reflected termination patterns and interpreting the environmental setting and lithofacies (seismic facies) of these 

according to their internal arrangement pattern (Figs. 3.6 and 3.7; Mitchum et al., 1977). Seismic sequences are 

interpreted as depositional sequences expressing the lithology of the features that formed them, with each bound 

by an unconformity or correlative conformity surface (Fig. 3.8). These chronostratigraphic surfaces are identified 

by their continuity and the way in which seismic strata terminate against them. The genetically related stratigraphic 

units between chronostratigraphic (or just stratigraphic) surfaces are termed systems tracts; a stack of sediment 
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deposited during a specific phase of the relative sea-level cycle and therefore used in sequence stratigraphic 

analysis to describe changes in relative sea level (Catuneanu, 2006; Veeken, 2013). The four major tracts 

recognised in sequence stratigraphy illustrated in Fig. 3.7 include the highstand systems tract with sea-level rise, 

falling stage systems tract with sea-level fall, lowstand systems tract with the beginning of sea-level rise, and 

transgressive systems tract with continued sea-level rise (Catuneanu, 2002; Catuneanu,2006). 

 

Figure 3.6 Upper and lower sequence boundary stratal termination patterns (Mitchum et al., 1977). 

3.2.2.1 Stratal terminations 

Stratal terminations include onlap and downlap terminating above a discontinuity surface, toplap and truncation 

terminating below a discontinuity surface, and offlap occurring in a conformable sequence as summarised by 

Catuneanu (2006) and shown in Figs. 3.6 and 3.7. Erosional truncation refers to the scouring of topsets in a 

package of strata as the older strata is eroded. This is the most common and reliable criteria in identifying a 

channel. In toplap strata terminate at an inclined angle against an overlying discontinuity surface usually if erosion 

is affecting a prograding shelf. Onlap forms with transgression where progressively younger horizontal or inclined 

strata overstep each other terminating against a surface of greater inclination, while offlap forms during a forced 

regression where younger strata progressively shift offshore to expose a portion of the older, underlying strata. 

Downlap may give the main direction of sediment supply as inclined strata terminate in a down-dip direction. The 

term baselap is used when onlap cannot be distinguished from downlap due to deformation.  

3.2.2.2 Seismic facies analysis 

Seismic facies analysis allows one to differentiate between adjacent seismic facies or units based on their internal 

reflection patterns (Mitchum et al., 1977). Adjacent seismic facies units differ to each other according to varying 

seismic reflection parameters which include the interval velocity, amplitude, continuity, configuration, and 

frequency. All these parameters apart from interval velocity may be observed visually within the seismic section 

without special computer adjustments to the data (Cross and Lessenger, 1988). Internal reflection geometries 

relate to the depositional environment and lithofacies of each seismic unit and include chaotic, parallel, 

subparallel, prograding, divergent, and reflection-free patterns (Fig. 3.8; Mitchum et al., 1977). Progradational 

configurations include sigmoid, oblique tangential, shingled, oblique parallel, complex sigmoid oblique, and 

hummocky clinoforms. 
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Figure 3.7 Sequence stratigraphic framework regional architecture illustrating the various depositional systems, 

systems tracts, and stratigraphic surfaces formed during different phases of the relative sea-level cycle (Catuneanu, 

2006). SL= sea-level. 
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Figure 3.8 The various internal reflection geometries observed in seismic facies units (Mitchum et al. 1977). 

3.2.2.3. Stratigraphic surfaces 

Changes through time in depositional regimes are marked by stratigraphic surfaces which are created through the 

interplay between sea-level fluctuations and sedimentation (Catuneanu, 2006). According to Catuneanu (2006), 

the identification of stratigraphic surfaces is based on several criteria involving facies analyses and a basic 

understanding of how the depositional environment the surface, and the facies units it separates, originated. Due 

to the abrupt vertical change in physical properties from one substrate to another, stratigraphic surfaces appear 

well on seismic data due to a significant contrast in acoustic impedance between them.  Stratigraphic surfaces 

formed in deep-water marine settings include the two mappable correlative conformity surfaces which are (1) the 

mappable maximum flooding surface, and (2) the cryptic maximum regressive surface summarised in Table 3.1 

and shown in Fig. 3.9 (Catuneanu, 2002; Catuneanu et al., 2009). A proper sequence stratigraphic framework for 

deep-water settings is difficult to construct since only four of the seven types of stratigraphic surfaces form (Table 

3.1; Catuneanu et al., 2009). This is due to the physical disconnection of the deep-water environment to its fluvial 

and shallower-water counterparts, arising from extended periods of non-deposition or shelf edge to upper slope 

erosion and sediment instability.  

In Catuneanu et al. (2009) the sequence stratigraphic framework for a deep-water marine setting is given in Fig. 

3.9 which is the 2D seismic interpretation of a gravity flow deposit reflecting a full cycle in relative sea-level 

changes. In seismic facies analysis the chaotic internal reflectors of ‘A’ represent a mudflow deposit formed in 

early stages of forced regression; strong parallel internal reflectors of ‘B’ represent a turbidity flow frontal splay 

formed at the end of forced regression, high amplitude (sandy channel fill) and transparent (overbank deposits) 

internal reflectors of ‘C’ represent normal regression lowstand conditions and early transgression, chaotic internal 

reflectors of ‘D’ represent mudflow deposits of late transgression. The sequence stratigraphic surfaces present 

include (1) the two ‘CC’ surfaces marking the change between forced and normal regression (and hence stacking 

patterns of strata), and (2) the maximum regressive surface marking the change between lowstand normal 

regression and transgression which is often difficult to map within an undifferentiated succession of deposits, and 

(3) the maximum flooding surface representing the change from transgression to highstand normal regression. 
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Table 3.1 The main sequence stratigraphic surfaces found in deep-water marine settings (modified after 

Catuneanu, 2006). 

Surface  Description Nature of 

contact 
Marine Facies 

    Below              
Above 

Depositional 

trends   
Stratal 

terminations 

Maximum 
regressive 
surface  

Marks change 
from shoreline 
regression to 
transgression; 
Replaced by 
MFS in distal 
marine 

Conformable 
(few 
exceptions) 

Fining 
upward 
in deep 
water; 
Coarsen-
upward 
in 
shallow 
water  

Fining-
upward  

Above: 
transgression 

Below: 
normal 
regression 
  

Above: 
marine onlap 
Surface: 
onlap, 
downlap 
  

Maximum 
flooding 
surface  

Marks end of 
shoreline 
transgression 

  

Conformable 
or scoured 

Fining-
upward  

Coarsen-
upward 

Above: 
normal 
regression 

Below: 
transgression 
  

Below: 

truncation 

Above: 

downlap 
Surface: 
onlap, 
downlap 

Correlative 
conformity  

Reflects 
paleo-seafloor 

at the end of a 
forced 
regression; 
correlates with 
subaerial 
unconformity 

Conformable  Coarsen-
upward 

Coarsen-
upward 

on shelf 

Above: 
normal 

regression 

Below: 
forced 
regression 
  

Above: 
downlap 

Surface: 
downlap 
  

 

Figure 3.9 Uninterpreted and interpreted 2D seismic lines of a deep-water gravity flow deposit (Catuneanu et al., 

2009). Seismic facies include A- mudflow deposits; B- turbidity flow frontal splay; C- leveed channel and 

overbank facies; and D- mudflow deposits. Sequence stratigraphic surfaces include: 1- correlative conformity; 2- 

correlative conformity; 3- maximum regressive surface; and 4- maximum flooding surface. 
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3.3 Seismic interpretation using seismic attributes 

3.3.1 Overview of seismic attributes 

To aid horizon/surface and fault mapping seismic attributes may be applied to a seismic dataset. Seismic attributes 

enhance subtle aspects of the conventional seismic data (Chopra and Marfut, 2005, 2007). They act as filters 

focussing the attention of one specific component in the dataset by removing others (Barnes, 2016). Since seismic 

data may be described in a variety of different ways, hundreds of attributes exist (Fig. 3.10) usually based on the 

seismic measurement of time, amplitude, and frequency (Cox et al., 2020). Extractable properties of the seismic 

dataset are considered attributes including reflection terminations, inversion associated with acoustic impedance, 

complex-trace attributes, the prediction of pore pressures, and amplitude variation with offset (Chopra and Marfut, 

2005, 2007). Seismic attribute analysis is widely known to have begun in the 1960s and 70s with the advancement 

of computer technology. An early form of seismic attribute analysis, however, occurred as far back as the 1930s 

before digital records were available whereby early geophysicists correlated travel times to reflections observed 

in the field on paper records (Chopra and Marfut, 2005).  

 

Figure 3.10 Categorisation of seismic attributes using geological, geophysical, and mathematical properties 

(Barnes, 2016). Boxes indicate those used in the research. 

Seismic attributes may be applied on both pre-stack and post-stack seismic data (Barnes, 2016). While pre-stack 

attributes are obtained through geophysical inversion methods, post-stack attributes use statistics, filters and 

transforms to gain the stratigraphic and structural properties of the seismic data. According to Barnes (2016) post-

stack attributes fall short when it comes to obtaining the lithological properties of the seismic data which are best 

described and imaged using pre-stack seismic data and attributes. The analysis of seismic attributes reveal 

significant physical and geological properties in seismic data such as a basin’s structure, stratigraphy, and 

reservoir characteristics through the enhancement of faults, thin bed tuning and bright spot identification, to name 

a few (Chopra and Marfut, 2005; Brown, 2011).  
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Chopra and Marfut (2005) review several major classification schemes of seismic attributes from the past four 

decades and provide their own. Liner et al. (2004) who subdivided seismic attributes into general, specific, and 

composite (or meta-attribute) categories. General attributes are applicable from one basin to another as they are 

based on well-defined physical or morphological parameters related to the geology seen in the seismic data. 

Specific attributes are not based on a common geological or physical principle, meaning that what is applicable 

in one basin may not necessarily be so in all basins. Composite attributes include those that display multiple 

attributes at a time, and those formed from combining the neural nets and geostatistics of a specific physical or 

geological variable. 

Barnes (2016) categorises seismic attributes into geological, geophysical, and mathematical properties shown in 

Fig. 3.10 applied in a variety of different methods summarised in Table 3.2. A seismic attribute may however fall 

into more than category combining different filters.  Geological and geophysical seismic attributes are the most 

useful as they are easier to quantify, interpret and relate to the geology, while mathematical attributes may lack 

significant geological importance. Numerous seismic attributes exist that can be applied on an interpreted horizon/ 

surface, or on a full seismic volume using various software. Volumetric attributes may be applied from the onset 

of seismic interpretation while surface attributes (also known as horizon-based attributes) may only be applied 

once a stratigraphic horizon has been interpreted sufficiently (Brown, 2011). Seismic attributes used in this 

research are shown in boxes of Fig. 3.10 and discussed below. 

Table 3.2 Methods used in the application of seismic attributes (Barnes, 2016). 

Method Description Attributes 

Statistics Mathematical attributes usually 

represented as maps 

Mean value, root mean square (RMS) 

amplitude, total energy, variance, 
smallest and largest value, no. of peaks, 
total energy, % above threshold 

Map computations Applied on interpreted seismic 
horizons to measure the difference in 
structural properties  

Discontinuity, dip, azimuth, curvature, 
shaded relief 

Complex trace analysis Many attributes are derived from the 
differentiation, averaging and 
combination of the seismic data’s 
amplitude and phase  

Reflection strength, instantaneous 
phase, instantaneous frequency, 
bandwidth, amplitude change, dip, 
azimuth, curvature, parallelism, quality 
factor, thin- bed indicator 

Response attributes A further subset of complex trace 
attributes 

Apparent polarity, response amplitude, 
response phase, response frequency, 
sweetness 

Correlation, semblance, 
principal component 

analysis 

Measure structural and stratigraphic 
attributes by comparing the 

resemblance of adjacent seismic 
traces  

Discontinuity, dip, azimuth, curvature, 
parallelism 

Dip scanning, plane-wave 
destruction, gradient 
squared tensor 

Applies 3D derivatives in an 
averaging window 

Dip, azimuth, curvature, continuity 

Spectral decomposition Geophysical attributes recording 
time-varying spectral properties 

Frequency components, mean 
frequency, peak spectral frequency, 
bandwidth, tuning thickness 

Pattern recognition Applied to seismic waveforms and 

sets of attributes 

Waveform maps, attribute classes or 

seismic facies 

Miscellaneous  Measured through specific methods Relative acoustic impedance, arc length, 
energy half-time, zero-crossing 
frequency, quality factor 
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3.3.2 Volumetric attributes 

3.3.2.1 Data conditioning 

Although seismic processing attempts to remove the effect of noise introduced during acquisition, seismic data 

may require more conditioning during interpretation to filter out unwanted artifacts. Noise and the presence of 

geological features (e.g., buried channels) may appear as low continuity regions usually indicative of faulting 

(Hale, 2013). Caution is required in seismic interpretation as these areas may be erroneously interpreted as a fault 

network. In this research the data were conditioned using the volumetric attribute of structural smoothing. 

Structural smoothing enhances the resolution (signal-to-noise ratio) of seismic data by using a Gaussian filter with 

mean and median filters to smooth the input signal (Randen, 2000).  

3.3.2.2 Edge enhancement attributes 

Edge-enhancement attributes are filters that identify sharp edge contrasts in seismic data indicative of 

discontinuities in the subsurface and are therefore structural attributes. Several edge-enhancement attributes are 

provided by interpretation software such as coherence, variance, chaos, semblance, entropy, and gradient 

magnitude (Hale, 2013). The focus in this research are the variance and chaos attributes. Variance uses a 

coherency analysis to measure the local variation of points in the seismic signal and, regardless of high or low 

amplitude regions, will give the same response for the same seismic signature (Silva et al., 2015). Chaos measures 

the lack of the seismic signal’s organization the through statistical analysis of the dip and azimuth orientations 

(Silva et al., 2015).  

Edge-enhancement attributes are often used in the ant tracking workflow. Ant tracking, so called after the similar 

swarm intelligence behaviour pattern observed in ant colonies from nature (Silva et al., 2015), is a powerful 

algorithm used in fault interpretation. Ant colonies use trail pheromones to lead members of the same species 

towards a food source thus optimizing the search. In much the same way, virtual ants placed as seeds in a seismic 

volume use virtual pheromones to capture the trail of discontinuities in fault zones. Ant tracking enhances the 

fault networking system and may be used as the input for automatic fault extraction to produce fault patches. 

Many studies use different inputs in creating an ant tracked volume and may re-run the input edge-enhancement 

attributes (e.g., variance, chaos) multiple times depending on the interpreter’s preference (cf. Silva et al., 2015; 

Qi et al., 2019; Mahlalela et al., 2021). 

3.3.2.3 Relative acoustic impedance 

The stratigraphic information (horizons) of seismic data may be enhanced using a variety of different attributes 

(Fig. 3.10). Relative acoustic impedance is one such volumetric attribute most effective in enhancing the seismic 

stratigraphy. Relative acoustic impedance is an impedance attribute applied on post-stack seismic data with the 

benefit of not requiring the input of wells, velocities, pre-stack seismic data or any other components (Barnes, 

2016). Even though it an easy attribute to generate, it must be used cautiously in seismic interpretation. This is 

because it is an approximation rather than the true estimate of the low frequency information and does not prove 

the removal of the seismic source wavelet which obscures the earth’s reflectivity. Since the original seismic data 

are recoverable through differentiation (albeit with a slight error) and the attribute does not fragment the data, 

relative acoustic impedance may be regarded as more of a transformation (Barnes, 2016). It uses a recursive 

inversion algorithm whereby low frequencies are enhanced by high frequencies as the phase of the seismic trace 
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is rotated by 90°. For recursive inversion to be effective, seismic data must have high signal-to noise ratios, have 

a zero-phase and a broad bandwidth.  

Relative acoustic impedance is derived from regular acoustic impedance (Z) which is defined by the two rock 

properties of density and compressional wave velocity (Barnes, 2016). Acoustic impedance is most valuable in 

inferring porosities and may be applied to datasets containing both seismic and well log data to create impedance 

logs through the process of inversion. High porosities reduce the density and compressional wave velocity of 

rocks. If pore spaces become infilled with gas rather than water or oil, the compressional wave velocity and 

resultant acoustic impedance drop significantly. Together these properties serve as direct hydrocarbon indicators. 

Distinguishing between economic and non-economic gas saturations is not possible, however. Impedance logs 

provide information on both low and high frequencies. High frequencies record stratigraphic detail and are 

recovered from seismic data, while low frequencies give absolute porosities from the background trend of 

impedance and are recovered from well data.  If poststack seismic data alone are available, this background trend 

is non-existent, and the term “relative acoustic impedance” is more applicable.  

3.3.2.4 Direct hydrocarbon indicators 

Volumetric attributes used to identify and enhance natural gas/fluid flow features are known as direct hydrocarbon 

indicators. Direct hydrocarbon indicators of interest include the root mean square amplitude, sweetness, 

generalised spectral decomposition, and envelope. Relative acoustic impedance may also be considered as a direct 

hydrocarbon indicator as it is a measure of porosity (Barnes, 2016; Azevedo and Pereira, 2019). Direct 

hydrocarbon indicators highlight acoustic impedance contrasts in sandstone reservoirs with hydrocarbons 

appearing as bright, positive high amplitude anomalies (Koson et al., 2014).  

The most widely used attribute for the detection of hydrocarbons is envelope (also known as magnitude, reflection 

strength, or instantaneous amplitude). Envelope is the total instantaneous energy of the complex trace independent 

of the phase (Brown, 2011). Closely correlated to envelope is the sweetness volumetric attribute often used to 

identify features that change the overall signature of energy in the seismic data such as coarse-grained sandstone 

reservoirs (Koson et al., 2014). The root mean square amplitude (iterative), a smoother scaled estimation of 

envelope, computes the root mean square iteratively over instantaneous trace samples in a vertical window 

specified by the user (Koson et al., 2014). In seismic data high root mean square amplitudes possibly represent 

coarse-grained facies (e.g., Maselli et al., 2019). Generalised spectral decomposition involves the deconstruction 

of the seismic data back to its original waveforms and tuning the seismic data to specific frequencies (Chopra and 

Marfut, 2005; Koson et al., 2014). The fine tuning of frequencies enables generalised spectral decomposition to 

detection subtle variations in flow barriers or lithology.  

3.3.3 Surface attributes 

Surface attributes provide more information on the stratigraphic and structural elements of a basin and are 

therefore highly effective in fault mapping and understanding reservoir characteristics (Cox et al., 2020). Different 

seismic interpretation software may offer different surface attributes, and as such those outlined in this section are 

specific to the interpretation software used in the research. Prior to creating a geological surface (and hence prior 

to surface attributes) a confidence classification map may be run on that picked horizon. The operation shows the 
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degree of confidence in horizon picks by combining the histogram equalization of the root mean square amplitude 

(thick slice volume amplitude) and the surface stability index. Once sufficient and satisfactory interpretation has 

taken place on an interpreted horizon, surface attributes may be applied. Surface smoothing, anomaly identifier, 

influential data, and edge detection surface attributes are briefly explained below. The advantages and specifics 

of each surface attribute used are explained further in Chapter 4’s Methodology.  

Surface smoothing reduces inconsistencies produced from picking by levelling out any anomalous points. It is 

most useful in areas that have low signal-to-noise ratios that required manual interpretation over auto-tracking. 

The anomaly identifier and influential data attributes are very similar; the former highlights points along the 

surface that are geometrically different from their surrounding area, and the latter highlights areas of rapid 3D 

geometric change. Edge detection is a surface attribute that combines dip and azimuth properties to identify sharp 

boundaries (edges) along a surface (Randen et al., 2000). Edge detection is used to enhance discontinuities by 

operating like a smoothing filter, but with the opposite effect where edges are sharpened regardless of their 

orientation (Brown, 2011).   
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4 Methodology 

The study area is a portion of a 3D seismic survey owned by Shell (a global group of energy and petrochemical 

companies) called OB123D-01 in the deep-water Orange Basin (Figs. 1.1 and 4.1). Seismic data acquisition and 

processing were conducted by the Dolphin Geophysical Polar Duchess and the Netherlands Global Processing 

Team, respectively, while this research dealt solely with seismic interpretation. The seismic data were obtained 

from the Petroleum Agency of South Africa’s database in the processed form. The first section summarises the 

acquisition and processing steps given in Kramer and Heck’s (2013) Orange Basin Shell report. From there on 

(Chapter 4.2 onwards) the steps used in seismic data interpretation employed in this research are explained in 

detail.  

Table 4.1 Acquisition parameters of the Orange Basin’s seismic survey (Kramer and Heck, 2014). 

Recording 

Recording format  SEG-D  

Record length  7168 ms  

Recording filter delay  None  

Sample rate  2 ms  

Low cut filter hydrophone, slope 4.4 Hz, 12 dB / octave  

Low cut filter geophone, slope  Not applicable  

High cut filter both, slope  214 Hz, 341 dB / octave  

Source 

Source type  Dual source  

Number of source arrays  2  

Number of sub-arrays  3  

Shot point interval  25 m (flip/flop)  

Array separation  100 m  

Array length  15 m  

Source volume  4100 cu in  

Number of airguns / arrays  30  

Operating pressure  2000 psi  

Source depth  8 m  

Nominal common midpoint fold  80  

Sercel SSAS Sentinel, Sercel Seal-428 

Number of streamers  8  

Group interval  12.5 m  

Group length  12.5 m  

Number of hydrophones / groups  1  

Number of geophones / groups  1  

Streamer length  7950 m  

Streamer separation  200 m  

Number of groups / streamers 636  

Streamer depth  10–15 m linear slant  

Nearest offset  222 m  

4.1 Seismic acquisition and processing 

The 3D reflection seismic survey was conducted by Dolphin Geophysical Polar Duchess between the 25th of 

October 2012 and the 22nd of February 2013 in the deep-water Orange Basin using conventional streamers with 

sparse geometry (Kramer and Heck, 2014). The seismic data covered a total area of ~8200 km2 (Figs. 1.1 and 
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5.1). The survey was orientated ~NNW to SSE with an azimuth of 36.6° anticlockwise using the central meridian 

15° map projection in UTM Zone 33S. Table 4.1 lists the acquisition parameters used in the survey.  

  

Figure 4.1 Map showing seismic survey OB123D-01 and the location of this study’s seismic data within it 

(refer to Fig. 1.1 for the regional setting).  

The raw data were first pre-processed on board by the Dolphin Geophysical team from field tape. Table 4.2 shows 

the summarised workflow. More details of these processing steps may be found in Dolphin Geophysical Orange 

Basin 3D Pre-stack Time Migration report (Kramer and Heck, 2014). Using their proprietary SIPMAP software, 

the Global Processing team (Rijswijk, Netherlands) commenced with full seismic processing. Table 4.3 shows the 

full seismic processing workflow which involved Kirchhoff pre-stack depth migration following 3D surface-

related multiple elimination. The initial acquisition grid was 6.25 x 50 m for the inline and crossline, respectively. 

The final grid size following pre-stack depth migration was 25 x 25 m for the crossline and inline cells, 

respectively. The bin grid schematic and definitions are shown Fig. 4.2 and Table 4.4.  

 

Figure 4.2 Survey orientation and bin grid schematic used for 3D processing (Kramer and Heck, 2014). 
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Table 4.2 Dolphin Geophysical pre-processing sequence (Kramer and Heck, 2014). 

Dolphin processing centre 

1 Input SEGD, nav-merge and apply trace edits and interpolation 

2 Designature and zero-phasing 

3 Low-cut 2.5Hz, 18dB/octave 

4 Anti-alias (100Hz) 

5 Resample 2 to 4ms 

6 Seismic interference removal on common channels, FX method 

7 Shot and channel domain FX swell noise removal 0-30Hz 

8 Tau-P linear noise removal 

9 K-filter and alternate trace drop 

10 Gun and cable static (using actual depths and average water velocity) 

11 2D surface-related multiple elimination 

12 Velocity picking at 2x2km grid 

13 Radon demultiple (common midpoint domain) 

14 Dip moveout 

15 Velocity analysis on 1x1 grid 

16 Output of dip moveout gathers (last processing step on board) 

17 Receive data (dip moveout gathers) 

18 Restore data 

19 Fold quality control 

20 DMA (a residual demultiple process with no clear SIPMAP version) 

21 Inner and outer mutes. Inner mute starts at seabedx2, and is 1 km at Tmax 

22 Partial Stack (discard re-shoot lines) 

23 Stack 

24 Interpolation to 12.5 (inline) x 25 (xline) and a 25x25 stacked volume 

25 FXY deconvolution denoising 

26 Kirchhoff PTM (4km operator) 

27 Output to SEGY (raw) 

28 Scaling and filtering 

29 Muting/tapering 

30 Output to SEGY (filtered) 

4.2 Seismic interpretation and strategy 

The ~1 800 km2 study area’s seismic dataset was acquired between water depths of 1 000 and 2 000 mbsl along 

the South African continental slope (Fig. 1.1). The volume of seismic data used in this research was interpreted 

using the Petrel software from Schlumberger (Chapters 6 and 7) then later compared with a convolutional neural 

network (CNN) in deep-learning called fault-net (Chapter 8). The seismic interpretation workflow used is shown 

in Fig. 4.3 involving (1) loading seismic data, (2) applying volume-based attributes, (3) horizon mapping, (4) 

surface attributes, (5) fault mapping, (6) velocity modelling and depth conversion, then finally (7) structural 

modelling. All the processes and steps used for seismic interpretation are found within the seismic interpretation 

and structural modelling tabs of Petrel.  
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Table 4.3 Seismic processing workflow applied to the deep-water survey (Kramer and Heck, 2014). 

Dolphin Geophysical Polar Duchess team 

1 Conversion from SEG-D and navigation merge 

2 Output to SEG-Y 

Global Processing team 

3 Conversion from SEG-Y to Shell’s proprietary software (SIPMAP) format 

4 Spherical spreading correction 

5 Despike 

6 Swell noise attenuation 

7 Resample to 4 ms 

8 Denoise 

9 Linear noise attenuation 

10 Deghosting 

11 Seismic interference attenuation 

12 Zero phasing 

13 2D surface-related multiple elimination prediction 

14 3D surface-related multiple elimination prediction 

15 LSQ matched subtraction 

16 Multiplicity scaling for Kirchhoff migration 

17 Phase deabsorption 

18 RMO analysis 

19 RMO velocity model inversion and anisotropy scanning 

20 Pre-migration signal enhancement 

21 Kirchhoff pre-stack time migration 

22 Residual radon demultiplex 

23 Amplitude deabsorption 

24 RMO correction 

25 (Angle) stack 

26 Time variant scaling (additional output volumes) 

27 Archiving 

Table 4.4 Bin grid definitions. 

Inline/track Crossline/bin Easting/x Northing/y 

320 932 478892.85 6532018.86 

23040 932 394228.92  6646018.94 

320 3492 530273.17  6570177.25 

23040 3492 445609.23  6684177.34 

4.2.1 Seismic interpretation strategy 

The seismic volume was interpreted using the seismic-to-sequence stratigraphic approach originally proposed by 

Mitchum et al. (1977) explained in Chapter 3.2. Nine stratigraphic surfaces (or markers) were identified in this 

research based on their continuity and dominant high-amplitude reflections using the classification of Catuneanu 

(2006) (Table 3.1). These stratigraphic markers are the Mesozoic’s Late Cretaceous (1) Albian, (2) Turonian, (3) 

Santonian, (4) early Campanian, (5) late Campanian, and (6) Maastrichtian surfaces; and the Cenozoic’s (7) 

Oligocene and (8) Miocene surfaces, together with the (9) seafloor. Surface names were assigned according to 

their approximate geological ages which were derived from the comparison of seismic sections in previous Orange 

Basin studies (some with published well data) including Brown et al. (1995), Paton et al. (2008), de Vera et al. 

(2010), Kuhlmann et al. (2010), Hartwig et al. (2012), Dalton et al. (2017), and Baby et al. (2018). While the 
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terminology for both stratigraphic markers and sequences may vary across different studies, the assigned ages for 

each generally exhibit consistency.   

The Late Cretaceous surfaces correspond to the 14At1, 15At1, 16Dt1, 17At1, 18At1, 22At1 (respectively) 

stratigraphic intervals recognised throughout the SW African margin (Figs. 2.4 and 2.5; Brown et al., 1995; PASA, 

2017). The Oligocene and Miocene stratigraphic surfaces are recognised in Baby et al. (2018). All seismic 

interpretations were done in the time domain as the study area contained no well logs at the present time of 

research to accurately tie the stratigraphic information to proper geological times. To estimate the rough thickness 

of seismic sequences, however, a generalised depth conversion was performed, utilizing average interval 

velocities derived from well logs obtained in the shallower areas of the Orange Basin, as employed in Kuhlmann 

et al.'s (2010) study (see Chapter 4.8). 

 

Figure 4.3 Petrel seismic interpretation workflow. 

4.2.2 Seismic resolution limit 

The Orange Basin has ~20 Hz dominant frequency and a 2 400 m/s average velocity (cf. Kuhlmann et al., 2010; 

Scarselli et al., 2016). According to Eq. 3.2, the vertical seismic resolution limit is 30 m and 60 m for the ¼ and 

½ dominant wavelength criteria, respectively (Yilmaz, 2001) for a 120 m wavelength. For migrated, high-

resolution seismic data obtained from the marine environment, the horizontal resolution may be as high as half 

the wavelength (λ/2) (Herron, 2011). In this research, the horizontal resolution limit is therefore 60 m, or equal to 

the original inline and crossline bin sizes (Dondurur, 2018). Features in the seismic data smaller these two 

resolution limits would not be effectively resolved without the use of seismic attributes. 
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•Realizing and cropping

2. Volumetric attributes
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•Ant tracking workflow

•Direct hydrocarbon indicators

3. Horizon mapping

•Horizon picking

•Confidence classification mapping

•Horizon picking to surface creation

4. Surface attributes

•Surface smoothing

•Anomaly identifier
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•Edge detection 

5. Fault mapping
•Fault picking

•Fault interpretations to fault framework modelling

6. Domain conversion
•Velocity modelling

•Depth conversion

7. Structural modelling

•Fault framework modelling

•Boundary definition

•Horizon modelling and depospace calculation

•Structural gridding



40 
 

4.3 Data preparation 

4.3.1 Data loading 

The Orange Basin’s 3D seismic survey (OB123D-01) was imported as a SEG-Y file using preset parameters and 

the WGS_1984_UTM_ZONE_33S co-ordinate reference system (CRS).  

4.3.2 Realizing and cropping 

A time/depth slice is only created once the seismic volume has been “realized” in Petrel. Realizing creates a 

physical copy of the dataset with the z-component time slice upon which all seismic attribute applications and 

interpretations can be efficiently done. Since the seismic volume was too large (~8 200 km2) to be effectively 

managed by the software and workstation, a manageable portion of interest (~1 800 km2) from the full seismic 

survey was cropped out (Fig. 4.1). Cropping is a valuable tool for interpreting large sets of seismic data as large 

datasets require a lot of computational power, memory, and a long run-time to compute processes such as the 

application of attributes. The cropped volume was exported in SEG-Y format and used to create a new project 

which forms the basis of the present research. Fig. 3.5 is a small portion of the ~1 800 km2 dataset illustrating the 

display of seismic data in a 3D and 2D interpretation window.  

4.4 Volumetric attributes 

Volumetric attributes were applied in the initial stage of seismic interpretation to aid horizon and fault mapping 

(Fig. 4.3). The volumetric attributes applied include (1) relative acoustic impedance to enhance stratigraphic 

features, (2) structural smoothing for preconditioning, (3) variance and chaos edge-enhancement attributes, and 

(4) direct hydrocarbon indicator attributes of envelope, sweetness, root mean square amplitude (iterative), and 

generalised spectral decomposition. Algorithms were first run on a smaller portion of the seismic volume to test 

the most suitable parameters to be used on the full seismic dataset. This is because the application of attributes is 

a time-consuming process requiring a lot of disc memory.  

4.4.1 Relative acoustic impedance 

Relative acoustic impedance removes random long wavelength trends in the seismic data by integrating the 

seismic trace then applying a high-pass Butterworth filter. Relative acoustic impedance was most useful in 

enhancing the continuity of thin beds (horizons) that otherwise look completely discontinuous in the original 

seismic volume. Compared to the original seismic volume (Fig. 4.4a), low frequencies in the relative acoustic 

impedance volume are more consistent giving the data an enhanced look with boosted amplitudes (Fig. 4.4b). The 

only parameter required in generating a relative acoustic impedance volume is a low-cut frequency on the original 

seismic volume which was set at 10.0 in this research. Overall, the enhanced relative acoustic impedance volume 

made it easier to identify unconformity surfaces and delineate structures particularly in areas where the resolution 

was too low.  
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Figure 4.4 3D windows showing the application of volumetric attributes comparing (a) the normal seismic 

volume, (b) the relative acoustic impedance volume, and (c) the structurally smoothed volume. VE= 5. 
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4.4.2 Structural smoothing 

Prior to the application of most volumetric attributes, the seismic data were conditioned through structural 

smoothing (Fig. 4.4c). Structural smoothing combines median and mean filters to improve the signal-to-noise 

ratio of the seismic data. It is also a structural attribute that was used at the start of the ant tracking workflow (Fig. 

4.5) to correctly enhance discontinuities without the effect of noise. Parameters that need defining include the 

type of filter to be used, and size of the orientation windows (sigma X, Y and Z). The “dip-guided with edge 

enhancement filter” was used in this research to visually enhance edges. Here, two half filters are run: (1) chaos 

is first run on both, then (2) a Gaussian filter is applied to the filter with the least chaos. Sigma X, Y, and Z were 

all 1.5.  

 

Figure 4.5 3D windows comparing the chaos (a) and variance (b) input volumes used for ant tracking. (c) is the 

passive ant tracked volume produced using chaos as input. (d) is the passive ant tracked volume produced using 
variance as input. (e) is the aggressive ant tracked volume produced from (c). (f) is the aggressive ant tracked 

volume produced from (d). VE= 5. 
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4.4.3 Variance and chaos  

Variance and chaos are edge-enhancement attributes typically used in the ant tracking workflow (Fig. 4.5). In this 

research the variance and chaos attributes were compared to determine which volumetric attribute enhanced faults 

better (Fig. 4.5ab) and created a better ant tracked volume (Fig. 4.5cdef). Table 4.5 shows the parameters used in 

creating a variance volume using the structurally smoothed volume as input. The only parameter required for 

chaos was sigma X, Y, and Z (size of orientation windows); all of which were set at 1.5. Both large- and small-

scale discontinuities are visible in the chaos volume from faults to fractures and other stratigraphic features (Fig. 

4.5a). Variance, on the other hand, only enhanced larger-scale discontinuities (faults) and thus appears less 

“chaotic” (Fig. 4.5b).  

Table 4.5 Parameters used for variance in the study area. 

Variance parameters 

Inline range (filter length) 3 

Crossline range (filter length) 3 

Vertical smoothing (in samples) 25 

Dip correction On 

Scale of inline 1.5 

Range of crossline 1.5 

Vertical scale 1.5 

Plane confidence threshold 0.6 

Dip-guided smoothing Off  

Once the data were conditioned and pre-processed, passive ant tracking was run for both the inputted variance 

and chaos volumes (Fig. 4.5cd). Aggressive ant tracking was then applied upon the previously generated passive 

ant tracked cube (Fig. 4.5ef). Both passive and aggressive ant tracking use system-generated parameters shown in 

Table 4.5. Undesirable dips and azimuths may be filtered out of the ant tracked volume using the stereonet plot. 

Overall, ant tracking is seen better on the time slice than on the vertical inline and crossline sections (Fig. 4.5cdef). 

Since the quality of reflection seismic data in this research is high, not much conditioning and pre-processing was 

required. Variance on its own, without ant tracking, was enough to enhance the large, regional-scale 

discontinuities necessary for the research in plan section.  

Table 4.6 Passive and aggressive ant tracking parameters. 

 Passive ant tracking Aggressive ant tracking 

Initial ant boundary 7 5 

Ant track deviation 2 2 

Ant step size 3 3 

Illegal steps allowed 1 2 

Legal steps required 3 2 

Stop criteria (%) 5 10 

4.4.4 Direct hydrocarbon indicators  

Additional volumetric attributes were applied at different points within the horizon and fault mapping workflow 

(Fig. 4.3) to identify and enhance natural gas/fluid flow features. These are the envelope, sweetness, root mean 

square amplitude (iterative), and generalised spectral decomposition volumetric attributes (Fig. 4.6). Natural gas/ 
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fluid appears as high amplitude reflections or bright spots in these seismic volumes. The only parameter required 

in the computation of envelope and sweetness volumetric attributes (Fig. 4.6ab) was the length of the Hilbert 

transform (also called quadrature amplitude) filter window which was set at 33 for both. The parameters used in 

the calculation of the root mean square amplitude (iterative) are a vertical window length of 11 (no. of samples) 

with an iteration of 1. Generalised spectral decomposition was calculated using the correlation algorithm which 

measures the similarity between the constructed wavelet and each trace with (only positive correlations are kept). 

The parameters used for the generalised spectral decomposition volumetric attribute are shown in Table 4.7.  

 

Figure 4.6 Volumetric attributes used as direct hydrocarbon indicators. An inline section of a) sweetness, b) 

envelope, c) iterative root mean square amplitude, and d) generalised spectral decomposition indicating the 

presence of hydrocarbons as bright, positive high amplitude anomalies (PHAAs) (Maduna et al., 2023a). VE= 5.  
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Table 4.7 Parameters used in generalised spectral decomposition. 

Generalised Spectral Decomposition Parameters 

Algorithm  correlation 

Frequency 30 

No. of cycles 2.0 

Phase (in degrees) 90 

Max filter length 0.5 

Method of computation Sample by sample calculation 

4.5 Horizon mapping 

Nine stratigraphic surfaces of interest were “picked” to create horizon interpretations. The steps used in horizon 

interpretation to surface creation for 3D modelling is explained in the following section using the Santonian 

stratigraphic surface as an example for each step. Appendix B is an overall compilation of the (a) picked horizon, 

(b) confidence classification map, (c) influential data, (d) dip angle, (e) dip azimuth, and (f) edge detection 

operations applied to the Albian (i), early Campanian (ii), late Campanian (iv), Maastrichtian (v), Oligocene (vi), 

Miocene (vii), and seafloor (viii) surfaces. 

4.5.1 Picking horizons  

Multiple window views may be opened and worked on at the same time to correctly interpret the seismic section 

(Fig. 3.5). This helps guide real-time horizon and fault picking without the constant need of changing through 

different views. A combination of auto-tracking and manual interpretation was used to pick surfaces of interest in 

the seismic volume (Fig. 4.7a). To validate the picked interpretations, the confidence classification horizon-based 

attribute was applied to each horizon (Fig. 4.7b) prior to making a surface for use in modelling (Fig. 4.8). Since 

the quality of most of the seismic volume is high, seeded 2D and 3D auto-tracking was used mostly. In areas with 

low signal-to-noise ratios where auto-tracking was no longer possible (e.g., Fig 4.7b), 2D manual interpretation 

was done using a cross-hatched technique (Fig. 4.7a).  

4.5.2 Confidence classification mapping 

Prior to making a surface from a horizon interpretation, a confidence classification horizon-based attribute was 

applied (Fig. 4.7b). Red values correspond to high levels of confidence, green to intermediate values of 

confidence, and blue to low values of confidence in horizon picking. Fig. 4.7b shows that low confidence regions 

were often areas where the signal-to-noise ratio of the horizon was low, or where the topography was unstable 

due to faulting. If a horizon was mapped with a low degree of confidence (blue) mostly, it was re-picked to get 

the optimum confidence level (green and mostly red). The parameters used in creating a confidence classification 

map are tabulated in Table 4.8. 
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Figure 4.7 Horizon mapping workflow shown on the Santonian horizon. (a) 3D auto-tracking, and 2D manual 

interpretation using a crosshatch technique in areas with low signal-to-noise ratios; (b) validation of horizon 
interpretation using the confidence classification map with red, green, and blue showing high, intermediate, and 

low levels of confidence, respectively; and c) the resultant surface created from the horizon interpretation. 

Table 4.8 The parameters used in creating a confidence classification map and the description of each. 

Parameters Description 

Combined 

confidence map  

Combined method Combines the calculation of the surface stability index and the 

thick slice volume amplitude 

Stability window 

radius 

3 The radius of the moving window that is used to define points 

of the horizon interpretation that are included in the 
interpretation 

No. of nodes 20 The size of the surface that is created from the data used to 

estimate the confidence map 

Smooth surface Yes The surface that is used is smoothed prior to computation 

Seismic cube Uninterpreted seismic 

volume (TWT) 

The thick slice volume amplitude method requires the seismic 

cube the horizon interpretation was picked on 

Sample window 5 How many values above and below the pick are used in the 

computation of the root mean square 

4.5.3 Surface creation 

The picked horizons were made into geological surfaces (Fig. 4.8). If an interpreted horizon was changed, the 

corresponding surface could also be edited by updating the input data and re-running the surface. A limitation in 

horizon mapping is the software’s inability to pick overturned surfaces and hence a gain of ground caused by low 

angle thrust faulting. This was a major limitation in the current research since about half the study area is 

dominated by large-scale thrust faulting (in the DWFTB system’s compressional domain; see Chapter 6). 

The interpolation or gridding algorithm used for all surfaces was convergent (Fig. 4.8). The trend extrapolation 

method used preserved the trend of the data in extrapolated areas. Convergent interpolation is used for both 
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geophysical (seismic) and geological data (well logs). It is the most common surface gridding and smoothing 

algorithm as it is computed fast and requires minimal input data and parameters to be defined. It can therefore 

work with just seismic data alone if the data quality is good. Key to its performance is that data do not need 

searching or sorting, as in other traditional methods. It is a control point-orientated algorithm built in stages with 

each iteration adding more resolution upon the previous surface derivative.  

The convergent interpolation algorithm is illustrated in Fig. 4.8a showing four (4) iterations. Each iteration is run 

with a factor resolution change of 2 starting with an initial coarse grid (1) and finishing with a smooth grid, high 

in resolution (4). The red points show the initial input data, and the areas beyond them are additional nodes added 

to the geometry. The edges of the created surface (4) are shown to follow the implied trend given by the initial 

input data points. There are three sequential steps in each iteration of the algorithm: (1) refine, (2) snap, and (3) 

smooth. Refining changes the grid resolution, snapping grids or re-grids the data, and smoothing minimizes the 

grid curvature using a constrained biharmonic operator.  

In the geometry of the output surface the position and size of the grid created were automatically obtained from 

the inputted horizon interpretation. The size of the grid cells in the X and Y directions were both set at increments 

of 50.  A boundary may be created around the input data using a convex spline. The specific number of nodes to 

be extended by from the input data may be defined. In this research, the number of nodes applied to each horizon 

was extended by 3 nodes. An example of a created surface (Santonian) is shown in Fig. 4.9b after defining all 

parameters used in convergent interpolation and the geometry.  

 

Figure 4.8 Surface creation using the convergent interpolation algorithm illustrated in (a) showing four iterations 

which increase in resolution, and (b) showing the Santonian horizon created through convergent interpolation 

after specifying the geometry. 

4.6 Surface attributes 

Surface attributes were applied once sufficient horizon interpretation was done to understand the reservoir 

characteristics and fault framework of the deep-water Orange Basin study. The surface attributes applied include 
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surface smoothing, anomaly identifier, influential data, and edge detection explained below together with their 

parameters. 

4.6.1 Surface smoothing 

Following surface creation, the surface smoothing structural operation was applied on all surfaces. Depending on 

the level smoothing required for each surface, the number of iterations (passes) run were different between each. 

Low iterations of 2 were applied to all surfaces, except the Albian surface at depth on which 4 iterations were run. 

The rest of the parameters used in surface smoothing are tabulated in Table 4.9. 

Table 4.9 Surface smoothing parameters. 

Parameters  Description 

Region half-width  

(I direction)  

2 The radius in surface nodes over which smoothing is applied 

Region half-width 

 (J direction) 

2 The radius in surface nodes over which smoothing is applied 

Averaging method Combo smooth Applies a median smooth followed by a mean smooth upon 

the median smooth 

Boundary treatment Smooth edges Smoothing is extended across the edge of the boundary 

4.6.2 Anomaly identifier and influential data  

The anomaly identifier and influential data attributes highlight points and areas that are geometrically very 

different to their surroundings in 3D. Both attributes create a property on the data with high positive (red) and 

corresponding negative (blue) values implying large variations in geometry. Since these two attributes are similar, 

they share the same parameters. The parameters used in this research are tabulated in Table 4.10.  

Table 4.10 Anomaly identifier and influential data parameters. 

Parameters  Description 

Search region  4 Distance in cell nodes that the search radius is applied over 

Horizon equalization Yes It stretches the data to provide an even range in the results. It 

removes the effect of end-member points within the data and 

helps identify subtle variations in the data 

Clamp to P5 and P95 values Yes Values below the 5th percentile value or above the 95th 

percentile value will be reset to the 5th and 95th percentile 

values, respectively. The dataset is less skewed towards the 

extreme end-member values. 

In this research, unlike anomaly identifier which appears slightly noisy (Fig. 4.9a), influential data (Fig. 4.9b) is 

more effective in highlighting regional-scale variations rather than local-scale variations in geometry. In Fig. 4.9b 

the influential data attribute is shown to enhance areas with a great magnitude of displacement between the 

hanging wall and footwall portions of the Santonian surface; the kilometre-scale, NE-SW trending faults spanning 

the south and west of the study area are well enhanced. Since influential data creates a cleaner output surface 

compared to the similar anomaly identifier attribute, it was used on all surfaces to correctly interpret the regional-

scale fault framework. 
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Figure 4.9 Comparison of the (a) anomaly identifier attribute highlighting all local variations, and the (b) 

influential data attribute highlighting larger, geometric variations in geometry on the Santonian surface. 

4.6.3 Edge detection 

Fig. 4.10 shows the dip and dip azimuth applied to the Santonian surface. Dip (Fig. 4.10a) emphasizes faults well 

but reveals minimum information on the rest of the surface. Dip azimuth (Fig. 4.10b) shows a wide range in the 

direction the surface is dipping, however, distinguishing individual faults is difficult. Edge detection, combining 

both dip and dip azimuth, enhanced discontinuities on each surface. The only parameter required for edge 

detection was whether to pre-smooth or not pre-smooth the data before the operation is run. In this research, all 

surfaces were pre-smoothed using a combination of median followed by a mean smoothing filter (Fig.4.11).  

 

Figure 4.10 The dip angle (a) and dip azimuth (b) computed on the Santonian surface. High dip angles (a) are 

faulted areas on the surface. Dip directions (b) are variable across the surface, however, the primary directions are 

NE and SW.  
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Figure 4.11 Edge detection attribute applied on the Santonian surface. Areas where the surface is faulted appear 

as red and orange, between 0–10 %. 

4.7 Fault mapping 

To understand the regional structural framework of the study area, only the most extensive and prominent faults 

were mapped out belonging to a particular network or system (Fig. 4.12a; see Chapter 6). Besides the observation 

of upthrown and downthrown blocks, evidence of fault displacement was implied when auto-tracking abruptly 

stopped along the chosen reflection being picked. The most favourable edge-enhancement attribute used in fault 

mapping was variance (Figs. 4.5b and 4.12bc). Although all surface attributes are structural operations, influential 

data was most advantageous at enhancing discontinuities for fault mapping (Fig. 4.9b).  

4.7.1 Fault interpretations 

Fault interpretations are created in like manner as horizon interpretations, drawn as vertical lines rather than 

horizontal picks on a vertical seismic section (Fig. 4.12a). Fault interpretations were digitised in segments along 

a seismic section to form the entire length of a fault. Caution is required when picking; choosing the correct 

seismic section for interpretation is vital in ensuring the true extent of a fault is mapped out. If the seismic section 

was orientated parallel or near parallel the trend of a fault, the fault trace was poorly, if at all, resolvable. Seismic 

sections therefore needed to be orientated perpendicular or normal to the fault plane being interpreted.  

The horizontal extent of some faults often appeared to be meandering, i.e., changing directions at different 

intervals. For this reason, besides the given inline and crossline, arbitrary polylines of variable orientations were 

added to the seismic data to perpendicularly intersect faults along their trace. Although Petrel does offer automated 

fault interpretation, not all fault interpretations created through auto-picking honoured the full trace of the fault. 

Faults were therefore best manually interpreted. In general, automated methods in fault extraction still have a long 

way to go in seismic interpretation software.  
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Figure 4.12 Interpreting faults in reflection seismic data with (a) displaying fault segments picked on a 2D 

interpretation window, (b) showing the variance time slice used to guide interpretation, and (c) displaying fault 

interpretations fitting lineaments on the variance time slice. VE= 5. 

4.7.2 Fault interpretations to fault framework modelling 

Fault interpretations are used as input in creating a fault framework; the first step in creating a structural model. 

Prior to creating a structural model, however, the interpreter needs to decide whether the model will be created in 

time (TWT= two-way time) or depth since changing between the two domains will no longer be possible whilst 

modelling. 
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4.8 Domain conversion 

Seismic sections are initially recorded in time. To portray the true thickness and dips of sedimentary units and 

fault planes at depth (respectively), the seismic profile needs to be converted from the time to the depth domain 

(Pandey et al., 2013). Domain conversion requires a velocity model of rocks to describe the variation of velocity 

in space. The velocity model is used to convert the seismic data from one domain to another. Although the final 

structural model was created in the time domain, depth conversion was necessary to obtain the approximate depth 

of features and thickness of stratigraphic units in the Orange Basin study area. The following section describes 

different velocity models, the velocity model chosen, and velocities assigned to this orange Basin research 

together with depth conversion.  

4.8.1 Velocity modelling 

Three main functions are recognised in velocity modelling being the interval velocity, linear velocity, and 

advanced linear velocity illustrated in Fig. 4.13 (Duru et al., 2018; Babasafari, 2019). The functions for each 

velocity model are outlined below where, V= average velocity, K= gradient/compaction factor, Z= depth and T= 

time, unless otherwise stated: 

• Interval velocity model (V= V0= Vint): At each location velocity is constant through each zone. 

• Linear velocity model- depth (V= V0 + K*Z): Velocity changes vertically by a factor of K giving room 

for heterogeneity. Z is depth (distance in length units from datum), V0 is the reference velocity (where 

Z= 0), and K is the velocity gradient. V0 is lower than the velocities in the layer and may be negative in 

extreme cases resulting in increasing velocities with depth. If K= 0, the linear velocity model is 

equivalent to the interval model. 

• Advanced linear velocity model (V= V0 + K*(Z - Z0)): More advanced than the linear velocity model 

in that Z= Z – Z0; this the distance between a point and the top of the zone. V0 is the velocity at the top 

of the zone (reference velocity). If K= 0, the advanced velocity model is equivalent to the interval velocity 

model. 

Petrel offers three additional velocity modelling functions; the linear velocity model in time, and the average/ 

interval cube model, and average property model explained below: 

• Linear velocity model- time (V= V0 + K*T): Works the same as the linear velocity model in depth (V= 

V0 + K*Z) except it converts depth (Z) to time (T). To obtain the same results, the K factor needs to be 

4 in the modelling process for the linear instantaneous and average velocity in time functions.   

• Average/ interval cube: Uses a velocity cube which may contain the average velocity from datum, 

interval, or instantaneous velocity. 

• Velocity property model: Uses a velocity property which can only contain average velocity from datum.   
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Figure 4.13 Illustration of the three main velocity models applied in seismic data showing the interval velocity, 

linear velocity, and advanced velocity models (modified after Babasafari, 2019). 

4.8.2 Orange Basin velocity modelling to depth conversion 

Seismic velocities are dependent on several parameters: shear modulus (μ), bulk modulus (k), and Lame’s lamda 

constant (λ), and mass density (rho); all of which are dependent on several rock properties (Kuhlmann et al., 

2010). Rock properties include lithology, porosity, gas and oil pore filling, matrix, rock structure, pressure with 

depth, temperature, and compaction degree. Since no wells currently exist in the deep-water study area, seismic 

velocities assigned to each surface used were inferred from other Orange Basin research in the shallow waters, 

namely Kuhlmann et al. (2010) who compiled a chart of the average interval velocities per well for each major 

surface recognised in Late Cretaceous sequences (Fig. 4.14).  

To remove the structural ambiguity presented by time, the correct velocity model needed to be chosen for depth 

conversion in the research. Both the interval (V= V0= Vint) and linear (depth) (V= V0 + K*Z) velocity models 

were tested. Since the K values for the linear velocity model were unknown, they were assigned using trial and 

error as in Tigli (2016); the K values used lay between +0.5 and -0.2 defining the uppermost and lowermost limits, 

respectively. Since the interval velocity model had fewer variables, thus leaving less room for erroneous 

calculations, it was the final model chosen for depth conversion (Fig. 4.15). The seafloor, Oligocene, 

Maastrichtian (22At1), and Albian (14At1) surfaces (so named in this research) were used as input, and assigned 

velocities of 1800, 2000, 2000, and 4500 m/s, respectively as an average of the velocities in Kuhlmann et al. 

(2010) shown in Fig. 4.14.  

A time to depth domain conversion using the active velocity model was then carried out on the seismic volume, 

all horizon interpretations, surfaces, and fault interpretations. The depth values of the depth converted seismic 
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volume (Fig. 15b) are typical for sequences of the same age seen in other Orange Basin studies such as de Vera 

et al. (2010) (refer to Fig. 2.3). Compared to the seismic volume in time (Fig. 15a), however, the depth converted 

seismic volume appears distorted as it is vertically stretched and horizontally compressed (Fig. 15b). Due to the 

distortion, the depth-converted seismic volume was not used, therefore all interpretations and modelling were 

carried out in the time domain. If, however, well logs were available, velocity modelling and depth conversion 

would have been carried from the beginning, making all interpretations in the depth domain. The dips quoted of 

fault planes and surfaces are all approximate values as they are in the time domain.  

 

Figure 4.14 Chart showing the average interval velocities of Late Cretaceous stratigraphic surfaces from wells in 

the shallow Orange Basin (modified after Kuhlmann et al., 2010). The surfaces named in bold italics are those 

identified in the study area. 

4.9 Structural modelling 

Once all horizon and fault interpretations are complete, a structural model may be created. The process of 

structural modelling used in this research included (1) fault framework modelling, (2) boundary definition, (3) 

horizon modelling, (4) depospace calculation, and (5) structural gridding.  The structural model may either be 

created in the time or depth domain. If depth conversion is required, it needs to be done prior to building a 

structural framework since a structural model cannot be depth converted. All the modelling steps used in structural 

modelling are explained in the following section.  
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Figure 4.15 2D interpretation windows viewing a crossline in (a) the time domain, and (b) depth domain following 

depth conversion using the interval velocity model. Note how the crossline appears laterally squashed in the depth 

domain (b) compared to time (a). VE= 5. 

4.9.1 Fault framework modelling 

Fault interpretations (Fig. 4.16a) were modelled into smooth, gridded surfaces (Fig. 4.16b) bound by a tip loop 

defining the edge of each fault.  Intersecting fault relationships were semi-automatically defined in terms of which 

is the major and minor fault, if they are truncated or not, and whether the truncation is below or above the 
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intersecting fault. The general parameters used for each fault interpretation are shown in Table 4.11. Petrel had 

the following limitations in fault modelling:  

(1) Offset scissor faults could not be modelled. The solution was to split the fault into two separate fault 

interpretations for the fault framework.  

(2) Defining fault relationships was not a fully automated process. Some fault relationships therefore needed 

to be manually forced.  

Table 4.11 The parameters defined in creating a fault framework from fault interpretations. 

Parameters Description 

Grid interval 500 m Fault gridding interval 

Smoothing  2 The number of smoothing passes applied 

Tip loop style Convex hull The shape of the tip loop 

Extrapolation 

distance 

50 m The distance the tip loop is extrapolated 

beyond the input  

Gridding plane Plane 1 The plane on which gridding takes place; 

plane 1 is default 

A quality control check was performed to validate the fault framework model from a geological and geometric 

perspective. If a fault did not model well, either the fault interpretation was tweaked, a fault relationship was 

redefined, or a parameter or two (mostly the grid interval) was changed to produce a more desirable outcome. If 

a fault interpretation was changed, the fault framework was automatically updated (an invaluable process offered 

in Petrel).  

Since over 500 faults were picked in the seismic volume, faults were added in manageable portions to the fault 

framework, enabling a more efficient way to edit the many fault relationships. Dip and dip azimuth were added 

to the fault framework. Since the structural model was created in the time domain, the average interval velocity 

was required to allow for some form of geometric calculation. An average interval velocity of 2 400 m/s was used 

as reported for the Orange Basin through seismic refraction studies and well logs (Kuhlmann et al., 2010).  

4.9.2 Boundary definition 

The geometry of the structural framework needs to be defined through “boundary definition”. Boundary/geometry 

definition creates a new structural model and determines the area and resolution of surfaces. The geometry of the 

structural framework was obtained from the seismic volume that all horizon and fault interpretations were made 

upon. The boundary definition parameters were automatically obtained from the selected seismic volume giving 

information on the origin, width, height, and rotation of the lattice. The geometry was automatically coarsened by 

a factor of 1 (i.e., the seismic volume’s lattice was multiplied by 1) to allow faster initial model building by using 

a relatively low number of nodes retrieved from objects in the input tree. The seismic volume was rotated 36.6° 

counter-clockwise (Fig. 4.1). The resolution of the model was defined by the grid increment of the I and J axes 

set at 125. 
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Figure 4.16 Fault modelling process showing (a) original fault interpretations used as input to create (b) a fault 

framework model with fault relationships defined. Following fault framework modelling, (c) dip and (d) dip 

azimuth was applied. 

4.9.3 Horizon modelling and depospace calculation  

After the geometry was defined, surfaces/horizons were added to the structural model using volume-based 

modelling (VBM). VBM is an algorithm that uses implicit modelling to compute surfaces based on the 

depositional sequence rather than treating them as discrete surfaces (Zhang et al., 2022). The surfaces used in 

horizon modelling include (from oldest to youngest) the (1) Albian surface, (3) Santonian surface, (4) early 

Campanian surface, (5) late Campanian surface, (6) Maastrichtian surface, (7) Oligocene surface, (8) Miocene 

surface, and (9) the seafloor surface (Fig. 4.17). The second oldest surface, the Turonian, was not included as it 

was too thin or absent in many areas to properly map.  
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Figure 4.17 All surfaces used in horizon modelling following the creation of a fault framework. 

Surfaces made from horizon interpretations were modelled to fit and honour the faults in the fault framework by 

having gaps indicating fault displacement along the surface. Each surface was smoothed and assigned a specific 

horizon type (conformable, erosional, base, or discontinuous) to establish the relationship between them. 

Assigning a horizon type automatically set the sequence order; each conformable surface bound by an 

unconformable surface was given a separate number. The parameters used in computing horizons for the structural 

model that worked in this research are tabulated in Table 4.12.  

Table 4.12 The parameters used in computing horizons using volume-based modeling. 

Index Horizon Sequence  Horizon type Smoothness 

1 Seafloor 1 Conformable 35 

2 Miocene 1 Erosional 35 

3 Oligocene 2 Erosional 35 

4 Maastrichtian 3 Conformable 35 

5 Late Campanian 3 Conformable 35 

6 Early Campanian 3 Erosional 35 

7 Santonian 4 Conformable 35 

8 Albian 4 Conformable 35 

Once the parameters used in computing horizons were set, other settings for the VBM algorithm needed defining. 

The complexity/size of horizon modelling was set at “very complex” to efficiently handle the ~500 faults in the 

fault framework. Large thickness variations between surfaces were allowed to accommodate surfaces that often 

merged into one. The convergent interpolation method was used to calculate the thickness trend. Since the 

thickness of layers varies laterally, the vertical resolution enhancement was set identify very thin layers. A 

coarsening factor of 8 was applied to control the level of detail of points far from input data. A quality control 

check may be applied to the modelled horizons to identify locations that are problematic in the structural 
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framework. If problems exist in the model either the fault framework needs to be edited, or parameters and settings 

in horizon modelling itself need to be reassessed. Zones are created from refined models through VBM (Fig. 4.18).  

 

Figure 4.18 Structural model created using volume-based modelling showing zones at key intervals; (a) the 

thrusted Santonian surface with the fault framework, (b) the Oligocene with canyoning, (c) the Miocene with 

sinusoidal channels, (d) the seafloor with slumping. VE= 7.5. 
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Following computation and refining of a volume-based model, a depospace (depositional space) calculation can 

be run. Depospace calculation uses the geometry of the structural model (VBM) to create a virtual depositional 

space that is physically consistent with the chronostratigraphic environment during deposition. The interval of the 

structural model included in depospace calculation lay between the Albian (base) and the seafloor (top) surfaces 

or horizons.  

4.9.4 Structural gridding 

Using the internal depositional space created through depospace calculation, a stairstepped grid in structural 

gridding can be made. A structural framework with applied geometry conditions and defined zones is used as 

input to construct a stairstepped corner point grid. In generating a structural grid, structural framework horizons 

to be included in the grid need to be specified. The vertical interval of the grid was set between the seafloor 

(stratigraphically highest) and Albian (stratigraphically deepest) surfaces and set to include grid regions and fault 

block properties. The stratigraphic zone layering method was used for all zones (Fig. 4.18). Fig. 4.19 shows a 

southern portion of the model using zone layering once structural gridding was run. The discussion of the overall 

evolution of the deep-water Orange Basin is presented in Chapter 9, combining all manuscripts produced from 

researching the Orange Basin deep-water study area (Chapters 6, 7 and 8). 

 

Figure 4.19 3D structural gridded model showing zone layering in the southern section of the study area. VE= 5. 
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5 Summary of manuscripts 

The primary objective of basin analysis is to comprehend the evolution of a basin, which revolves around key 

factors such as the tectonic setting responsible for its formation, the depositional environment it underwent, and 

the assessment of the presence, accumulation, and distribution of hydrocarbons within the basin. Three 

manuscripts produced from this research attempt to constrain these elements for the deep-water Orange Basin 

study area using high-resolution 3D reflection seismic data. The seismic volume for all manuscripts is situated 

along the SW African’s continental slope of between water depths of 1000 to 2000 mbsl, covering an area of ~1 

800 km2.  Each manuscript produced from the research is summarised below.  

5.1 Strato-structural evolution of the deep-water Orange Basin: constraints from 3D reflection seismic data  

The temporal evolution of the deep-water, South African Orange Basin is given through 3D reflection seismic 

data. The seismic data show the delineation of the Mesozoic’s Late Cretaceous to Cenozoic deposits of the deep-

water Orange Basin. Detailed mapping of key stratigraphic surfaces, structural elements (faults), and 

geomorphological features have helped to unravel the basin’s depositional setting through time. Significant 

features include (1) a kilometre-scale, gravitational collapse system of deep-water fold-and-thrust belts 

(DWFTBs), well-imaged in the Late Cretaceous succession, (2) a large (~2.3 km wide, >13 km long) slope-

perpendicular submarine canyon in the Oligocene, and (3) a condensed, ~14 km wide zone of crosscutting, 

sinusoidal channels orientated parallel to the slope in the Miocene. 

Gravitational collapse structures, known as DWFTB systems, are common in passive margin settings such as the 

Orange Basin offshore SW Africa. The Late Cretaceous succession of deep-water Orange Basin is dominated by 

the translational and compressional domains of an extensive DWFTB system that extends far beyond the ~1 800 

km2 seismic dataset. The down-dip compressional domain is characterized by landward-dipping DWFTBs 

detaching the seaward-dipping Turonian shale detachment surface at depth. This is linked to an up-dip 

translational domain via extensive oblique-slip faults reaching up to ~ 20 km in length. The oblique-slip faults 

accommodated the downslope translation of sediment segmenting thrust sheets along strike. The translational 

domain is postulated to be a central region containing overprinted features of both compressional and extensional 

tectonics as it has a combination of thrust, normal and oblique-slip faults with cross-cutting relationships. The 

observation of stratal changes in fold geometry shows deformation (due to downslope gravitational collapse and 

contraction) began in the Coniacian and ended in the early Campanian. Smaller, localized sets of DWFTBs occur 

in stratigraphically younger sediments underlying the compressional domain of the main, kilometre-scale DWFTB 

system. These are metre-scale DWFTBs detaching the Albian shale detachment surface in smaller regions. The 

existence of numerous over-pressurized shale detachment surfaces has resulted in a diverse array of geometries 

within the overlying kilometre-scale DWFTB system. The Late Cretaceous DWFTB system has been and will 

continue to be a crucial factor in the ongoing evolution of the margin. For example, in the region directly above a 

large ~7 km wide syncline in the compressional domain of the DWFTB system, a major slump scar of the same 

size is found on the seafloor reflecting margin instability. 

In the Oligocene a large canyon is detected, attributed to major sea-level fall (possibly beyond the shelf break) at 

~30 Ma recognised throughout the SW African margin. The canyon is roughly perpendicular to the slope showing 
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a slight northwest transport direction. It is interpreted to have been formed by the erosive action of a downslope 

turbidity current which was deflected northwards by the initiation of a later northward-flowing ocean current.  

Slope-parallel, crosscutting, and sinusoidal channels are found between 1200 to 1500 m water depths in the 

Miocene. The channels are interpreted to have been formed by the erosive interaction of the north-flowing 

Antarctic Intermediate Water and deeper south-flowing North Atlantic Deep Water slope-parallel bottom currents. 

The development and growth of these ocean bottom currents led to cold water upwelling. The preservation of the 

Miocene channels is thus attributed not only to interaction of the concurrent Antarctic Intermediate Water and 

North Atlantic Deep Water bottom currents, but also the intensification of the Benguela upwelling system at ~ 11 

Ma under an arid SW African climate. Both the Oligocene canyon and Miocene channels are confined to the 

region above the translational domain of the Late Cretaceous DWFTB system. Normal and oblique-slip faults of 

the translational domain propagated upwards to terminate at the Oligocene and Miocene stratigraphic surfaces, 

while thrust faults of the compressional domain terminate at the stratigraphically younger early Campanian 

surface.  

The study shows major structural differences between the two Late Cretaceous domains imaged in the Mesozoic, 

and their relation to the overlying Cenozoic succession. From these observations, a conceptual model describing 

the evolution of the deep-water Orange Basin is created. Late Cretaceous to Oligocene sedimentation was 

controlled by tectonics, while the deposition of mid-Miocene to present-day sedimentary sequences was primarily 

controlled by climatic and oceanographic processes. 

5.2 3D reflection seismic imaging of natural gas/fluid escape features in the deep-water Orange Basin of 

South Africa 

Using high-resolution 3D reflection seismic data many features indicative of natural gas/fluid leakage have been 

imaged in the deep-water Orange Basin offshore South Africa. These features would have otherwise been missed 

or not fully resolved in a regular 2D seismic survey. They have been enhanced by various attributes, some of 

which are direct hydrocarbon indicators which reveal the presence of hydrocarbons as positive high amplitude 

anomalies. The most effective direct hydrocarbon indicators include the envelope, generalised spectral 

decomposition, sweetness, and iterative root mean square volumetric attributes applied to the seismic dataset. The 

occurrence of natural gas and fluid escape features is strongly influenced by the proximal translational domain 

and distal compressional domain of a deep-water fold -and-thrust belt (DWFTB) system in the Late Cretaceous 

described in Maduna et al. (2022).  

Hydrocarbons originated from both thermogenic and biogenic sources with the former stemming from the proven 

Aptian and speculated Turonian source rocks, and the latter from organic-rich sediments in the Cenozoic attributed 

to the Miocene Benguela Upwelling System. Faults, pipes, and chimneys serve as conduits for the upward 

migration of hydrocarbons with most initiating from the Turonian shales at depth. The surface expression of 

hydrocarbon migration is shown by an elongated mud volcano piercing the seafloor, and pockmarks on the 

present-day seafloor and late Campanian palaeo-seafloor surface. All these features indicate moderate to high gas 

and fluid expulsion rates since they penetrate the palaeo- and present-day seafloors.  
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Gas/fluid migration features on the seafloor are associated with mass wasting; the elongated mud volcano is 

surrounded by a large slump system, while most pockmarks occur together with slides. The base of internal 

deformation for both mass wasting systems is along the Oligocene and Miocene surfaces. The full slump system 

covers an areal extent >26 × 19 km, with the ~7 km wide slump scar identified in Maduna et al. (2022) forming 

part of it. Margin instability to form this large geomorphological feature is driven by high rates of sedimentary 

volcanism as it is centred around a 4.2 km long elongated mud volcano with a deep-seated conduit rooting from 

the Turonian shales. The mud volcano is tectonically controlled as it is situated along the axis of a Late Cretaceous 

anticline and separating the translational domain and the compressional domain of the DWFTB system. Numerous 

~2–4 km slides occur together with the simple cone-shaped seafloor depressions called pockmarks.  

While only 85 pockmarks occur on the seafloor, an extensive population of over 950 well-preserved pockmarks 

are imaged on the late Campanian palaeo-seafloor. Seafloor pockmarks are mainly found directly above or 

following the same trend as those on the buried late Campanian surface. There are no visible pipes/faults 

connecting the pockmarks between the two surfaces meaning that the conduits for fluid migration are below the 

seismic vertical resolution limit of 60 m or 30 m. Three distinctive shapes and sizes of pockmarks are observed 

on the late Campanian surface in this research categorised into giant (>1500 m diameter), crater (~ 700–900 m 

diameter), and simple (<500 m diameter) pockmark groups. There are 8 giant and >900 simple pockmarks found 

throughout the study area unconfined to a specific region. Simple pockmarks occur along faults, in linear belts 

seemingly unrelated to faults, as conjoined composite clusters, and otherwise random distributions with some 

occurring within giant pockmarks. There are ~20 crater pockmarks situated mostly above the translational domain 

(south and southeast of the study area). Crater pockmarks are centrally located within polygonal faults which post-

date them. 

The largest hydrocarbon accumulations are shown by direct hydrocarbon indicators at the intersection of 

translational and compressional domains of the Late Cretaceous gravitational collapse system in the late 

Campanian. Here, sediments within a late Campanian anticline appear as a positive high amplitude anomaly. 

Large, irregular pockmarks occur in the same vicinity on both the late Campanian and seafloor surfaces. The 

widespread presence and distribution of natural gas and fluid escape features suggest that there are significant 

hydrocarbon reservoirs that remain untapped in the deep-water Orange Basin. 

5.3 A novel approach to fault interpretation using convolutional neural network: a case study of the deep-

water Orange Basin, South Africa 

A convolutional neural network (CNN) for automatic fault extraction is compared against conventional seismic 

attributes for fault detection using high-resolution 3D reflection seismic data from the deep-water Orange Basin 

as a case study. Approximately 500 faults were manually picked from the seismic volume by Maduna et al. (2022) 

aided by the application of seismic attributes within Schlumberger’s Petrel seismic interpretation software. 

Volume-based attributes of variance and chaos were initially applied to the seismic dataset to enhance edges and 

thus delineate faults. Fault-net, a convolutional neural network (CNN) within deep machine learning, was 

developed and used as a comparative method to delineate faults automatically from the seismic volume through 

a task called image segmentation.  
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Faults are displacements of otherwise continuous rock layers. They are important structures in the exploration of 

hydrocarbons as gas and fluids migrate through the pathways created by them. Apart from creating primary 

gas/fluid migration pathways, the analysis of the fault framework system provides valuable insights pertaining to 

the source rock, trapping mechanisms, and reservoir characteristics of a basin’s hydrocarbon system. Seismic 

attributes have long been used as the conventional method of delineating faults from reflection seismic data, 

highlighting features of interest by removing others through mathematical applications. The rising influx of large 

seismic datasets acquired within current state-of-the-art surveys has boosted the growth of deep machine learning 

algorithms called CNNs which mimic human vision (the convolutional layer) to automatically interpret features 

within seismic data.  

The correct interpretation of the type, geometry, distribution, extent, and relationship characteristics of faults is 

an essential task within basin analysis to optimize drilling locations and understand the potential risks involved in 

hydrocarbon exploration. Faults identified in the deep-water study area originate from the translational domain 

and the compressional domain of a Late Cretaceous DWFTB system.  The fault framework system is a complex 

mesh of extensional (normal faults), compressional (thrust faults), and translational (normal to thrust faults 

accompanied by crosscutting oblique-slip faults) tectonics. Most faults initiate from the Turonian shale 

detachment surface which is also a source rock interval. Anticlinal folds of the compressional domain provide 

structural traps that are possibly Santonian and late Campanian (where thrust faults of the compressional domain 

terminate) in age. Potential sandstone reservoirs are sediments between the Turonian to Santonian, and Santonian 

to late Campanian stratigraphic markers. 

Prior to applying the edge-enhancing and CNN methods to the dataset, the seismic volume was first conditioned 

using structural smoothing to increase the quality of the data. The fault-net CNN proved itself to be highly 

effective and advantageous compared against the conventional seismic attributes such as chaos and variance. 

Although the input data was conditioned in the same way for both methods, the edge-enhanced seismic volumes 

suffer from noise-induced loss of performance particularly at depth. Other setbacks with conventional methods 

include the high computation power and long run times required. In contrast, the fault-net CNN may take a few 

hours to weeks for model training. Once the model is trained it may take a few hours to run the model, get results, 

and apply post-processing over the input seismic data. The fault-net CNN is an effective tool to automatically 

segment faults from the seismic dataset significantly reducing the time and subjectivity associated with manual 

interpretation using conventional methods. The benefits of CNNs far outweigh the limitations allowing for a more 

accurate interpretation of subsurface structures.  
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Abstract. Deep-water fold-and-thrust belt (DWFTB) sys-
tems are gravity-driven collapse structures often found in
passive margin settings and are comprised of a linked up-
dip extensional domain, central transitional/translational do-
main, and down-dip compressional domain. Many Late
Cretaceous DWFTB systems occur along the SW African
passive margin with multiple, over-pressurized, seaward-
dipping shale detachment surfaces accommodating gravita-
tional slip. In this study we use 3D reflection seismic data to
constrain the strato-structural evolution of the translational
and compressional domains of a Late Cretaceous DWFTB
system and the overlying Cenozoic deposits in the Orange
Basin, South Africa. The stratigraphy and structure of the
Late Cretaceous DWFTB system is shown to have controlled
fundamental sedimentary processes and the stability of the
evolving margin. The compressional domain exhibits large-
scale landward-dipping DWFTBs with thrust faults detach-
ing the main Turonian shale detachment surface at depth and
terminating at the early Campanian surface. A major ∼ 7 km
wide seafloor slump scar reflecting margin instability oc-
curs directly above a syncline of the same width from the
buried DWFTB system’s compressional domain. The trans-
lational domain is imaged as a complex region displaying
overprinted features of both extensional and compressional
tectonics with the downslope translation of sediment com-
prising listric normal and then thrust and oblique-slip faults
distally. Thrust sheets are segmented along strike by exten-
sive oblique-slip faults which extend from the translational
domain into the down-dip compressional domain. Smaller,
localized fold-and-thrust belts are found directly below the
kilometre-scale DWFTB system in the down-dip compres-
sional domain detaching a lower, Albian shale detachment

surface which corresponds to an older gravitational collapse.
The upward propagation of normal and oblique-slip faults
with progressive sedimentation is hindered by the Oligocene
or Miocene stratigraphic markers corresponding to mass ero-
sional processes in the Cenozoic. A large (∼ 2.3 km wide),
roughly slope-perpendicular Oligocene submarine canyon
formed by turbidity currents is attributed to a major sea-level
fall at ∼ 30 Ma. Oceanographic circulation is shown to have
held a significant control on the deposition of mid-Miocene
to present-day sedimentary sequences. Between 1200 to
1500 m water depths along the upper continental slope well-
preserved extensive slope-parallel, sinusoidal channel-like
features occur on the Miocene stratigraphic marker. The
channels are confined within a ∼ 14 km wide zone at the in-
terface of the upper northward-flowing Antarctic Intermedi-
ate Water (AAIW) and deeper southward-flowing North At-
lantic Deep Water (NADW) currents. The erosive interaction
of these oppositely flowing bottom currents combined with
the effects of the Benguela Upwelling System (BUS), all of
which formed or intensified at ∼ 11 Ma, are responsible for
the creation and preservation of the extensive slope-parallel
channels. This study shows the difference in structural styles
of the translational and compressional domains of a Late Cre-
taceous DWFTB system and the processes responsible for
mass-scale erosion in the Cenozoic.
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Figure 1. Tectonic structural framework showing the crustal com-
ponents of southern Africa and major basinal depocentres offshore
of the SW African margin (adapted from Baby et al., 2018).

1 Introduction

The southwest African margin is a prime site for the study
of processes in passive margin settings. From shallow to
deep-water environments, the margin not only records the
Late Jurassic to Early Cretaceous break-up of Gondwana
but also its post-rift evolution (Fig. 1; Séranne and Anka,
2005). The gravitational collapse and subsequent contraction
of sedimentary sequences in the deep ocean formed deep-
water fold-and-thrust belts (DWFTBs), distal sedimentary
wedges of interrelated folds and thrust faults over a sloping
detachment surface (Fig. 2; Rowan et al., 2004; Nemčok et
al., 2005). DWFTBs form part of a linked tripartite system
consisting of a (1) down-dip compressional domain (within
which DWFTBs form), (2) central transitional/translational
domain, and (3) up-dip extensional domain with proximity
to the coastline (Fig. 3; Rowan et al., 2004; Corredor et al.,
2005; de Vera et al., 2010; Morley et al., 2011). The advance-
ment in deep-water drilling technology by the petroleum in-
dustry over the last 2 decades has promoted interest in the
study of DWFTBs, as their anticlines are known to host vast
reserves of hydrocarbons (e.g. Bilotti and Shaw, 2005; Corre-
dor et al., 2005).

Well-preserved DWFTB systems are found within the Or-
ange Basin, which is located offshore of South Africa and
Namibia (Figs. 2a and 3; Butler and Paton, 2010; de Vera
et al., 2010; Scarselli et al., 2016; Mahlalela et al., 2021).
The use of 2D reflection seismic data acquired in the Orange
Basin has allowed certain key elements of its evolution to be
constrained through several studies (e.g. Light et al., 1993;
Clemson et al., 1997; de Vera et al., 2010; Dalton et al., 2015,
2017; Collier et al., 2017; Baby et al., 2018). These studies
describe events within the late stages of continental break-up,
affecting the stratigraphy, structure, and hydrocarbon poten-
tial of the basin, with later studies including the formation of
gravitational collapse structures (DWFTB systems). The ob-
servations are however limited for the South African region
of the Orange Basin, particularly in the distal deep-water en-
vironment, which has been poorly explored in contrast to
the Namibian extent. Directly adjacent to the South African
maritime border (and hence this present study), significant
light oil discoveries from deep-water wells drilled between
2000–3000 m below sea level (m b.s.l.) have been reported in
Namibia (Fig. 2; van der Spuy and Sayidini, 2022). Although
there is extensive 2D legacy seismic data coverage, the deep-
water Orange Basin in South Africa remains largely under-
explored due to the sparsity of wells (Fig. 2) and both 2D and
3D seismic data coverage (van der Spuy and Sayidini, 2022).
According to the Petroleum Agency of South Africa (PASA
hereafter), only 38 exploration wells have been drilled with
one well per 4000 km2, most of which are confined to the
shelf environments below 1000 m b.s.l. (Fig. 2; PASA, 2017;
van der Spuy and Sayidini, 2022). Dense 2D legacy seis-
mic data coverage is confined to the shelf, while the more
distal, deep-water environment has fewer seismic lines that
are spaced farther apart. Furthermore, only three 3D seismic
surveys have been conducted in the deep-water environment
(van der Spuy and Sayidini, 2022).

There is a great paucity of data for the central
transitional/translational domain of gravity collapse struc-
tures both offshore of SW Africa and worldwide due to its
structural complexity and how it has previously been poorly
seismically imaged (mainly 2D), thus making it difficult to
interpret (e.g. Butler and Paton, 2010). In stark contrast, there
is extensive knowledge on the up-dip extensional and down-
dip compressional domains, which are well-studied due to
the simplicity of the former and known hydrocarbon poten-
tial of the latter (e.g. Butler and Paton, 2010; de Vera et al.,
2010; Scarselli et al., 2016; Mahlalela et al., 2021). An ex-
amination of the translational domain in a buried DWFTB
system is done in this study using one of the existing deep-
water 3D reflection seismic surveys (Fig. 2). We define its re-
lationship to the down-dip compressional domain and assess
how both domains have structurally affected the younger de-
posits following progressive sedimentation. We also look at
the along-strike change in stratigraphy and structure of both
domains along the margin. From these observations we cre-
ate a model describing not only the evolution of one DWFTB
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Figure 2. Simplified map of the Orange Basin study area offshore of the SW African coastline. (a) Known and predicted petroleum systems
and plays and the position of gravitational structures and wells within the South African licensing area (adapted from Jungslager, 1999).
(b) Location of the present study within the full 3D seismic survey.

system but also that of the overlying sediments and their ero-
sional features primarily affected by global oceanographic
circulation.

2 Regional setting

2.1 Offshore structural framework

As in all margins, very little is known of the SW African
margin’s configuration prior to rifting (Mohammed et al.,
2017). What is known is that the pre-rift basement forms a
30 km wide, N–S-orientated zone of pronounced flexure in-
duced by thermal subsidence in the continental lithosphere
(Light et al., 1993; Clemson et al., 1997; Mohammed et al.,
2017; Baby et al., 2018). This zone, known as the hinge line,
has separated regions of subsidence with regions of stasis or
uplift ever since the Mesozoic, forming a critical boundary
of the margin’s offshore and onshore morphologies (Light
et al., 1993; Clemson et al., 1997; Aizawa et al., 2000).
The hinge line forms a N–S structural grain offset by sev-
eral E–W-orientated segment boundaries having partitioned
the timing of rifting in continental break-up (Clemson et al.,
1997). The E–W-orientated segment boundaries are fracture
zones, which accommodated the zipper-like, south to north

development of Early Cretaceous depocentres in zones of
greatest subsidence (Light et al., 1993; Baby et al., 2018).
From oldest to youngest these depocentres mark the posi-
tion of the Outeniqua, Cape, Orange, Lüderitz, and Walvis
basins contained between the Rio Grande Fracture Zone to
the north and the Aghulhas–Falkland Fracture Zone to the
south (Fig. 1; Séranne and Anka, 2005). By analogy of the
southern Outeniqua Basin, rifting and continental break-up
likely began around the Middle Jurassic (∼ 160 Ma) up until
∼ 131 Ma in the Early Cretaceous (Dingle et al., 1983; Col-
lier et al., 2017). This first stage of margin deformation (ex-
tension and rifting) was followed by continental drift with
the onset of a spreading oceanic ridge subdividing the mar-
gin into well-defined shelf, slope, and basinal environmental
settings (Fig. 1; Light et al., 1993; Séranne and Anka, 2005).

2.2 Offshore stratigraphy

The syn-rift succession comprises sediments deposited dur-
ing extension and rifting of the margin, while the post-rift
succession comprises sediments deposited since continental
drift until present (Fig. 4; e.g. de Vera et al., 2010). Sedimen-
tation and facies distribution were tectonically controlled in
the deposition of the syn-rift succession (Light et al., 1993),
which forms a megasequence of Late Jurassic to Early Cre-
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Figure 3. Two-dimensional profile of the Orange Basin showing structures with the up-dip extensional, central transitional (or translational),
and down-dip compressional domains of a Cretaceous DWFTB system upon the Late Jurassic syn-rift sequence (de Vera et al., 2010).

taceous (late Hauterivian) siliciclastic and volcaniclastic sed-
iments (Fig. 4, Paton et al., 2008; Dalton et al., 2017). The
syn-rift succession is a classic example of a volcanic rifted
margin setting as it is characterized by seaward-dipping re-
flectors (SDRs) reflecting a large subaerial, basaltic extrusive
event associated with the break-up of the margin (Maslanyj
et al., 1992; Menzies et al., 2002; Baby et al., 2018). The
SDRs form a thick (>3 km) package (Baby et al., 2018)
comparable in age to the Paraná–Etendeka Large Igneous
Province at ∼ 135 Ma (Koopmann et al., 2016; Collier et al.,
2017). Sedimentation and facies distribution were tectoni-
cally controlled during the rifting phase, hence the presence
of these SDRs together with rotated and eroded extensional
fault blocks in the syn-rift succession (Maslanyj et al., 1992;
Light et al., 1993; Granado et al., 2009). The oldest evidence
of mid-oceanic ridge (MOR) activity and the transition to
oceanic crust occurs at the M3 magnetic anomaly (Fig. 1),
between the Hauterivian and Barremian sequences at 127 Ma
(Séranne and Anka, 2005; Collier et al., 2017). Overall, the
syn-rift succession is comprised of isolated half grabens in-
filled with interbedded clastics and volcanics (Jungslager,
1999). The change from subaerial conditions during rifting
to an open marine environment with continental drift occurs
at ∼ 131 Ma with the initial deposition of the post-rift suc-
cession above the regional, late Hauterivian break-up uncon-
formity (Figs. 3 and 4; Menzies et al., 2002; Granado et al.,
2009; de Vera et al., 2010).

The Orange Basin covers an extensive area of approx-
imately 160 000 km2, including the Namibian extension,
making it South Africa’s largest offshore basin both aerially
and volumetrically (Kuhlmann et al., 2010; PASA, 2017).
The basin has acted as the depocentre for sediments de-
posited from the Olifants and Orange rivers and their ances-
tral equivalents since the Early Cretaceous (Fig. 1; Maslanyj
et al., 1992; Paton et al., 2008; de Vera et al., 2010). The
∼ 131 Ma to present-day post-rift clastic sediments currently
reach a central thickness of 3 km in the south and 5.6 km in

the north of the Orange Basin (Maslanyj et al., 1992; Pa-
ton et al., 2008; Granado et al., 2009; Dalton et al., 2017).
Dalton et al. (2017) subdivided the post-rift succession into
three megasequences: (1) early drift (Early Cretaceous), (2)
late drift (Late Cretaceous), and (3) Cenozoic. The early
drift megasequence is comprised of black shales and clay-
stones. The late drift (within which most DWFTB systems
are found) and Cenozoic megasequences are comprised of
interbedded heterolithic shales and claystones. The post-rift
stratigraphy of the Orange Basin has been well-described
by many authors (e.g. Emery et al., 1975; Brown et al.,
1995; Paton et al., 2008; Granado et al., 2009; de Vera et
al., 2010; Kuhlmann et al., 2010; Dalton et al., 2017; Baby
et al., 2018), who subdivided the succession into several
stratigraphic units (sequences) separated by key stratigraphic
markers or bounding surfaces (Fig. 4).

2.3 Gravitational collapse structures

Gravitational processes in the Orange Basin have been en-
hanced by several phases of uplift and denudation, respon-
sible for crustal thinning and the inversion of extensional
faults recorded in the SW African margin’s Cretaceous post-
rift stratigraphic succession (Granado et al., 2009; de Vera
et al., 2010; Hirsch et al., 2010; Hartwig et al., 2012; Wild-
man et al., 2015; Baby et al., 2020). This resulted in the
impressive formation of DWFTB systems observed through-
out the SW African margin (Fig. 1). DWFTB systems are
mass transport deposits consisting of a linked up-dip exten-
sional domain, central transitional/translational, and down-
dip compressional domain, which are often well-preserved
in passive margin settings (Fig. 3; Rowan et al., 2004; Bilotti
and Shaw, 2005; Krueger and Gilbert, 2009). The extensional
domain is characterized by convex-upward growth strata sep-
arated by listric normal faulting up-dip, adjoining the tran-
sitional domain down-dip (Fig. 3; Butler and Paton, 2010).
With the continual supply of sediment up-dip in passive mar-
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Figure 4. Tectonochronostratigraphic chart of the Orange Basin showing the major depositional sequences, their bounding surfaces, and the
evolution of the margin through fluctuations in global and local sea level (Brown et al., 1994; PASA, 2017).

gins, normal faulting within the extensional domain even-
tually leads to down-dip compression along the basal de-
tachment and the subsequent formation of fold and thrust
belts in the compressional domain (Fig. 3; King and Mor-
ley, 2017). The anticlines of distal folds in the compressional
domain are known to host vast accumulations of hydrocar-
bons as proven previously in the Niger Delta (Bilotti and
Shaw, 2005; Corredor et al., 2005) and recently in the north-
ern Orange Basin of Namibia (van der Spuy and Sayidini,
2022). To form gravity collapse structures in passive mar-
gin settings, a very deep sedimentary basin with high rates
of sedimentation upon a dipping slope is required (Krueger
and Gilbert, 2009). Once enough overburden material has

accumulated in the basin, combined with a lack of cohe-
sion, gravitational sliding occurs along a weak, sloping de-
tachment layer (Rowan et al., 2004; Morley et al., 2011).
This gravity sliding process, together with the lateral flatten-
ing of sediment under its own weight in gravity spreading,
results in gravitational collapse and the subsequent forma-
tion of DWFTBs (Morley et al., 2011). The combination of
episodic margin uplift and thermal subsidence along the SW
African margin resulted in downslope gravitational sliding
and spreading forming DWFTB systems in the Orange Basin
(de Vera et al., 2010). Trigger mechanisms for gravitational
collapse and slope instability offshore of SW Africa include
earthquake activity (seismicity) and rapid rates of sedimen-
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tation causing elevated internal pore fluid pressures (Séranne
and Anka, 2005; Kuhlmann et al., 2010).

Various classification schemes have been proposed for
DWFTB systems based on the type of stress field, tectonic
setting, and basal detachment lithology which the system
is under (e.g. Rowan et al., 2004; Krueger and Gilbert,
2009). Morley et al. (2011) classified DWFTB’s into Type 1
near-field stress-driven systems occurring predominantly in
passive margin settings and Type 2 far-field together with
mixed near- and far-field stress-driven systems occurring pre-
dominantly in active margin settings. Type 1a systems are
comprised of seaward- or landward-dipping basal shale de-
tachments, while Type 1b is comprised of seaward-dipping
basal salt detachments. The Orange Basin DWFTB systems
are classified as Type 1a, near-field stress-driven systems
containing multiple shale detachment surfaces (Morley et
al., 2011). The multiple detachments surfaces upon which
gravitational sliding occurs include the Aptian, Turonian,
and Campanian seaward-dipping shales (Séranne and Anka,
2005; Dalton et al., 2015). The most significant, regional
shale detachment surface is Turonian-aged while others are
more locally developed (de Vera et al., 2020). The shales cor-
respond to maximum flooding surfaces, marking the end of
a marine transgression (Baby et al., 2018), and are associ-
ated with high fluid overpressures and source rock intervals
(van der Spuy et al., 2003; de Vera et al., 2010; Kuhlmann
et al., 2010). The widespread occurrence of subsurface and
surface gas/fluid escape features is indirect evidence of over-
pressurized conditions (Morley et al., 2011). Fluid overpres-
sures are mainly formed by the combined effects of vol-
umetric expansion involved in hydrocarbon generation and
maturation, tectonic stresses, and disequilibrium compaction
(Rowan et al., 2004; Bilotti and Shaw, 2005).

2.4 Palaeoceanography

According to Uenzelmann-Neben et al. (2017), oceanic cir-
culation since the Albian to Paleocene/early Eocene created
a proto-Antarctic Circumpolar Current (ACC), not strong
enough to affect sedimentation in the western South At-
lantic. Since the Eocene–Oligocene boundary, however, a
major change in oceanic circulation patterns occurred with
the onset the Antarctic Circumpolar Current (ACC) and
Atlantic meridional overturning circulation (AMOC) after
the opening of the Drake Passage in the early Oligocene
(∼ 31–28 Ma). With the intensification of the AMOC and
strong ACC, southern sourced bottom and deep-water cur-
rents formed in the mid-Miocene which were responsible
for the change in sedimentation offshore of SW Africa. The
bottom and deep-water currents offshore of western South
Africa include the Antarctic Intermediate Water (AAIW), the
North Atlantic Deep Water (NADW), and the deep Antarctic
Bottom Water (AABW). The interplay of these currents, to-
gether with the Benguela Current offshore of South Africa
has affected sedimentation along the SW African margin

since the mid-Cenozoic (Weigelt and Uenzelmann-Neben,
2004, 2007a; Uenzelmann-Neben et al., 2017).

The Benguela Current drives surface water circulation off-
shore of SW Africa in a northerly direction as the east-
ern portion of the South Atlantic subtropical gyre (Peter-
son and Stramma, 1991). Changes in the growth of Antarc-
tic ice sheets, reflected in oxygen isotope data, have influ-
enced long- and short-term variations within the current and
its associated upwelling system (Diester-Haass et al., 1992).
The extension of the Benguela Current starts from Cape
Point (34◦ S) in the south and ends at the Angola–Benguela
front in Cape Frio (18◦ S) to the north. At 28◦ S, the cur-
rent separates into an oceanic and a coastal branch referred
to as the Benguela Oceanic Current (BOC) and Benguela
Coastal Current (BCC), respectively. Through geostrophic
flow, the BOC transports warm waters from the Agulhas
Current (in the south) northwards and westwards, whereas
the BCC transports colder waters from the proximal wind-
dominated coastal region northwards, eventually encounter-
ing the warm Angola Current in the north (Stramma and Pe-
terson, 1989).

During the middle to late Miocene, palaeooceanographic
studies record a sharp drop in oceanic CaCO3 concentra-
tions, termed the “carbonate crash”, in all equatorial re-
gions of major oceans including the Atlantic offshore of
SW Africa (see Diester-Haass et al., 2004). The carbonate
crash offshore of SW Africa was caused by an increase in
clastic input from the Orange River during sea-level regres-
sions resulting in terrigenous dilution. This was followed by
an increase in biogenic activity during the late Miocene to
early Pliocene, referred to as the “biogenic bloom” (Her-
moyian and Owen, 2001; Diester-Haass et al., 2004). In con-
cordance with the global cooling trends recognized in the
mid-Miocene (13 Ma), surface ocean water temperatures are
shown to have dropped significantly offshore of SW Africa
as Antarctic ice sheets expanded, thus intensifying southeast-
erly trade winds triggering the inflow of cold waters (Zachos
et al., 2001; Rommerskirchen et al., 2011). An increase in
total organic carbon content and benthic foraminifera accu-
mulation is recorded from core samples taken from the Cape
Basin’s Ocean Drilling Program (ODP) sites 1085, 1086, and
1087, forming a depth transect across the upper continen-
tal slope of the SW African margin (Rommerskirchen et al.,
2011). These high palaeo-productivity rates are attributed to
upwelling of the Benguela Current in the southern Atlantic
intensifying at ∼ 11 Ma (Diester-Haass et al., 2004; Rom-
merskirchen et al., 2011).

3 Data and methods

Three 3D seismic surveys have been conducted in the deep-
water South African Orange Basin: one acquired in 2002,
imaging low-resolution data and two large, higher-resolution
surveys acquired between 2012 and 2014 (van der Spuy and
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Table 1. Acquisition parameters of the seismic survey (Kramer and
Heck, 2014).

Recording

Recording format SEG-D
Record length 7168 ms
Recording filter delay None
Sample rate 2 ms
Low-cut filter hydrophone, slope 4.4 Hz, 12 dB per octave
Low-cut filter geophone, slope Not applicable
High-cut filter both slope 214 Hz, 341 dB per octave

Source

Source type Dual source
Number of source arrays 2
Number of sub-arrays 3
Shot point interval 25 m (flip/flop)
Array separation 100 m
Array length 15 m
Source volume 0.0672 m3

Number of airguns/arrays 30
Operating pressure 2000 psi
Source depth 8 m
Nominal common mid-point (CMP) fold 80

Sercel SSAS Sentinel, Sercel Seal-428

Number of streamers 8
Group interval 12.5 m
Group length 12.5 m
Number of hydrophones/groups 1
Number of geophones/groups 1
Streamer length 7950 m
Streamer separation 200 m
Number of groups/streamers 636
Streamer depth 10–15 m linear slant
Nearest offset 222 m

Sayidini, 2022). This study uses the northernmost 3D seis-
mic dataset bordering the Namibian maritime licensing re-
gion (Fig. 2). Following seismic acquisition by the Dolphin
Geophysical Polar Duchess ship (Table 1), seismic process-
ing was carried out by the Netherlands Global Processing
Team (Table 2) on behalf of Shell Global Solutions Interna-
tional. In this study we interpreted the processed seismic data
obtained from Shell.

3.1 Seismic acquisition and processing

Shell Global Solutions International commissioned a 3D re-
flection seismic survey between 2012 and 2013 in the deep-
water Orange Basin (Kramer and Heck, 2014). The sur-
vey was designed in a ∼ NNW to SSE orientation, cover-
ing a total area of ∼ 8200 km2 (Fig. 2b). Dual-airgun ar-
rays were used with a source volume of 0.0672 m3 towed
at 8 m depth with a 25 m shot point interval, and a 7950 m
long streamer with a 12.5 m group interval and 12.5 m group
length. The data were recorded at a 2 ms sample rate for a to-
tal record length of 7168 ms. A low-cut frequency of 4.4 Hz
at a 12 db Oct−1 slope and a high-cut frequency of 214 Hz
at a 341 db Oct−1 slope were used during data acquisition,

giving a dominant frequency of 50 Hz after the application
of an anti-aliasing filter. The full survey acquisition param-
eters are summarized in Table 1. Pre-processing from field
tape seismic data was first carried out onboard by the Dol-
phin Geophysical Polar Duchess ship. This involved data
conversion from SEG-D to SEG-Y output, and, thereafter,
the Netherlands Global Processing Team carried out the rest
of the processing workflow, as summarized in Table 2. Pro-
cessing was carried out at 4 ms from SEG-Y field tape datum
through surface-related multiple elimination (SRME) using
3D SRME and anisotropic Kirchhoff pre-stack depth migra-
tion (PreSDM) (Table 2).

3.2 Seismic interpretation

In this study we geologically interpret a ∼ 1800 km2 seis-
mic portion of interest (Fig. 2b) using the Petrel Schlum-
berger software. The seismic volume lies along the conti-
nental slope offshore of western South Africa, between water
depths of 1000 to 2000 m b.s.l. (Fig. 2). The seismic interpre-
tation workflow included (1) loading the SEG-Y seismic data
involving importing, realizing, and cropping; (2) applying
volumetric-based attributes of structural smoothing and vari-
ance; (3) horizon and fault mapping through picking hori-
zons and faults of interest and generating surfaces from them;
(4) applying horizon-based attributes of influential data and
edge detection; (5) velocity modelling and depth conversion;
and (6) the creation of a 3D geological model with modelled
faults and surfaces in the structural framework. Since no well
log data were available for the correlation of stratigraphic se-
quences at the time of this study, seismic interpretation was
carried out in the time domain.

3.2.1 Seismic resolution limit

With an average velocity of 2400 ms−1 reported for the Or-
ange Basin (see Kuhlmann et al., 2010) and a dominant fre-
quency of ∼ 20 Hz for the study, the vertical seismic reso-
lution limit given for the half and quarter dominant wave-
length criteria (Yilmaz, 2001) is 60 and 30 m, respectively.
Since the data are migrated the horizontal resolution is given
by the dominant wavelength (i.e. 120 m). Geological features
smaller than the vertical and horizontal resolution limits are
indistinguishable. It is only through the application of seis-
mic attributes that features lower than the resolution limit
may be detected. For example, Manzi et al. (2013) identi-
fied small-scale structures in one of the Witwatersrand gold
mines using seismic attributes.
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Table 2. Processing workflow of the seismic survey (Kramer and Heck, 2014).

Dolphin Geophysical Polar Duchess team

1 Conversion from SEG-D and navigation merge
2 Output to SEG-Y

Global Processing Team

3 Conversion from SEG-Y to Shell’s proprietary software (SIPMAP) format
4 Spherical spreading correction
5 Despike
6 Swell noise attenuation
7 Resample to 4 ms
8 Denoise
9 Linear noise attenuation
10 Deghosting
11 Seismic interference attenuation
12 Zero phasing
13 2D surface rendered multiple elimination (SRME) prediction
14 3D SRME prediction
15 Least-squares (LSQ)-matched subtraction
16 Multiplicity scaling for Kirchhoff migration
17 Phase de-absorption
18 Residual moveout (RMO) analysis
19 RMO velocity model inversion and anisotropy scanning
20 Pre-migration signal enhancement
21 Kirchhoff pre-stack migration
22 Residual radon demultiplex
23 Amplitude de-absorption
24 RMO correction
25 (Angle) stack
26 Time variant scaling (additional output volumes)
27 Archiving

3.2.2 Structure delineation using seismic attributes

Seismic attributes are mathematical measurements derived
from the information provided by seismic data. They are of-
ten used to enhance important geological and physical prop-
erties of the seismic data by delineating faults, resolving thin
beds, and identifying bright spots that could indicate hydro-
carbon reservoirs (Chopra and Marfurt, 2005, 2007; Brown,
2011). Seismic attributes are dependent on the signal-to-
noise (S / N) ratio of the data and therefore need to be condi-
tioned using various filters. Schlumberger’s Petrel software
offers a wide variety of seismic attributes which may be ap-
plied to the whole volume or to interpreted horizons. Volu-
metric attributes may be applied from the onset of seismic
interpretation to the entire volume while horizon-based at-
tributes are only applicable once sufficient interpretation has
taken place on a surface of interest (Brown, 2011).

Structural smoothing was first applied to the full seismic
volume to condition the data. It is used to increase the S / N
ratio by smoothing the seismic data’s input signal through
local averaging with a Gaussian filter (Randen et al., 2000).
Using the structurally smoothed volume as input, the vari-

ance attribute was applied to enhance fault discontinuities
throughout the seismic section. Variance is an edge enhanc-
ing attribute that measures local deviations from the seismic
signal in the form of a coherency analysis (Silva et al., 2005)
and is used in many studies to highlight faulted areas in place
of the similar chaos attribute (e.g. Maselli et al., 2019).

To further enhance fault continuities and visualize 3D ge-
ometric variations, horizon-based attributes of edge detec-
tion and influential data were applied to the surfaces of inter-
est. Horizon-based attributes were used in conjunction with
the surface smoothing structural operation which filters out
anomalous peaks from picking. Edge detection extracts an
edge model to enhance discontinuities by combining the dip
and dip azimuth properties and normalizing these to the lo-
cal noise of the surface (Randen et al., 2000). Influential data
generates a property on the data object that highlights areas
of rapid 3D geometric variation which is key to ensuring sen-
sible geometric form.

3.2.3 Seismic interpretation strategy

This study’s seismic volume images the compressional and
translational domains of a Late Cretaceous DWFTB system
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together with the overlying Cenozoic successions. The vari-
ance time slice shown in Fig. 5a cuts through both domains
of the DWFTB system at a level where most structures may
be seen in plan view at 3424 ms two-way time (TWT). Com-
bining this with the plan view of all faults dip orientations
in Fig. 5b was integral in aiding 3D seismic interpretation.
Figure 5c combines all observations in plan section to give a
generalized overview of the structural framework and shows
the position of regional sections Figs. 6, 7, and 8. These re-
gional sections are used to describe the seismic stratigraphy
and structural framework observed in and above the Late
Cretaceous DWFTB system. Figure 6 is a full crossline sec-
tion of the study area, showing a portion of the translational
domain and, more importantly, the compressional domain
(Fig. 5). The regional section lies roughly perpendicular to
the DWFTBs giving a clear view of their internal geometry
and surroundings. Figures 7 and 8 are inline sections showing
the along-strike component of the compressional and trans-
lational domains, respectively, and are orientated perpendic-
ular to NE–SW-trending faults (Fig. 5).

The seismic volume was interpreted using the classical
approach implemented by Mitchum et al. (1977), who first
introduced the concept of seismic stratigraphy whereby the
sequence stratigraphic framework is characterized by stratal
termination patterns (i.e. downlap, onlap, toplap erosional
truncation, and concordance) between each seismic facies or
sequence. Stratigraphic markers are bounding surfaces that
separate each sequence and are created through the inter-
play of base sea-level fluctuations and sedimentation mark-
ing the change in depositional regimes (Catuneanu, 2006). In
deep-water marine settings surfaces separating each seismic
sequence, based on the difference in internal configuration
patterns, include the maximum flooding surface (MFS), cor-
relative conformity (CC), and maximum regressive surface
(MRS) (Catuneanu, 2006; Catuneanu et al., 2009). Continu-
ous, dominant high-amplitude reflections were picked as key
stratigraphic markers in this study and named using the clas-
sification and terminology of Catuneanu (2006), as summa-
rized in Table 3. Unconformity surfaces developed through
erosion or prolonged periods of non-deposition (Catuneanu,
2002) are also identified in this study, often combining with
MFSs, CCs, and MRSs. Nine key stratigraphic markers were
identified in the seismic section, coinciding with those rec-
ognized throughout the Orange Basin in previous studies
(Fig. 4; Brown et al., 1995; Paton et al., 2008; de Vera et al.,
2010; Kuhlmann et al., 2010; Hartwig et al., 2012; Dalton et
al., 2017; Baby et al., 2018). The geological ages used for
stratigraphic markers in this study were postulated from the
comparison of the aforementioned past studies and published
well data. Figure 3 shows that although the nomenclature
used for stratigraphic markers (and stratigraphic sequences)
differs between various studies, the actual ages assigned to
each are generally consistent.

To derive the approximate thickness of seismic sequences,
a generalized depth conversion was carried out using aver- Ta
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Figure 5. Structural framework showing the translational and com-
pressional domains imaged in the study area. (a) Uninterpreted vari-
ance time slice at −3424 ms (imaged within sequence B2 cover-
ing depths approximately between −3200 to −5000 m) showing the
fault continuities. (b) The dip azimuth of various faults. (c) The in-
terpretation of the structural framework in plan view using (a) and
(b) including fault displacement characteristics observed in plan
section.

age interval velocities from well logs acquired in the shal-
lower reaches of the Orange Basin used in Kuhlmann et
al. (2010). Velocities of 1800, 2000, 2000, and 4500 ms−1

were assigned to the seafloor, Oligocene, Maastrichtian, and
Albian surfaces (named in this study), respectively, to create
an interval velocity model for depth conversion in Petrel.

4 Results

4.1 Seismic stratigraphy

In the Cretaceous we identified and named the Albian, Tur-
onian, Santonian, early Campanian, late Campanian, and

Maastrichtian unconformity surfaces. These surfaces corre-
spond to the 14At1, 15At1, possibly 16Dt, 17At1, 18At1, and
22At1 MFSs and unconformity surfaces, respectively, ac-
cording to the offshore of stratigraphic nomenclature devel-
oped by PetroSA (previously Soeker) (Fig. 4; Brown et al.,
1995; PASA, 2017). In the Cenozoic succession we identified
the Miocene and Oligocene unconformity surfaces which
were also recognized by Baby et al. (2018). The surfaces
are markers that divide the entire seismic succession into
nine stratigraphic sequences, explained from the regional
sections shown in Figs. 6, 7, and 8. The sequences were fur-
ther grouped into four main megasequences (A–D) reflect-
ing three major phases of margin evolution as described by
Dalton et al. (2017): early drift (A), late drift (B1–C3), and
Cenozoic (D1–D3) (Fig. 4). Older stratigraphic markers and
sequences (below the Albian) were left uninterpreted in the
regional sections shown in Figs. 6, 7, and 8, as their full sed-
imentary package lay mostly below the vertical limit of seis-
mic data.

4.1.1 Early to late drift megasequences (A and B1–C3)

Sequence A in this study is a 400–700 m thick succession that
forms a portion of the early drift megasequence. It is charac-
terized by low-to-medium-amplitude, chaotic (Fig. 8), sub-
parallel to mounded, internal reflections (Figs. 6 and 7). The
upper stratigraphic marker of the sequence is the medium-
amplitude Albian surface. Sequences B1 to C3 are grouped
as the late drift megasequence. Sequence B1 downlaps the
Albian surface as a 0–500 m thick unit characterized by de-
formed, medium-to-high-amplitude, chaotic, and mounded
internal reflectors (Figs. 6, 7, and 8). The upper bounding sur-
face of sequence B1 is the medium-to-high-amplitude undu-
latory and irregular Turonian surface. The Turonian surface
often merges with the deeper Albian surface in the transla-
tional domain (Fig. 8).

Sequence B2 forms a sedimentary wedge that thickens
from 900–1700 m seawards (down-dip direction), with the
greatest thickness in the central region of the entire seismic
volume, as shown in Figs. 6 and 7. Sequence B2 is charac-
terized by deformed, medium-to-high-amplitude seismic re-
flections downlapping the Turonian surface. The internal ge-
ometry of the unit in the compressional domain appears as
stacked, steeply NE-dipping reflections (Fig. 6) which flat-
ten towards the translational domain to become parallel with
the underlying and overlying sequences (Fig. 8). The steeply
dipping reflections are folded into asymmetric anticlines dis-
tinctly separated by imbricate thrusts creating fold-and-thrust
belts (Sect. 4.2; Figs. 6 and 9). The upper bounding surface
of sequence B2 is the Santonian surface that defines the main
crest of the kilometre-scale DWFTBs. It is a thick, high-
amplitude surface conformable to the folded geometry of the
unit. Figure 9 shows the Santonian surface in 3D and the un-
derlying sequences. The horizon-based attribute of dip angle
was computed for the surface to enhance the morphology of
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Figure 6. Uninterpreted and interpreted sections of crossline 11 544 showing a portion of the translational and compressional domains and
position of time slice 3424. The crossline lies roughly perpendicular to the compressional domain DWFTBs giving a view of their structure
in comparison to the translational domain. Abbreviations: Al – Albian; Tu – Turonian; Sa – Santonian; Ma – Maastrichtian; Oli – Oligocene;
Mio – Miocene; sf – seafloor; SDS – shale detachment surface. Vertical exaggeration: 5.

the fold crests dipping between 0–15◦. In the NW portion of
Fig. 7, towards the translational domain (see Fig. 5), a large
6.3 km wide syncline is imaged in sequence B2. To the SE
the rest of the sequence appears as a shallow and very broad
anticline.

Onlapping the Santonian surface is sequence C1, a sed-
imentary wedge that thins from 1000 m in the translational
domain to 120 m in the distal contractional domain (Fig. 6).
It is characterized by low-amplitude, concave-upward sag
geometries that onlap and downlap the Santonian surface
(Figs. 6, 7, and 8). In the more distal region of compressional
domain, however, the reflectors have stacked conformably
with the underlying sequence (SW portion of Fig. 6). The
early Campanian upper bounding surface of sequence C1
erosionally truncates the unit (Figs. 6 and 7). Sequence C2 is
a ∼ 200 m thick unit of thin, wavy to parallel, high-frequency,

high-amplitude seismic reflectors (Figs. 6, 7, and 8). Reflec-
tors are initially wavy at the base of the sequence, due to
folding above the underlying thrust planes, then gradually
straighten to parallel continuous reflections at the top of se-
quence C2 (Figs. 6 and 7). The sequence’s late Campanian
upper bounding surface is a thick, very high in amplitude sur-
face, and appears conformable. Above this lies sequence C3,
a seaward-thinning wedge of sediment decreasing from 200–
90 m (Figs. 6, 7, and 8). The internal geometry of sequence
C3 consists of thick, parallel, very high-amplitude seismic
reflectors, including that of its upper Maastrichtian bounding
surface which appears conformable.
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Figure 7. Uninterpreted and interpreted sections of inline 14 224 showing the compressional domain and position of time slice 3424. The
section lies roughly along-strike the DWFTBs giving a view of the oblique-slip faults that crosscut them. Present-day slumping is evident
above a Late Cretaceous syncline. Abbreviations: A – Albian; Tu – Turonian; Sa – Santonian; Ma – Maastrichtian; Oli – Oligocene; Mio –
Miocene; sf – seafloor; SDS – shale detachment surface. Vertical exaggeration: 5.

4.1.2 Cenozoic (D1–D3)

Influential data and edge detection horizon-based attributes
were used to enhance the 3D geometric variation in ero-
sional features observed upon the Oligocene and Miocene
Cenozoic stratigraphic markers (Fig. 10). The lowermost
Cenozoic sequence corresponds to the D1 and forms a 450–
100 m seaward-thinning wedge (Fig. 6). It is characterized
by low-amplitude, parallel seismic reflections which down-
lap the Maastrichtian surface mostly in the translational do-
main (Fig. 8). Sequence D1 (and a small upper portion of the
underlying C3 in the translational domain, Fig. 8) is erosion-
ally truncated by a SE–NW-trending submarine canyon run-
ning perpendicular to the slope (Fig. 10a, b). From the obser-
vation of the transitional domain regional section (Fig. 8), the
canyon is situated above a ∼ 1.3 km wide horst from the Late
Cretaceous B2 sequence with opposite dipping normal faults.
The horst forms a large antiformal anticline with chaotic in-
ternal reflectors observable in sequence B2 and outlined in
Fig. 8. The canyon is ∼ 2.3 km wide with a visible length of
13 km, which extends beyond the seismic dataset (Fig. 10a,
b). Onlapping against the walls of the canyon and overlying
the Oligocene surface is the 100–200 m thick D2 sequence
(Fig. 8). It comprises low-amplitude, parallel reflectors with
some chaotic sections. More than one erosional event is evi-
dent both before and after the main Oligocene unconformity

surface as reflectors within sequences D1 and D2 have been
erosionally truncated.

The Miocene stratigraphic marker is a medium-to-high-
amplitude surface which cuts the upper D2 reflectors (Figs. 8
and 11c, d). It is an irregular unconformity surface char-
acterized by a series of multiple NW–SE-trending, sinu-
soidal crosscutting channels (Fig. 11c, d). Individual chan-
nels are ∼ 500 m in width with a long axis trending par-
allel to the slope and hence continental margin. The chan-
nels form a ∼ 14 km wide zone in the upper continental
slope between ∼ 1200–1500 m b.s.l. (Fig. 2). The large ex-
tent of crosscutting and overlapping makes it difficult to dif-
ferentiate between individual channels and their lateral ex-
tents. Sequence D3 is the youngest Cenozoic, and there-
fore uppermost, sequence. It forms a 100–350 m seaward
thickening wedge (Fig. 6) characterized by medium-to-low-
amplitude, mounded to parallel reflectors. Basal sediments
of sequence D3 are mounded in geometry for approximately
80 m, whereas earlier sediments were deposited continuously
in a parallel manner (Figs. 6 and 7). The youngest strati-
graphic marker, the seafloor, is a very high-amplitude and
thick surface. Slumping, characterized by chaotic internal re-
flectors, is evident on the present-day seafloor (seen in the
northwest in Fig. 7 and a portion of Fig. 9). The slump scar
is ∼ 7 km in width, sitting directly above the region of a large
Late Cretaceous syncline (B2 sequence) (Fig. 7).
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Figure 8. Uninterpreted and interpreted sections of inline 17 168 showing the translational domain and position of time slice 3424. Normal
faults extend to the Albian surface at depth and upwards into the Cenozoic megasequence with some terminating at Oligocene or Miocene
unconformity surfaces. Abbreviations: A – Albian; Tu – Turonian; Sa – Santonian; Ma – Maastrichtian; Oli – Oligocene; Mio – Miocene;
sf – seafloor; SDS – shale detachment surface. Vertical exaggeration: 5.

4.2 Structural framework

The sedimentary succession comprises several sedimentary
packages displaced by a complex structural framework of
faults, as shown in Figs. 5 and 11. Since the seismic volume
is heavily faulted (over 500 manually picked), the only faults
included in the structural framework in Figs. 5b and 11a
were large, first-order faults greater than ∼ 2 km laterally.
Faults terminate at either the early Campanian, Oligocene,
or Miocene surfaces and originate from Turonian or deeper
Albian surfaces depending on their location with respect to

the DWFTB system. Upon closer inspection, and the use of
the variance seismic attribute, it is evident that some faults
extend past the lower Albian surface for both the compres-
sional (Figs. 6a and 7) and the translational domains (Fig. 8).
As explained previously, Fig. 5a shows the variance attribute
in TWT at time slice 3424 ms, which was used to enhance
the lateral continuity of faults. The position of the variance
time slice is shown on the regional sections (Figs. 6, 7, and
8). Using the regional sections (Figs. 6, 7, and 8) and Figs. 5
and 11, the structural framework is described in relation to
the compressional and translational domains in the following
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Figure 9. Three-dimensional view of a crossline showing an extensive, kilometre-scale DWFTB system detaching the Turonian slip surface,
the Santonian horizon (in dip angle) defining the crest of the large folds, and an underlying localized set of secondary, small-scale DWFTBs
upon the Albian slip surface. Vertical exaggeration: 5.

subsections as the geometry and displacement characteristics
of each domain differ greatly.

4.2.1 Compressional domain

DWFTBs occur down-dip in the compressional domain
with slip mainly upon the Turonian seaward-dipping sur-
face (Figs. 6, 7, and 9). Imbricate thrust faults detach mostly
against the Turonian surface, with some extending to the Al-
bian surface at depth and fewer continuing to greater depths.
Thrust faults terminate either just below or at the early Cam-
panian surface within the C1 late drift sequence (Fig. 6).
Faults are relatively equally spaced between 1.6–2 km, with
average displacements of 250 m (Fig. 6). Thrust faults strike
NW–SE and dip between 22–45◦ NE with generally lower
dip angles where they detach from the Turonian or Albian
surfaces at depth (Figs. 6 and 11a, b). Thrust sheets are seg-
mented and displaced by extensive oblique-slip normal faults
measuring up to ∼ 20 km in length (Figs. 5, 7, and 12a, b).
Figure 7 is a distal inline section (see Fig. 5c) showing a
few normal, oblique-slip, and thrust faults extending past the
Turonian to the Albian surfaces at depth. In Fig. 7 the up-
ward vertical extent of oblique-slip faults terminates along
the Maastrichtian to Miocene surfaces, while normal faults
terminate between the Campanian (early and late) to Maas-
trichtian surfaces.

Oblique-slip faults strike NE–SW (Figs. 5 and 11a, c)
with average dip-slip offsets of ∼ 80 m (Fig. 7). The strike-
slip displacement between each thrust sheet segmented is
variable showing mainly sinistral (left-lateral) motion. They

dip on average between 40–70◦ mostly to the NW with the
few dipping SE in the south showing right-lateral dextral
slip motion (Figs. 5 and 11a, c). In the compressional do-
main, the concave upwards, NW-dipping oblique-slip faults
display a roughly oval-shaped pattern or geometry in plan
section (Figs. 5 and 11a). This central zone forms a very
broad anticline in sequence B2 (Turonian to Santonian strati-
graphic markers) observed SE of the syncline previously
mentioned in Fig. 7 (see Fig. 5a, c for location). Down-dip,
this central zone is not as heavily faulted as its surround-
ings but contains smaller ∼ 2 km length normal faults dip-
ping both NW and SE with some displaying overlapping or
step-like, en-echelon-type geometries (Fig. 5). Up-dip, thrust
segmenting oblique-slip faults have the greatest strike-slip
offsets (∼ 250 m) towards the translational domain (Fig. 5c).
Along-strike, sinistral oblique-slip displacements decrease
proximally towards the translational domain compared to the
down-dip compressional domain until only normal dip-slip
motion occurs where a few thrust sheets are present (Fig. 5).
A deviation from the sinistral motion of displacement is seen
S of the study area, as occurring just outside the oval-shaped
region in plan section shown in Figs. 5a and c and 11a.
Here, the oblique-slip faults dip to the west and southeast and
show dextral (right-lateral) slip motion in contrast to those
in the rest of the study area (Fig. 5). This more structurally
complex region has smaller localized sets of fold-and-thrust
belts occurring below the kilometre-scale DWFTB system
(Figs. 6 and 9). The smaller-scale DWFTBs occur within se-
quence B1, detaching from the Albian surface. The smaller
set of secondary DWFTBs is less well-defined and weakly
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Figure 10. Cenozoic horizons showing the canyon-channel systems. Oligocene canyon formed by a downslope turbidity current viewed
using the (a) influential data and (b) edge detection attributes. Miocene sinusoidal channels formed by an along-strike bottom current viewed
using the (c) influential data and (d) edge detection attributes. Vertical exaggeration: 5.

folded with smaller thrust spacings of ∼ 250 m and displace-
ments below the seismic resolution limit compared to those
of the overlying kilometre-scale DWFTBs. Similar sets of
clear, small-scale DWFTBs are found in other portions of
the compressional domain between the Albian and Turonian
surfaces.

4.2.2 Translational domain

From east to west the translational domain is character-
ized mainly by normal faults, followed by laterally exten-
sive oblique-slip faults and a few segmented thrust faults in
the down-dip direction (Figs. 5, 6, and 11a). Most normal
and oblique-slip faults in the proximal translational domain
extend from the Albian surface, at depth, and terminate be-
tween the late Campanian to Miocene surfaces (Fig. 8). The
greatest dip-slip fault displacements of normal and oblique-

slip faults occur within sequence B2, between the Turonian
to Santonian surfaces for both the compressional and trans-
lational domain, with offsets reaching up to 80 m (Figs. 6, 7,
and 8). Normal faults observed in the study area have shorter
lateral extents in comparison to thrust and oblique-slip faults,
reaching up to 13 km (Fig. 5). Like oblique-slip faults, they
dip 50–70◦ on average, with a NE–SW orientation perpen-
dicular to thrust faults of the compressional domain (Figs. 5
and 11a, c). Along individual fault planes, dip angles as low
as ∼ 30◦ may occur at depth, while the higher dip angles oc-
cur in stratigraphically higher sequences (Fig. 11 c).

In the north of the study area, laterally extensive NW-
dipping normal faults (>5 km) form conjugate pairs with
laterally shorter normal SE-dipping faults (<2 km length)
(compare Fig. 5 with Fig. 8). The overarching dominant fault
directions are evident in Fig. 5b, as compared to those seen
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Figure 11. Structural framework faults interpreted in the study area
showing (a) plan view of all dipping faults; (b) segmented shallow-
dipping thrust fault showing left lateral (sinistral) slip motion of
displacement in 3D; and (c) steeply dipping normal and oblique-
slip fault extending between both the translational and down-dip
compressional domains in 3D.

in the interpretation of the regional section (Fig. 8) since all
faults, regardless of their lateral length, were interpreted in
the 2D seismic sections. The centre of the translational do-
main to the east of the study area then becomes dominated by
SE-dipping normal faults (Fig. 5b). In the south, SW-dipping
faults dominate (Fig. 5b). Second-order normal faults (those
that originate from a large first-order fault) are common in
the late drift to early Cenozoic megasequences. These at-
tach to the main faults at acute angles with intersections in
megasequence C (Fig. 8). Due to their small vertical and lat-
eral extent (<2 km), they were not included in the structural
framework shown in Figs. 5b and 11a given that this study
focusses on the regional-scale structures affecting basin evo-
lution.

5 Discussion

5.1 Stratigraphy of the Late Cretaceous SW African
margin

The architectural stratigraphy of the deep-water Orange
Basin is explained primarily from regional section Fig. 6
because of its perpendicular orientation to the SW African
palaeo- and current coastline, which was also parallel to
the direction of sediment transportation. Terrigenous sedi-
ments observed in the Orange Basin were transported off-
shore by the Orange and Olifants river systems and their
ancestral equivalents (Fig. 1). To understand the full strati-
graphic framework of the SW African margin we present our
interpretations of the deep-water Orange Basin stratigraphy
and discuss what has been observed from previous Orange
Basin studies from shallow to deep-water environments.

5.1.1 Influence of multiple shale detachment surfaces

Key surfaces in the Late Cretaceous megasequence are
the Albian and Turonian stratigraphic markers upon which
small-scale and large-scale DWFTB systems are found, re-
spectively. The sequence between these two stratigraphic
markers (sequence B1 in this study) is comprised of organic-
rich shales as revealed from well log data recovered from
DSDP 367 and well A calibrated by Baby et al. (2018) in the
Orange Basin. The Albian and Turonian markers are MFSs
corresponding to the 14At1 and 15At1 shales (Fig. 4; Brown
et al., 1995), upon which gravitational sliding occurs (Fig. 6).
These shale detachment surfaces are also proven source rock
intervals in the basin and are thus of great significance for
hydrocarbon potential (Fig. 4; van der Spuy, 2003). Sub-
tle ramps in the early drift (sequence A) and beginning of
the late drift megasequence (sequence B1) have linked these
multiple levels of basal slip giving rise to a complex range of
geometries both within and above the DWFTB systems (e.g.
Fig. 7).

Two important factors controlling gravitational collapse
within a basin include the stratigraphy of the margin and
thickness of the detachment surface (Rowan et al., 2004;
Dalton et al., 2017). In the Orange Basin these factors vary
due to the presence and distribution of multiple basal over-
pressurized shale detachment surfaces (de Vera et al., 2010;
Kuhlmann et al., 2010; Dalton et al., 2017). Once enough
overburden material has accumulated in the basin, combined
with a lack of cohesion along a weak, sloping detachment
surface, gravitational sliding occurs (Rowan et al., 2004;
Morley et al., 2011). Rapid sedimentation rates with resultant
high internal pore fluid pressures, seismicity, downslope un-
dercutting, and tilting glide planes are the main trigger mech-
anisms responsible for slope failure leading to gravitational
collapse (Séranne and Anka, 2005; Rogers and Rau, 2006;
Kuhlmann et al., 2010).
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Figure 12. Temporal model of the evolution of the deep-water Orange Basin from the Late Cretaceous DWFTB system to the mass transport
complexes of the Cenozoic. For a detailed explanation the reader is referred to Sect. 5.4. Insert diagram in panel (e), denoted by ∗, is modified
after Weigelt and Uenzelmann-Neben (2004).

Dalton et al. (2017) present a model for the temporal evo-
lution of a gravity collapse system in the Orange Basin con-
taining multiple shale detachment surfaces whereby (1) grav-
itational collapse initiates in the translational domain (ac-
cording to Dalton et al., 2015) upon an initial upper detach-
ment surface, followed by up-dip extension and then down-
dip compression; (2) once the initial detachment surface can
no longer accommodate sliding (e.g. due to thinning of the
detachment surface or possibly a change in shale overpres-
sures), the gravitational system will lock and deformation
will cease; (3) stress and strain is redistributed as extensional
faults penetrate to a stratigraphically lower shale detachment
surface; (4) once the shales are sufficiently compacted (Dal-
ton et al., 2015), a compressional zone forms down-dip upon
this lower shale detachment surface; (5) if more shale de-
tachment surfaces exist at depth, even older gravitational col-
lapse systems will form following locking and fault renewal
with increasing strain. This model implies a downward rather
than upward propagation of faults accounting for the forma-
tion of underlying smaller DWFTB systems upon an older
shale detachment surface. In this study, however, we propose
the smaller, localized folds and thrusts observed below the

main, kilometre-scale Late Cretaceous DWFTB system sim-
ply represent an older gravitational collapse system in older
sediments.

5.1.2 The Late Cretaceous DWFTB system

The strongly mounded geometry in sequence B1 reflects
basin floor sediments of the translational domain (Fig. 8;
Baby et al., 2018). Due to the loss of seismic resolution with
depth in very poorly seismically imaged areas, the geom-
etry of basin floor turbidite sediments may be erroneously
misinterpreted as smaller-scale DWFTBs upon the Albian
shale detachment surface. Careful inspection was therefore
required to properly differentiate between one type of mass
flow or transport system from another, especially within the
poorly imaged B1 sequence. Overlying the Turonian shale
detachment surface is a much larger-scale DWFTB system
within late drift sequences B2 and C1, showing that major
gravitational collapse began during the Turonian. The folded
anticlines of the gravitational system are antiformal as the
stratigraphic sequence does not appear to be refolded, and
subsequently associated synclines are synformal. The ma-
jor basal shale detachment surface is the Turonian as shown
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throughout the seismic volume (Figs. 6, 7, and 8) and recog-
nized throughout the Orange Basin (e.g. Paton et al., 2008; de
Vera et al., 2010; Scarselli et al., 2016), while the Albian is
minor with smaller, localized fold and thrust faults detaching
it in a few areas.

The downslope compression of sediment from the up-dip
extensional (not imaged) and translational domains thick-
ened and strongly folded sequence B2 during gravitational
sliding, with the greatest thickness shown to have occurred
at the onset of compression (Figs. 6 and 9). The irregular-
ity and discontinuous nature of the Turonian surface is likely
caused by the thinning out of the surface under the weight
of the thick overlying B2 sequence as it slid seawards with
progressive deformation. The large thickness of sequence
B2 indicates high sedimentation rates during the Coniacian
to early Campanian. In comparison, the overlying sequence
C1 is thinner, weakly folded, and has smaller thrust dis-
placements suggesting a syn-kinematic relationship whereby
thrusting was still active and contemporaneous with the de-
position of these Santonian to early Campanian sediments. In
the translational domain the onlap and downlap of sequence
C1 upon the Santonian surface (shown well to the northeast
in Fig. 6 and northwest in Fig. 7) indicate a localized increase
in accommodation space above the translational domain dur-
ing the downward compression and translation of sediment
(Fig. 6). Onlap may also imply lower sedimentation rates
relative to deformation which is evidenced by the dramatic
thinning of Santonian sediments seawards (Fig. 6). Downs-
lope thrusting is proposed to have ended by the end of the late
Campanian. This is shown through the change in configura-
tion patterns of sequence C2 from weakly folded reflections
at the base of the sequence to unfolded, parallel reflections at
the top of the sequence (see Fig. 6). This observation corre-
lates with that of a DWFTB system observed directly north of
the study area in the Namibian Orange Basin (Fig. 1) where
the estimated end of gravitational deformation is also postu-
lated within Campanian sediments (∼ 83 Ma) from the analy-
sis of growth stratal patterns (Fig. 1; de Vera et al., 2010). The
early Campanian sediments, sequence C2, are interpreted
to have been deposited under normal to moderate rates of
sediment supply as reflections are conformable and contin-
uous and the proximal to distal thickness of the sequence
does not change considerably. Sequence C3’s late Campa-
nian to Maastrichtian sediments thin seawards with the distal
decrease in sediment supply. The Santonian, early Campa-
nian, late Campanian, and Maastrichtian surfaces correspond
to the 16Dt, 17At1, 18At1, and 22At1 stratigraphic markers
(erosional or non-depositional surfaces) (Fig. 4; Brown et al.,
1995; PASA, 2017).

The Early Cretaceous post-rift megasequence retrograda-
tionally reflects the change from subaerial conditions dur-
ing the emplacement of the SDRs (syn-rift succession) to an
open marine environment with a narrow oceanic basin be-
tween the late Hauterivian and Albian (de Vera et al., 2010;
Baby et al., 2018). As the margin continued to deepen with

retrogradation during the late Albian to early Turonian, a
well-defined depositional profile with shelf, slope, and basi-
nal elements began to form (Light et al., 1993; Baby et al.,
2018). The Late Cretaceous post-rift megasequence is com-
prised of aggradational to progradational packages reflect-
ing increased sedimentation rates and a decrease in subsi-
dence from the early Turonian to late Maastrichtian (∼ 93.5–
66 Ma) attributed to the late Campanian sea-level fall with
major uplift and seaward tilting of the margin which eroded
and transported sediments to the Orange Basin as supported
by thermochronometric data (Paton et al., 2008; Granado
et al., 2009; de Vera et al., 2010; Kuhlmann et al., 2010;
Hirsch et al., 2010; Baby et al., 2020). This period in time
records the greatest flux in sedimentation offshore of the
SW African margin with the Orange Basin showing lower
rates and volumes between 81 and 66 Ma (Baby et al., 2020).
The Maastrichtian stratigraphic marker (22At1) is a maxi-
mum regressive surface and transgressive ravinement surface
as it separates the Cenozoic retrogradational megasequence
from the underlying Late Cretaceous progradational megase-
quence (Fig. 4, Baby et al., 2018).

5.2 Structure of the Late Cretaceous DWFTB system

The kinematics, geometry, and displacement characteristics
of structures seen within the translational and compressional
domains imaged in this study differ greatly from each other.
We discuss the structural variability of the two domains im-
aged to assess the strato-structural evolution of the Orange
Basin from the Late Cretaceous DWFTB system to overly-
ing Cenozoic deposits.

5.2.1 Compressional and transitional tectonics

The structural framework reveals a gradational change be-
tween translational and compressional tectonics, with nor-
mal and oblique-slip faults dominating proximally and thrust
and oblique-slip faults dominating distally (Figs. 5b, 11a).
Landward-dipping imbricate thrust faults with seaward-
verging folds are recognized in the compressional domain
(Figs. 5, 6, 9, and 11a). The NW–SE-orientated thrust faults
dip gently landwards, detaching the Turonian shale detach-
ment surface and terminating at the early Campanian sur-
face (Fig. 6). A few thrust faults reach the Albian shale de-
tachment surface at depth and even extend past into strati-
graphically lower sequences (Figs. 6 and 8). This shows
that renewed faulting caused by gravitational deformation
in the Late Cretaceous DWFTB system occurred preferen-
tially along the older pre-existing planes of weakness. Most
normal and oblique-slip faults in the proximal region de-
tach the Albian shale detachment surface at depth and ter-
minate in stratigraphically younger Cenozoic sediments at
either the late Campanian, Oligocene, or Miocene surfaces
(e.g. Fig. 8). In like manner as the thrust faults terminating at
the early Campanian surface in the distal compressional re-
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gion, it is possible that normal and oblique-slip faults in the
proximal region initially terminated at this stratigraphically
lower surface. With the subsequent deposition of overlying
sediments, however, faults were renewed to propagate up-
wards into stratigraphically younger sequences, accommo-
dating further increments in strain. This supports the idea
that once formed, a fault or fracture will always represent
a mechanical zone of weakness to be exploited (Viola et al.,
2012).

Oblique-slip faults, formed from the combination of ten-
sion and shearing during the down-dip translation of sedi-
ment, crosscut thrust sheets orthogonally and thus post-date
them. We interpret en-echelon-type and stair-stepped geome-
tries of the small normal faults observed in the centre of the
compressional domain imaged in Figs. 5 and 11a to be in-
dicative of lower rates of tensional shear. This is because they
are relatively small (∼ 2 km in length laterally) in compari-
son to the kilometre-scale oblique-slip faults they are bound
within, which indicate higher rates of tensional shear. The
outer oblique-slip faults accounting for the oval geometry
observed in plan view in Fig. 5 are shown to have rotated
the Turonian to Santonian (sequence B2) sediments (Fig. 7).
The observed strike-slip offset for each oblique-slip fault rep-
resents the hanging wall and footwall blocks of each thrust
sheet since hanging wall and footwalls have the opposite
sense of motion (Benesh et al., 2014). The downslope ver-
tical shortening of oblique-slip faults from the translational
to compressional domains is shown from regional section
Fig. 8 (translational) to Fig. 7 (compressional) and further-
more illustrated in Fig. 11c. Over and above the decrease in
basin thickness from proximal to distal settings, explained
previously in Sect. 5.1, we attribute this shortening to the
decrease in tension and shearing during the downslope trans-
lation of sediment. Other DWFTB systems exhibiting simi-
lar behaviour to that observed in this study are found in the
Niger Delta, containing multiple shale detachment surfaces
and oblique-slip faults segmenting thrust sheets along strike
(Rowan et al., 2004; Benesh et al., 2014).

5.2.2 Extensional tectonics

Although the extensional domain is not imaged in this study,
other studies of DWFTB systems in the Orange Basin may be
used to address the structural framework in the extensional
domain; see, e.g., Paton et al. (2008), de Vera et al. (2010),
and Scarselli et al. (2016). Down-dip compression is linked
to the up-dip extension domain as shown from fully imaged
DWFTB systems in the Orange Basin (Fig. 3; de Vera et al.,
2010). Listric growth faults dip seaward in the extensional
domain, while thrust faults dip landward in the compres-
sional domain and thus display an overall an arcuate geom-
etry in 3D (de Vera et al., 2010; Scarselli et al., 2016). The
same geometry may be deduced in this study which lies di-
rectly south of the DWFTB system observed by de Vera et
al. (2010) and shown in Fig. 3. The unimaged extensional

domain of the DWFTB system in the study likely lies along
the continental shelf.

5.2.3 Geometry of structural framework

Looking at the overall structural framework, the dominant
azimuthal dip direction in a clockwise direction changes
from NE- to NW-dipping to SE- to SW-dipping faults
(Fig. 5b). Normal and oblique-slip faults dip steeply with
NE–SW-orientated strikes in contrast to the gently dipping
orthogonal NW–SE thrusts, formed by down-dip contraction.
Most structural lineaments and the elongation of plutons and
igneous intrusions along the SW African margin are orien-
tated parallel to the regional NW–SE foliation trend of the
margin, with the exception of a few complexly faulted re-
gions (Wildman et al., 2015). Thrust faults imaged in this
Orange Basin study follow this same NW–SE predominant
trend. We deduce the same for the up-dip extensional do-
main based on other DWFTB systems in the region (e.g.
Fig. 3; de Vera et al., 2010; Scarselli et al., 2016). Normal
and oblique-slip faults, however, trend orthogonally to the
thrust faults (Figs. 5, 11a) and regional foliation of the mar-
gin (Fig. 1). Notably, oblique-slip faults are orientated paral-
lel to the deep-seated, underlying Rio Grande and Aghulhas–
Falkland fracture zones which accommodated dextral slip
motion during rifting of the SW African margin (Fig. 1;
Light et al., 1993; Séranne and Anka, 2005). Most oblique-
slip faults in the study, however, segment thrust sheets in a
sinistral mode of motion apart from the region in the south
(Fig. 5a, c). The left-lateral sinistral sense of motion (Fig. 5c)
may indicate gravitational collapse initiated in the south and
moved northwards, with each subsequent thrust sheet mov-
ing seawards. The oblique-slip faults acted as planes for the
lateral displacement of each thrust sheet.

In the southern region of the studied volume, the kine-
matics and geometry of the structural framework differ.
Here, right-lateral dextral slip motion of thrust sheets is ob-
served, which is associated with opposite SW-dipping nor-
mal and oblique-slip faults (Fig. 5). The change in geome-
try and sense of movement may represent the outer oblique-
slip faults of another gravitational collapse system south
of the studied volume. This is shown and described by
Scarselli et al. (2016) north of the present study between
350–1300 m water depths along the upper continental slope
of Namibia. Both 2D and 3D reflection seismic data reveal
a fuller DWFTB system including the up-dip extensional
domain with seaward-dipping listric growth faults and con-
nected sidewall faults rotating Late Cretaceous sediments
to form rollover anticlines in gravitational collapse systems.
The outer oblique-slip faults described centrally in this study
are analogous to the sidewall faults they described for each
megaslide complex showing lateral downslope motion with
gravitational collapse. The megaslides occur adjacent to each
other with opposite N- and S-dipping sidewall faults, form-
ing horst structures separating each megaslide. This too de-
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scribes and accounts for the change in geometry and kine-
matics of the structural framework in the south of the present
study. Notably, however, most of the main outer oblique-slip
faults in the study dip in the same NW or N direction. Only
the northern outer oblique-slip fault is shown in Fig. 7 (see
location of regional line in Fig. 5b), which is where a Late
Cretaceous syncline and seafloor slump scar is found.

5.2.4 Translational domain implications

There are two different schools of thought in what the trans-
lational domain represents:

1. A zone caused from the central shift in contact be-
tween extensional and compressional tectonics contain-
ing overprinted features of both (Butler and Paton,
2010; de Vera et al., 2010). This was proposed due to the
crosscutting relationships observed in the distal parts of
the extensional domain.

2. A fixed package of mostly undeformed rock represent-
ing a short wavelength change from extensional to com-
pressional tectonics (Bilotti et al., 2005; Corredor et al.,
2005; Krueger and Gilbert, 2009; Dalton et al., 2017).

In previous Orange Basin studies, the transitional/trans-
lational domain was interpreted as a relatively narrow re-
gion (∼ 10 km in length perpendicular to the slope) consid-
ering the massive extent of a complete (roughly ∼ 220 km)
DWFTB system (Corredor et al., 2005; Krueger and Gilbert,
2009; de Vera et al., 2010; Dalton et al., 2017). In this study,
the true extent of the translational domain cannot be con-
strained since the linked up-dip extensional domain is not
imaged. Nevertheless, what is observed is that the transla-
tional domain reaches and is greater than ∼ 20 km in width,
as observed in the north of the studied volume. We therefore
propose a third model for what the translational domain rep-
resents: a zone displaying overprinted features of both exten-
sional and compressional tectonics, depicting a long wave-
length change between the up-dip and down-dip domains
with the downslope translation of sediment accommodated
by extensive oblique-slip faults.

Overlapping compressional and extensional tectonics may
be described in terms of the misbalance in strain observed
in other Orange Basin studies. In linked DWFTB systems,
the amount of extension should equal the amount of com-
pression; this is however not the case as reflected through the
approximate 5 % missing strain observed in favour of exten-
sion accounted for in second-order, compressional structures
within the extensional domain itself (Butler and Paton, 2010;
de Vera et al., 2010; Dalton et al., 2015). The lack of a down-
dip compressional domain in the outer reaches of some of
these systems, as noted by Dalton et al. (2015) for the Orange
Basin, is proof that the 5 % missing strain is accommodated
for internally. In like manner, the overlapping and crosscut-
ting relationships observed in the transitional domain are the

system redistributing strain internally. In response to up-dip
extension, down-dip compression occurs and with progres-
sive deformation oblique-slip faults act as lateral ramps to
accommodate strain with the growth formation of each sub-
sequent thrust sheet. Further small-scale extension occurs
within each individual thrust sheet to accommodate strain
with gravitational collapse as evidenced by the en-echelon-
and step-type normal faults in the compressional domain.

5.3 Cenozoic stratigraphy of the SW African margin

5.3.1 Canyon-channel systems

One of two major features recognized in the Cenozoic
megasequence is a large SE-to-NW-orientated canyon which
defines the Oligocene erosive surface (Figs. 8, 10a, b). The
canyon eroded the underlying early Oligocene (sequence C3,
which downlaps the Maastrichtian surface) to late Campa-
nian (sequence D1) sediments (Fig. 8). Sequence D2, the
sedimentary infill of the canyon, onlaps against the main
Oligocene erosional surface and ensuing erosional surfaces.
The Oligocene canyon is interpreted as having been formed
by the erosive action of a turbidity current with downs-
lope canyoning possibly deflected by a strong northward-
flowing oceanic current since its orientation is not perfectly
perpendicular to the continental slope. Turbidity currents
are episodic sediment gravity-driven flows that always flow
downslope, unless the local morphology (such as the pres-
ence of marginal troughs) forced slope-parallel flow (Shan-
mugam, 2008; Shumaker et al., 2016). The infill of the
canyon (sequence D2) displays some chaotic internal reflec-
tions possibly diagnostic of a turbidite (Fig. 8).

The second major feature in the Cenozoic are the extensive
margin-parallel sinusoidal and overlapping channels, defin-
ing the Miocene erosive surface (Figs. 8, 10b, c). These ero-
sional features are interpreted to have been formed by sub-
circular water and/or sediment motions flowing parallel to
the margin (i.e. erosive deep-water bottom currents) due to
their margin-parallel orientation. Supporting this interpreta-
tion is the fact the channels are confined between specific
isobaths along the palaeo-slope with the base of the overly-
ing sequence D3 displaying mounded geometries indicative
of mass flow (Figs. 8, 10c, d). The margin-parallel sinusoidal
channels are in contrast to the roughly slope-perpendicular
Oligocene canyon proposed to have been formed by a tur-
bidity current (Fig. 10). A bottom current that remains ac-
tive over prolonged periods of time (i.e. millions of years)
will affect sedimentation on the ocean floor, from the win-
nowing of fine-grained sediments to large-scale erosion and
deposition of coarse-grained sediments (Shanmugam, 2008;
Rebesco et al., 2008). Strong bottom currents preserve slope-
parallel erosional features reflecting the contoured flow of
either a thermohaline-, wind-, or tidal-driven (baroclinic cur-
rents) deep-water bottom current (Shanmugam, 2008). Tem-
perature and/or salinity differences in bodies of water along
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the continental slope cause vertically stratified water layers
of different densities resulting in baroclinic or geostrophic
flow.

Chaotic internal reflections of sequence D3 and the depres-
sion of the seafloor characterize a major slump scar reflect-
ing margin instability in Fig. 7. Internally, slumps are highly
deformed due to their rotational movement upon a concave-
upward glide plane (Shanmugam, 2017). The slump scar is
located directly above a syncline within Late Cretaceous sed-
iments (sequence B1) showing the underlying structural con-
trol of the Late Cretaceous DWFTB compressional domain.
Faults from the gravitational system, however, are not shown
to reach the seafloor but rather terminate along the Miocene
stratigraphic marker unless their displacements are below the
seismic resolution limit (Fig. 7). Notably, both the Oligocene
and most of the Miocene canyon-channel systems are located
above the transitional domain. The position of the Oligocene
canyon initially appears to be fault controlled since it occurs
directly above two opposite dipping faults, forming a horst
and graben feature in Fig. 8. In 3D, however (see Fig. 5),
both the Oligocene canyon and Miocene channels do not ap-
pear to be influenced by the underlying tectonics of the Late
Cretaceous since they do not follow the trend of underlying
faults. Rather, the vertical propagation of faults in the transi-
tional domain was hindered by the mass flow deposits over-
lying the Oligocene and Miocene stratigraphic markers.

5.3.2 Role of tectonics and oceanographic circulation
on Cenozoic sedimentation

The SW African margin is characterized mainly by retrogra-
dational sequences in the Cenozoic (e.g. Baby et al., 2018)
with elevated sedimentation rates occurring in the Oligocene
between ∼ 30–25 Ma (Baby et al., 2020). The Oligocene
stratigraphic marker corresponds to a major event recognized
in literature and seen throughout the African shelf (Fig. 4;
Siesser and Dingle, 1981; Miller et al., 1995; Séranne and
Anka, 2005). It was caused by margin uplift resulting in a rel-
ative sea-level fall (possibly beyond the shelf break which is a
topic of controversy in literature) and is evidenced by; tilting
topsets in the Walvis Basin, and a 350 m difference in eleva-
tion between the late Eocene and Oligocene shorelines of the
northern Orange Basin at ∼ 30 Ma, as observed in the shal-
lower reaches of the SW African margin (Hirsch et al., 2010;
Baby et al., 2018). Along the coast, well data from Saldanha
Bay record sea levels as low as −100 m during the Oligocene
(Roberts et al., 2017). The early Miocene corresponds to a
sea-level lowstand caused by tectonic uplift attributed to the
African superswell (Fig. 3; Séranne and Anka, 2005; Wigley
and Compton, 2006; Hirsch et al., 2010). Following this,
a major decrease in the supply of siliciclastic sediment is
recorded along the SW African margin at ∼ 11 Ma, account-
ing for the Miocene stratigraphic marker (Figs. 6, 7, 8, and
10; Baby et al., 2018). The decrease in sediment supply in
the Miocene is attributed to the aridification of the Namibian

margin at ∼ 17–15 Ma and the lack of margin uplift thus re-
ducing river flooding (e.g. Siesser, 1980). Controls other than
tectonics and the morphology of the margin need to be con-
sidered to fully understand the stratigraphy of the Cenozoic
megasequence, particularly for the mid-Miocene till present
as no major uplift event is recognized for the SW African
margin during this time (e.g. Siesser and Dingle, 1981).

The Miocene sinusoidal channels in this study were
formed by the interaction of parallel flowing bottom cur-
rents together with upwelling-induced erosion in the south
which both began at around the same time (see Sect. 2.4
for a full overview; Weigelt and Uenzelmann-Neben, 2004,
2007a). Based on the sequence stratigraphic interpretation
of sediments in the Cape Basin, Weigelt and Uenzelmann-
Neben (2004, 2007b) propose upwelling to have initiated
at around ∼ 14 Ma up until ∼ 1.5 Ma, and therefore earlier
than the ∼ 11 Ma suggested by Diester-Haass et al. (2004)
and Rommerskirchen et al. (2011). Together with the on-
set of the Benguela upwelling system (BUS), the dramatic
change in late Miocene to Plio-Pleistocene sedimentation
is attributed to the strong influence of slope-parallel deep
and bottom water currents formed at ∼ 10 Ma when terrige-
nous sediment sourced from the Orange and Olifants river
systems was negligible (Weigelt and Uenzelmann-Neben,
2004, 2007a). The bottom and deep-water currents offshore
of western South Africa include the upper warm northward-
flowing Antarctic Intermediate Water (AAIW) surface wa-
ters down to ∼ 1500 m water depths; the North Atlantic Deep
Water (NADW) between ∼ 1500 to 4000 m water depths; and
the deep Antarctic Bottom Water (AABW) beyond 4000 m
water depths (Weigelt and Uenzelmann-Neben, 2004). Since
the position of the channels occurs along the upper continen-
tal slope between ∼ 1200 to 1500 m, the specific bottom wa-
ter currents responsible for them are the upper northbound
AAIW and deeper southbound NADW. The wide ∼ 14 km
wide zone of sinusoidal scouring along the Miocene strati-
graphic marker (Fig. 10c, d) therefore marks the intersec-
tion of these concurrent flows. The present-day flow of bot-
tom currents is still strong enough to erode the slope as
seen off Cape Columbine (South Africa) with pole-ward cur-
rent speeds of 16.1 cm s−1 (Compton and Wiltshire, 2009).
The slope-parallel channels indicate that current speeds were
even greater in the Miocene, strong enough to erode the slope
and occurring over a prolonged period with their preserva-
tion linked to the lack of terrigenous input from the onshore
Olifants and Orange rivers.

Along the outer shelf of northern Namibia, Hopkins and
Cartwright (2021) similarly identified a closed ∼ 40 by
50 km kidney shaped depression that eroded late Miocene
sediments. The feature was likely formed by the erosive ac-
tion of bottom currents associated with the intensification of
the late Miocene BUS as evidenced from the orientation of
its entry point and the reflection geometry of infilling sed-
iment aligned parallel to the margin. Other possible mech-
anisms given for the feature included: (1) sea-level fall with
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margin uplift and (2) slumping or gravitational collapse, both
of which were rejected since there is no evidence for a dra-
matic sea-level fall recorded during this time (e.g. Siesser
and Dingle, 1981) and sediment has not been remobilized.
Furthermore, no visible channel feeds into the feature and
no faults are found beneath it. The configuration of infilling
sediments are downlapping clinoforms interpreted as diag-
nostic of contourites. Contourites are indicative of high sedi-
mentation rates and many of their depositional systems have
been discovered in major oceans worldwide whose bottom
currents are shown to have largely been initiated around the
Eocene–Oligocene boundary at ∼ 32 Ma and then later reac-
tivated or newly formed in the Miocene, reflecting the global
change in oceanic circulation (Rebesco et al., 2014).

Compared to the western South African margin, the
Namibian margin has thicker Miocene to Pliocene sedi-
mentary sequences, gradually thickening northwards, which
is attributed to the dramatic northerly intensification of
the BUS between both SW African margins (Weigelt and
Uenzelmann-Neben, 2007a). We relate the reworked sedi-
ments overlying the Miocene stratigraphic marker (sequence
D3) to sediment drifts transported by the erosive action of
the BUS, AAIW, and NADW (Figs. 6 and 8). In Weigelt and
Uenzelmann-Neben (2004), the interaction of the AAIW and
NADW is shown to have formed slumps in the late Ceno-
zoic succession of the Cape Basin. Likewise, in this study,
the seafloor slump scar observed in Fig. 7 may possibly
have been triggered by the AAIW and NADW, causing mass
movement above the weakest zone, directly above a syncline
from the Late Cretaceous DWFTB system with fault reacti-
vation. Although faults extending from the Albian shale de-
tachment surface do not appear to reach the seafloor slump
scar, it is possible that fault displacements in the younger
Cenozoic sediments are simply below the seismic resolu-
tion limit. Elsewhere along the western South African mar-
gin many Cenozoic to seafloor slumps have been identified
strongly influenced by the underlying structural framework
of DWFTB systems (e.g. Paton et al., 2008; Hirsch et al.,
2010).

5.4 Strato-structural evolutionary model of the
deep-water Orange Basin

Using the stratigraphic and structural observations made in
the present study, combined with previous literature on the
tectonics and stratigraphy of the Orange Basin (e.g. Weigelt
and Uenzelmann-Neben, 2004; 2007a; Séranne and Anka,
2005; Paton et al., 2008; Granado et al., 2009; Wigley and
Compton, 2006; de Vera et al., 2010; Hirsch et al., 2010;
Kuhlmann et al., 2010; Scarselli et al., 2016; Baby et al.,
2018), we present a model in Fig. 12 illustrating the temporal
evolution of the deep-water Orange Basin. Late Cretaceous
ages were assigned based on the major unconformities shown
in Fig. 4 (Brown et al., 1995; PASA, 2017). Cenozoic ages
are assigned and processes are based on the major unconfor-

mities observed offshore of SW Africa formed by tectonic
uplift (Oligocene) and oceanic currents (Miocene onwards)
(Weigelt and Uenzelmann-Neben, 2004, 2007a, b; Baby et
al., 2018). The following sequence of events is proposed
from the formation of a Late Cretaceous DWFTB system to
overlying Cenozoic canyon-channel systems and slumps in
the deep-water Orange Basin:

a. ∼ 103–93 Ma (Albian–Turonian):

– Following the full opening of the Atlantic Ocean
(Fig. 4), well-defined shelf, slope, and abyssal
plain environments developed along the margin and
gravitational collapse formed small-scale folds and
thrusts detaching the Albian shales.

b. ∼ 93–85 Ma (Turonian–Santonian):

– With margin uplift, listric normal faulting in the up-
dip extensional domain led to the formation of fold-
and-thrust belts in the down-dip compressional do-
main with faults detaching the Turonian shale de-
tachment surface. Thrusting was accommodated by
perpendicularly orientated oblique-slip faults ex-
tending from the translational domain.

c. ∼ 85–77.5 Ma (Santonian–late Campanian):

– With progressive sedimentation, oblique-slip faults
continued to act as lateral ramps for thrust sheets
to redistribute strain caused by continued down-dip
compression and deformation.

d. ∼ 30–25 Ma (Oligocene):

– A major sea-level fall following margin uplift led to
the formation of a large Oligocene canyon as sedi-
ments were eroded by a downslope turbidity current
(Figs. 8 and 10a, b).

e. ∼ 12–10 Ma (Miocene):

– Following margin uplift, multiple crosscutting and
sinusoidal channels in the Miocene formed by
the slope-parallel erosive action of the concurrent
NADW and AAIW ocean currents together with in-
tensification of the BUS (Figs. 6, 8, and 10c, d).

f. ∼ 12 Ma–0 Ma (Miocene–present):

– Slope instability triggered by ocean currents
formed Cenozoic to present-day seafloor slumps
(Fig. 7).

6 Conclusions

In this study, we provide insight into the kinematics, geome-
try, and displacement characteristics of structures observed
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within and above the compressional and translational do-
mains of a Late Cretaceous DWFTB system in the Orange
Basin using 3D reflection seismic data. These insights per-
mitted a greater understanding of the mechanisms responsi-
ble for deformation, sedimentation, and accommodation fol-
lowing gravitational collapse in the Late Cretaceous to Ceno-
zoic megasequences of the basin. Although no two DWFTB
systems may be exactly alike, the observations drawn add
to the limited understanding of what occurs in the transla-
tional domains of passive margin settings. The following ma-
jor conclusions have been drawn:

1. The translational domain of is a zone containing over-
printed features of both the extensional and compres-
sional tectonics.

– The downslope translation of sediment is accom-
modated by oblique-slip faulting extending from
the translational to the down-dip compressional do-
mains segmenting thrust sheets along-strike orthog-
onally. The difference and changes in slip along
each oblique-slip fault reflects the way in which dif-
ferential movement is accommodated for between
the footwall and hanging wall blocks of the thrust
sheets.

2. The morphology of the margin (i.e. slope steepness)
and sedimentation rates controlled structural and depo-
sitional elements of the Late Cretaceous Orange Basin.

– The Cenozoic canyon-channel systems occur
mainly above the Late Cretaceous DWFTB sys-
tem’s translational domain. Normal and oblique-
slip fault propagation from the translational domain
is hindered by mass flow deposits of the Oligocene
and Miocene shown by faults terminating at their
stratigraphic markers.

3. Mid-Cenozoic sedimentation and canyon-channel sys-
tems were controlled by slope-parallel ocean currents.

– The orientation of the Oligocene canyon, formed
with sea-level fall, is slightly deflected to the north
possibly reflecting the initiation of a northward-
flowing current.

– During the mid-Miocene slope-parallel oceanic
currents, together with the lack of sediment sup-
ply, were the main factors controlling sedimenta-
tion patterns with the Miocene erosional features,
representing the zone where the northward-flowing
AAIW and southward-flowing NADW intersected.
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Abstract
Many features indicative of natural gas and oil leakage are delineated in the deep-water Orange Basin offshore South 
Africa using 3D reflection seismic data. These features are influenced by the translational and compressional domains of an 
underlying Upper Cretaceous deep-water fold-and-thrust belt (DWFTB) system detaching Turonian shales. The origin of 
hydrocarbons is postulated to be from both: (a) thermogenic sources stemming from the speculative Turonian and proven 
Aptian source rocks at depth; and (b) biogenic sources from organic-rich sediments in the Cenozoic attributed to the Ben-
guela Current upwelling system. The late Campanian surface has a dense population of > 950 pockmarks classified into 
three groups based on their variable shapes and diameter: giant (> 1500 m), crater (~ 700–900 m) and simple (< 500 m) 
pockmarks. A total of 85 simple pockmarks are observed on the present-day seafloor in the same area as those imaged on 
the late Campanian surface found together with mass wasting. A major slump scar in the north surrounds a ~ 4200 m long, 
tectonically controlled mud volcano. The vent of the elongated mud volcano is near-vertical and situated along the axis 
of a large anticline marking the intersection of the translational and compressional domains. Along the same fold further 
south, the greatest accumulation of hydrocarbons is indicated by a positive high amplitude anomaly (PHAA) within a late 
Campanian anticline. Vast economical hydrocarbon reservoirs have yet to be exploited from the deep-water Orange Basin, 
as evidenced by the widespread occurrence of natural gas/fluid escape features imaged in this study.

Keywords  Deep-water Orange Basin · 3D reflection seismic data · Gas/fluid escape feature · Pockmarks · Mud volcano · 
PHAA anticline

Introduction

The southwest African passive margin has received much 
interest pertaining to the economical hydrocarbon sys-
tems found within the Orange and more southern Out-
eniqua basins (e.g., van der Spuy and Sayidini 2022). 
Deep-sea technological advances made by the petroleum 
industry since the 1970s have allowed the more distal 
regions of sedimentary basins to be explored. This has 
promoted interest in the study of complex geological 
structures known to either host or are indicative of gas/
fluid migration. The expression of fluid and gas migration 
through the sedimentary column is shown by a variety 
of features such as: gravity collapse structures, mounds, 
mud volcanoes, surface and buried pockmarks, diapirs, 
cold seeps and polygonal faulting (Cartwright et al. 2007; 
Hartwig et al. 2012; Ho et al. 2012). These features are 
often associated with seismic anomalies such as positive 
high amplitude anomalies (PHAAs), bottom simulating 

 *	 N. G. Maduna 
	 nombuso.maduna@gmail.com

	 M. S. D. Manzi 
	 musa.manzi@wits.ac.za

	 J. E. Bourdeau 
	 bourdeau.julie.e@gmail.com

	 Z. Jinnah 
	 zubair.jinnah@wits.ac.za

1	 School of Geosciences, University of the Witwatersrand, 
Johannesburg, South Africa

2	 Geological Survey of Canada, 601 Booth Street, Ottawa, 
ON K1A 0E8, Canada

3	 Wits Mining Institute, University of the Witwatersrand, 
Johannesburg, South Africa

91

http://crossmark.crossref.org/dialog/?doi=10.1007/s11001-023-09523-2&domain=pdf


	 Marine Geophysical Research           (2023) 44:17 

1 3

   17   Page 2 of 28

reflectors (BSRs), and pipe and chimney venting struc-
tures (Løseth et al. 2011; Gay et al. 2003; Cartwright et al. 
2007; Hustoft et al. 2010; Ho et al. 2012). Natural gas/
fluid escape features identified offshore South Africa and 
Namibia in the shallow Orange Basin include seafloor and 
buried pockmarks (Hartwig et al. 2012), seismic chimneys 
(Ben-Avraham et al. 2002; Paton et al. 2007; Kuhlmann 
et al. 2010; Boyd et al. 2011), mud diapers and volcanoes 
(Ben-Avraham et al. 2002; Viola et al. 2005), reflecting 
the basin’s underlying hydrocarbon system. Economical 
hydrocarbon reserves are proven in the Orange Basin, both 
in the shallow and deep-water environments (Boyd et al. 
2011; Isiaka et al. 2017; van der Spuy and Sayidini 2022). 
This is reflected by the Namibian Kudu and South African 
Ibubhesi gas fields which are in production along the shelf, 
and the recent deep-water hydrocarbon finds in Namibia 
from the Graaf-1 appraisal and Venus-1X wildcat wells 
which are directly adjacent to this study (Fig. 1). Since 
the deep-water discoveries in Namibia are in proximity to 
this study, and the two regions are similar in geology, the 
potential for proliferous hydrocarbon finds in the distal 
Orange Basin of South Africa is high.

The deep-water study area sits within a region of 
well-preserved Upper Cretaceous gravitational collapse 
structures, referred to as deep-water fold-and-thrust belts 
(DWFTBs) (Fig. 1; de Vera et al. 2010; Rowan et al. 2004; 
Nemcok et al. 2005; Paton et al. 2007). Key elements in 
the evolution of the Orange Basin have been constrained 
through various studies mostly using early 2D reflection 
seismic data, well logs, then much later 3D reflection seis-
mic data (e.g., Light et al. 1993; Clemson et al. 1997; de 
Vera et al. 2010; Hartwig et al. 2012; Dalton et al. 2015, 
2017; Collier et al. 2017; Baby et al. 2018; Mahlalela et al. 
2021; Maduna et al. 2022). These studies describe events 
within the late stages of continental breakup, including 
the stratigraphy, structure and formation of gravitational 
collapse structures together with the hydrocarbon poten-
tial of the basin. The observations are however limited 
in South Africa since few studies have integrated the 
known hydrocarbon system with the natural fluid/gas fea-
tures observed in relation to the underlying structure and 
stratigraphy of the passive margin, and even more so in 
the distal deep-water environments (e.g., Kuhlman et al. 
2010; Mahlalela et al. 2021). Furthermore, in contrast to 
the Namibian extent, the deep-water Orange Basin remains 
underexplored in South Africa due to the sparsity of wells 
and limited 3D reflection seismic data coverage (Fig. 1; 
PASA 2017; van der Spuy and Sayidini 2022). The main 
aim of basin analysis is in understanding the basin’s evo-
lution which is centred around the tectonic setting under 
which the basin formed, its depositional environment, and 
the presence, accumulation, and extent of hydrocarbons. 
In this study we attempt to better constrain these elements 

in the deep-water Orange Basin offshore South Africa. 
We use seismic attributes to resolve numerous natural 
gas/fluid escape features and describe their relationship 
to the underlying DWFTB system described in Maduna 
et al. (2022).

Regional setting

The study area is located in the deep-water Orange Basin 
offshore SW Africa between 1000 and 2000 m water depths 
(Fig. 1). The basin covers an overall area of ~ 160 000 km2 
with the southern and central extents located offshore west-
ern South Africa and the northern extent located offshore 
Namibia. The Cretaceous to present-day infill of the Orange 
Basin is derived from the South African Plateau (SAP) (or 
hinterland) with sediment transported by the Orange and 
Olifants rivers and their proto-equivalents since the Lower 
Cretaceous (Maslanyj et al. 1992; De Vera et al. 2010). The 
sedimentary succession is comprised of syn-rift sequences 
related to the break-up of Gondwana during the Late Juras-
sic, followed by drift (post-rift) sequences with the open-
ing of the South Atlantic (Fig. 2; Light et al. 1993). In the 
southern Orange Basin, the maximum depositional thickness 
is ~ 3 km, while in the north, the sedimentary succession 
reaches ~ 7 km (Kuhlmann et al. 2010). The structural and 
stratigraphic evolution of the SW African margin has been 
analysed mostly using seismic data and well logs, includ-
ing the study of sediment accumulation rates, solid phase 
volumes and thermo-chronometric datasets (e.g., Light et al. 
1993; de Vera et al. 2010; Hirsch et al. 2010; Baby et al. 
2018, 2020; Maduna et al. 2022).

Offshore structural framework

The pre-rift basement offshore SW Africa is comparable 
to the complex onshore Proterozoic to Early Paleozoic Pan 
African Gariep Belt (Clemson 1997; Frimmel et al. 2011; 
Mohammed et al. 2017). A 30 km wide, N–S orientated 
zone of pronounced flexure, known as the ‘hinge line’, has 
separated regions of uplift and subsidence since the Meso-
zoic in the pre-rift basement (Light et al. 1993; Clemson 
et al. 1997; Mohammed et al. 2017; Baby et al. 2018). 
The hinge line forms a critical boundary separating the 
margin’s offshore and onshore morphologies (Light et al. 
1993; Clemson et al. 1997; Aizawa et al. 2000) and its 
flexure reflects its progressive landward migration (Baby 
et al. 2018). The hinge line is offset by several NE–SW 
fracture zones (segment boundaries) which partitioned 
rifting during the break-up of Gondwana between the Mid-
dle to Late Jurassic (160 to 130 Ma) (Clemson et al. 1997). 
Seaward dipping reflectors (SDRs) observed in the upper 
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Fig. 1   Map of the SW African 
margin showing a known and 
predicted hydrocarbon systems, 
wells, position of sections in 
Fig. 3, and DWFTBs in the 
South African Orange Basin; 
and b location of the present 
study area in green
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Fig. 2   Chronostratigraphy and sequence stratigraphy of the Orange Basin throughout the evolution of the margin using the stratigraphic nomen-
clature developed by PetroSA (previously Soeker) (Brown et al. 1995; PASA 2017)
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basement lithologies of the SW African margin reflect the 
volcanic evolution of the passive margin during rifting 
(Clemson et al. 1997; Menzies et al. 2002; Séranne and 
Anka 2005). The SDRs form a thick > 3 km package com-
parable in age to the Parana-Etendeka Large Igneous Prov-
ince at ~ 135 Ma (Koopman et al. 2016; Baby et al. 2018).

The zipper-like south to north opening of the South Atlan-
tic Ocean occurred through right-lateral strike-slip motion 
along the NE–SW fracture zones (Light et al. 1993). Viola 
et al. (2012) places the opening of the South Atlantic Ocean 
at ~ 134 Ma, following ENE-WSW extension and rifting. The 
spreading oceanic ridge marks the onset of drift; the second 
major phase of margin evolution following the break-up of 
Gondwana (Séranne and Anka 2005; Granado et al. 2009). 
The spreading centre propagated northwards over a 40 my 
rift-drift transition period (Viola et al. 2012), with drift sub-
dividing the margin into well-defined shelf, slope and basinal 
environmental settings (Light et al. 1993). The oldest evi-
dence of mid-oceanic ridge activity and the transition to oce-
anic crust occurs at the M3 magnetic anomaly, between the 
Hauterivian and Barremian sequences at 127 Ma (Séranne and 
Anka 2005). The Orange, Lüderitz and Walvis basins formed 
in zones of greatest subsidence between the Rio Grande Frac-
ture Zone to the north and Aghulhas-Falkland Fracture Zone 
to the south (Light et al. 1993; Clemson et al. 1997; Séranne 
and Anka 2005). The smaller Cape and Outeniqua basins also 
formed south of the Orange Basin. The predominant struc-
tural grain and trend of all structural lineaments is NW–SE to 
NNW–SSE, following the regional foliation of the SW Afri-
can margin (Light et al. 1993; Wildman et al. 2015).

Offshore stratigraphy

The presence of SDRs together with rotated and eroded 
extensional fault blocks in the syn-rift sequence are evidence 
of the tectonic control on sedimentation along the SW Afri-
can margin during this time (Maslanyj et al. 1992; Light et al. 
1993; Granado et al. 2009). The syn-rift sequence is com-
prised of isolated half-grabens infilled with interbedded Late 
Jurassic to Lower Cretaceous (late Hauterivian) siliciclastic 
and volcaniclastic sediments (Fig. 2; Jungslager 1999; Paton 
et al. 2008). The onset of drift began with the deposition of 
Lower Cretaceous to present-day post-rift clastic sediments 
above the Hauterivian break-up unconformity (Fig. 2; Light 
et al. 1993; Menzies et al. 2002; Granado et al. 2009; de Vera 
et al. 2010). Early drift sediments correspond to black shales 
and claystones, while late drift sediments are interbedded 
heterolithic shales and claystones (Dalton et al. 2017).

Sedimentation in the Upper Cretaceous was primarily 
driven by tectonics with climate and oceanic circulation 
playing little to no role as the difference in pole and equa-
tor temperatures were low (Maslanyj et al. 1992; Light et al. 
1993; Granado et al. 2009; Uenzelmann-Neben et al. 2017). 

In the Cenozoic sedimentation and facies distribution were 
strongly affected by oceanographic processes and climatic 
changes (Light et al. 1993; Weigelt and Uenzelmann-Neben 
2004). The early Oligocene opening of the Drake Passage 
in the south created the cooler Antarctic Circumpolar Cur-
rent and Atlantic meridional overturning circulation currents 
leading to the subsequent development of thermally stratified 
bottom and deep-water currents in the Miocene (Weigelt and 
Uenzelmann-Neben 2004; Uenzelmann-Neben et al. 2017). 
Southern-sourced bottom and deep-water currents responsible 
for depositional changes observed since the Miocene offshore 
SW Africa include the Antarctic Intermediate Water current, 
North Atlantic Deep Water, and deep Antarctic Bottom Water 
currents, together with the Benguela Coastal Current (Weigelt 
and Uenzelmann-Neben 2004). These thermally stratified 
countercurrents led to cold water upwelling of the Benguela 
Current in the Miocene intensifying at ~ 11 Ma (Diester-Haass 
et al. 2004; Rommerskirchen et al. 2011).

The post-rift stratigraphy of the Orange Basin has been 
well-described and subdivided in terms of several strati-
graphic units/sequences separated by key stratigraphic mark-
ers/bounding surfaces (e.g., Emery et al. 1975; Bolli et al. 
1978; Brown et al. 1995; Holtar and Forsberg 2000; Paton 
et al. 2008; Granado et al. 2009; De Vera et al. 2010; Kuhl-
mann et al. 2010; Dalton et al. 2017; Baby et al. 2018; Maduna 
et al. 2022). Several phases of uplift and denudation in the 
post-rift succession have enhanced gravitational processes 
within the basin, responsible for both crustal thinning and the 
inversion of extensional faults (e.g., Granado et al. 2009; De 
Vera et al. 2010; Hirsch et al. 2010; Brown et al. 2014; Wild-
man et al. 2015). Periods of elevated sedimentation rates are 
recorded mostly in the Upper Cretaceous (93.5–66 Ma), then 
later in the Oligocene (~ 30–25 Ma) successions (Baby et al. 
2020). Elevated sedimentary flux in the Upper Cretaceous 
corresponds to a major uplift of the South African Plateau 
(De Vera et al. 2010; Hirsch et al. 2010), caused either by a 
dynamic topography as the African plate moved over the Afri-
can Superplume found in the lower mantle, or via lithospheric 
delamination/metasomatism (Baby et al. 2020). Gravitational 
collapse structures (DWFTB systems) found in the Orange 
Basin (Fig. 3) formed in response to this major margin uplift 
together with seaward tilting, significantly eroding the inner 
margin (Paton et al. 2008; Granado et al. 2009; Hirsch et al. 
2010; De Vera et al. 2010; Kuhlmann et al. 2010).

Aptian-, Turonian- and Cenomanian-aged maximum 
flooding surfaces are seaward-dipping, over-pressured shale 
detachments upon which gravitational sliding of DWFTB 
systems occur in the Orange Basin (Brown et al. 1995; Mor-
ley et al. 2011; Dalton et al. 2015; Baby et al. 2018; Maduna 
et al. 2022). A full system consists of a linked: (1) up-dip 
extensional domain with listric normal faults separating 
convex-upward growth strata; (2) central transional (or trans-
lational) domain with complex overprinted extensional and 
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compressional tectonics; and (3) down-dip compressional 
domain where folds and thrust faults occur (Fig. 3; Rowan 
et al. 2004; Bilotti and Shaw 2005; Morley et al. 2011). Toe 
thrusting and folding occurs within an approximately 3 km 
thick section extending for up to 60 km in the direction of 
transport in the compressional domain (Morley et al. 2011). 

The study of DWFTB systems has grown because of their 
association with economic hydrocarbon reserves in the dis-
tal folds of anticlines (compressional domain); for example, 
the northern Orange Basin in Namibia (van der Spuy and 
Sayidini 2022) and the Niger Delta (Bilotti and Shaw 2005; 
Corredor et al. 2005; Krueger and Gilbert 2009).

Fig. 3   2D seismic profiles through DWFTB systems of the Orange 
Basin showing; a a full DWFTB system comprised of an up-dip exten-
sional, central transitional (or translational) and down-dip compres-
sional domain (De Vera et al. 2010); and b the detailed translational 

and compressional domains imaged in the present study area (Maduna 
et al. 2022). Abbreviations: Al Albian, Tu Turonian, Sa Santonian, Ma 
Maastrichtian, e. Ca early Campanian, l. Ca late Campanian, Oli Oli-
gocene, Mio Miocene, and sf seafloor. Vertical exaggeration = 5
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Hydrocarbon system

Exploration in the shallow shelf environments of the Orange 
Basin has confirmed several petroleum systems sourced from 
Barremian to Albian, and possibly Turonian shales (Aldrich 
et al. 2003; van der Spuy 2003). The two commercial hydro-
carbon plays in the shallow proximal settings of the South 
African basin are the Ibhubesi gas field (Fig. 1) and A-J 
oil syn-rift system (van der Spuy and Sayidini 2022). The 
Ibhubesi gas field is sourced from the lower Aptian source 
shales located in the depocentre of the Orange Basin with res-
ervoirs stratigraphically trapped in fluvial channel-fill sand-
stones (PASA 2017). A similar gas play in the shallow shelf 
regions is the Kudu gas field, offshore southern Namibia 
(Fig. 1). The Kudu gas field is sourced from Barremian shales 
with reservoirs stratigraphically trapped within aeolian sand-
stones (PASA 2017). These plays both have the potential of 
multi-TCF (trillion cubic feet) natural gas reserves. The only 
oil system found in the shallow shelf region occurs within 
the isolated A-J half-graben sourced from rich Hauteriv-
ian lacustrine shales (Jungslager 1999). Oil reservoirs are 
stratigraphically trapped within lake shoreline sandstones 
interbedded within the source rocks (PASA 2017). Results 
from the DSDP 361 borehole and a possible Turonian oil 
source rock imaged the Bredasdorp Basin, indicates that the 
Orange Basin becomes increasing oil-prone distally (Fig. 1; 
van der Spuy 2003; PASA 2017). This is proven in Namibia 
as recent significant light oil discoveries were made from 
Shell’s Graff-1 appraisal well and TotalEnergies’ Venus-
1X wildcat well drilled between 2 and 3 km water depths 
with reservoirs speculated to be located in the significantly 
older Aptian to lower Albian sediments (Fig. 1; Heins 2022; 
van der Spuy and Sayidini 2022). Currently, South Africa’s 
largest deep-water prospect is found within the southern Out-
eniqua Basin’s Brulpadda blocks, hosting an average of one 
billion BOE (barrel of oil equivalent) of natural gas conden-
sate (Feder 2019). Due to the harsh conditions imposed by 
the setting of the strong Agulhas current, however, not much 
progress has been made in drilling (L’Arvor et al. 2020).

Overview of natural gas/fluid escape 
features

The most well-known seafloor (or palaeo-seafloor) expres-
sions of vertically focussed fluid flow in hydrocarbon sys-
tems include mud volcano systems and pockmarks. These 
surface expressions are linked to subsurface processes such 
as pipes and chimneys, formed within fracture zones, reflect-
ing the focussed movement of gas, fluids and large sedi-
mentary masses in the case of mud volcanoes (Mazzini and 
Etiope 2017).

Surface expression of natural gas/fluid flow

Mud volcanoes, first recognised and described in the 
1970s, are unstable topographical features formed by 
rapid rates of relative methane expulsion, with rates high 
enough to remobilize sediment and fluids to the surface 
(Roberts et al. 2006; Judd and Hovland 2007; Andresen 
2012). Mud volcanoes episodically vent a mixture of gas 
(large amounts of hydrocarbon gas and methane, and lesser 
amounts of CO2, N2 and He), oil, water, mud and rock 
fragments (constituents forming the mud breccia) in a 
process termed ‘sedimentary volcanism’ (Dimitriv 2002; 
Judd and Hovland 2007; Mazzini and Etiope 2017). Sedi-
mentary volcanism is driven by the gravitative instabil-
ity of buoyant shales and fluid overpressures, leading to 
hydrofracturing and the subsequent flow of fluids along 
permeable fractures (Mazzini and Etiope 2017). The most 
extensive mud volcanoes systems are found in the offshore 
environment since water-saturated conditions yield low 
viscosity flows (Mazzini and Etiope 2017). In compres-
sional margins Judd and Hovland (2007) note that there is 
a relationship between earthquakes and mud volcanoes; a 
major earthquake may be triggered sedimentary volcan-
ism, which may in turn trigger minor earthquakes. From 
satellite imagery and field observations, the distribution of 
mud volcanoes is shown to be often structurally controlled 
as they occur with normal faults, strike-slip faults, fault-
related folds and along the axis of anticlines (Mazzini 
et al. 2009; Mazzini and Etiope 2017).

Pockmarks are elliptical or cone-shaped depressions 
in fine-grained sediment (Hovland and Judd 1988), and 
were first documented by King and MacLean (1970) on 
the Scotian shelf. Unlike the large vent feeding a mud vol-
cano, the flux of gas-saturated mud in blowout pipes is 
moderate, and therefore insufficient to form a large edifice 
on the seafloor resulting in the formation of smaller pock-
marks (Roberts et al. 2006; Cartwright 2007). The escape 
of fluids erupting to the surface is envisaged to be quite 
violent durring the initial formation of pockmarks then 
followed by smaller seepages along the same migration 
pathway (Judd and Hovland 2007). The size of pockmarks 
varies depending on the grain size of sediments they are 
hosted in (Judd and Hovland 2007), and type and size of 
the underlying conduit. Numerous pockmarks have been 
described both in the shallow (Jungslager 1999; Kuhlman 
et al. 2010; Hartwig et al. 2012; Isiaka et al. 2017; Palan 
et al. 2020) and deep-water reaches (Mahlalela et al. 2021) 
of the Orange Basin on the palaeo-Cenozoic and current 
seafloors. In the shallow water reaches of the basin, sea-
floor pockmarks are associated with active faults (e.g., 
Jungslager 1999; Hartwig et al. 2012).
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Subsurface expression of natural gas/fluid flow

The gas and fluid pathways responsible for the surface 
expression of gas/fluid escape features are created by discon-
tinuities and unconformities primarily in the form of faults, 
faulted anticlines, salt diapirs and structural surfaces along 
the bedrock (Gay et al. 2003). A type of faulting system 
above hydrocarbon reservoirs in fine-grained sediment are 
polygonal faults describing a honeycombed hydraulic frac-
turing pattern in planform (Henriet et al. 1991; Cartwright 
1994, 2007). Polygonal faults are often linked to pockmark 
formation acting as fluid migration pathways (Cartwright 
et al. 2003; Gay et al. 2006, 2007). Polygonal faults are 
attributed to mechanisms such as differential compaction 
and dewatering, overpressures, density inversion and disso-
lution-induced shear failure (Cartwright et al. 2003; Cart-
wright 2007, 2011).

Seismic chimneys and pipes are the most common subsur-
face processes reflecting the vertical movement of gas/fluids 
through fracture systems to the surface (Løseth et al. 2011; 
Gay et al. 2006, 2007; Cartwright et al. 2007). Chimneys 
indicate slow methane expulsion rates, while smaller pipes 
which lead to surface pockmarks are indicative of moderate 
methane expulsion rates (Roberts et al. 2006). According to 
Andresen (2012), a chimney is defined as a wide (sometimes 
narrow) vertical zone of focussed fluid flow characterised by 
low amplitude, disrupted or chaotic reflectors; and a pipe is 
defined as a narrow (< 300 m) vertical zone of focussed fluid 
flow mainly characterised by stacked, high amplitude anom-
alous reflectors. There are many hypotheses when it comes 
to the formation of seismic pipes and chimneys, discussed 
in detail by Cartwright and Santamarina (2015). Hypoth-
eses include hydraulic fracturing and erosive fluidization 
(Brown 1990; Løseth et al. 2009, 2011; Cartwright et al. 
2007), capillary invasion (Cathles et al. 2010), localized sub-
surface volume loss similar to the formation of mud volcano 
pathways (Roberts et al. 2006) and syn-sedimentary forma-
tion (Cartwright and Santamarina 2015). The most popular 
hypothesis of pipe and chimney formations is hydraulic frac-
turing caused by the combined effects of elevated pore fluid 
pressures with fluid-driven erosion (Cartwright 2007). Other 
subsurface processes include mud intrusions and mounds, 
domes, dewatering pipes, domes, diapirs and diatremes; all 
of which are referred to as piercement structures by Mazzini 
and Etiope (2017).

Data and methods

Seismic acquisition, processing, and interpretation

Three deep-water 3D seismic surveys have been conducted 
in the deep-water extents of the South African Orange 

Basin (van der Spuy and Sayidini 2022). The first acquired 
in 2002 exhibited low signal-to-noise ratio; then, between 
2012 and 2014, two large, higher-resolution 3D seismic 
surveys were conducted. This present study uses a por-
tion of the northern-most 3D seismic dataset bordering 
the Namibian maritime licensing region (Fig. 1). Shell 
Global Solutions International commissioned the present 
study’s high-resolution 3D seismic survey between 2012 
and 2013 (Kramer and Heck 2014). The survey was con-
ducted in a ~ NNW to SSE orientation, covering a total 
area of ~ 8200 km2 (Fig. 1b). However, in this study, we 
interpret the northernmost ~ 1800 km2 portion of the full 
seismic dataset bordering Namibia.

Seismic acquisition was conducted onboard the Dolphin 
Geophysical Polar Duchess using the UTM Zone 33S, 
central meridian 15° map projection. The source used was 
an array of dual airguns 15 m in length with a separation 
of 100 m, volume of 4100 cubic inches, 25 m shot point 
interval (flip/flop) towed at 8 m depths. The group inter-
val and group length for the 7950 m long streamers were 
both 12.5 m, with each of the 8 streamers being 7950 m 
in length, separated by 200 m. The data were recorded in 
SEG-D format with a record length of 7186 ms, sampled 
at a rate of 2 ms using a low-cut and high-cut frequency 
of 4.4 Hz at a 12 db/Oct slope and 214 Hz at a 341 db/Oct 
slope, respectively. Following pre-processing involving 
data conversion from SEG-D to SEG-Y output onboard the 
Dolphin Geophysical Polar Duchess, full seismic process-
ing was carried out by the Netherlands Global Processing 
team using Shell’s proprietary SIPMAP software. Process-
ing was done at 4 ms from SEGY field tape data through 
surface-related multiple elimination (SRME) using 3D 
SRME and anisotropic Kirchhoff pre-stack depth migra-
tion (PSDM). The original acquisition grid for the inline 
and crossline was 6.25 m × 50 m, respectively. Following 
PSDM migration, the final crossline and inline cell size 
output is given as 25 × 25 m according to Shell’s report for 
the study area (Kramer and Heck 2014). The full acquisi-
tion and step-by-step processing parameters are added as 
tables in the supplementary material.

In this study, the data are geologically interpreted using 
Schlumberger’s Petrel software. The seismic data has a 
dominant frequency of 20 Hz and an average velocity of 
2400 m/s (see Kuhlman et al. 2010). With a wavelength of 
120 m, the vertical seismic resolution is calculated to be 
either 60 or 30 m based on the ½ and ¼ wavelength crite-
ria, respectively (Yilmaz 2001). The horizontal resolution 
for migrated seismic data is defined by ½ the wavelength 
(i.e., 60 m for these data) (Herron 2011). However, this 
resolution is also dependent on the quality of the data, bin 
size or trace spacing and geometry of the survey (Lebe-
deva-Ivanova et al. 2018).
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Application of seismic attributes

Seismic attributes were applied to the seismic data to 
image features below the vertical and horizontal resolution 
limits as in Manzi et al. (2013) and Sehoole et al. (2020). 
Volumetric attributes applied to the full seismic dataset 
prior to seismic interpretation include variance, general-
ized spectral decomposition (GSD), envelope, sweetness 
and the iterative root mean square (RMS) amplitude. Since 
seismic attributes are sensitive to noise, structural smooth-
ing was first applied to the full seismic volume to pre-
condition the data and enhance the signal-to-noise (S/N) 
ratio (Randen et al. 2000). Variance was then applied to 
the structurally smoothed dataset. Variance is an attribute 
that highlights discontinuities by measuring local devia-
tions in the seismic signal through a coherency analysis 
(Silva et al. 2005; Maselli et al. 2019). Envelope is the 
most popular trace attribute used to detect hydrocarbons 
as it highlights acoustic impedance contrasts in sandstone 
reservoirs as bright spots (Koson et al. 2014). The RMS 
amplitude (iterative) and sweetness attributes are highly 
correlated to envelope and are therefore also used to detect 
‘bright spots’ (i.e., possible hydrocarbon reservoirs). The 
RMS amplitude (iterative) is a smoother, scaled estimate 
of the trace envelope (Koson et al. 2014). It computes the 
root mean square (RMS) iteratively on instantaneous trace 
samples over a user-specified vertical window. The sweet-
ness attribute, defined as envelope divided by the square 
root of instantaneous frequency, is often used to image 
coarse-grained sandstone reservoirs. GSD uses the concept 
of unravelling the seismic waveform back to its pre-com-
puted waveforms and constituent frequencies (Chopra and 
Marfut 2005; Koson et al. 2014). Tuning the seismic data 
to specific frequencies allows subtle changes in lithology 
or flow barriers to be detected (Chopra and Marfut 2005). 
The GSD attribute is also used as a direct hydrocarbon 
indicator, known to show gas charged reservoirs (Burnett 
et al. 2003; Naseer et al. 2017). Horizon-based attributes 
were applied once sufficient seismic interpretation had 
taken place on surfaces of interest. These include the edge 
detection, and influential data attributes; structural opera-
tions applied to the seafloor and late Campanian surfaces 
to highlight 3D geometric variations introduced by fault 
displacements and gas/fluid escape features. Edge detec-
tion extracts an edge model to enhance discontinuities by 
combining the dip and dip azimuth properties and normal-
izing these to the local noise of the surface (Randen et al. 
2000; Manzi et al. 2012). Influential data is essential to 
ensuring sensible geometric form as it enhances areas of 
rapid 3D geometric variation. Prior to edge detection and 
surface smoothing, however, surface smoothing was first 
applied to filter out anomalous peaks and noise on each 
surface.

Seismic interpretation strategy

The seismic stratigraphy is described using Mitchum et al. 
(1977)’s classical approach whereby stratal termination 
patterns (downlap, onlap, toplap erosional truncation and 
concordance) separate the sedimentary succession into 
seismic facies or sequences with distinct internal reflection 
geometries (e.g., parallel, subparallel, divergent, prograding, 
chaotic, sigmoid, hummocky). The surfaces that separate 
these sequences are erosional or conformable stratigraphic 
markers created through the interaction of sedimentation and 
sea-level fluctuations as depositional regimes change (Catu-
neanu 2006). The stratigraphic markers used in this study 
were chosen because of their dominant high amplitudes and 
lateral continuity observed throughout the seismic volume. 
Since no wells are present in the deep-water region, a direct 
well tie could not be performed on the dataset to calibrate 
the geological ages to the stratigraphy. Geological ages were 
assigned based on the comparison of previous Orange Basin 
studies with seismic data and well logs (e.g., Brown et al. 
1995; de Vera et al. 2010; Kuhlmann et al. 2010; Hirsch 
et al. 2010; Baby et al. 2018). The stratigraphic markers 
identified in the Cretaceous are the Albian, Turonian, San-
tonian, early Campanian, late Campanian and Maastrichtian 
surfaces (Fig. 3b). According to the offshore stratigraphic 
nomenclature developed by PetroSA the stratigraphic mark-
ers in this study correspond to the 14At1, 15At1, possibly 
16Dt, 17At1 and 22At1 unconformities, respectively (Fig. 2; 
Brown et al. 1995). In the Cenozoic succession we identi-
fied the Miocene and Oligocene erosional unconformities 
(Fig. 3b), which were also recognised by Baby et al. (2018). 
The sedimentary succession is subdivided into four megas-
equences (A–D) reflecting the three major phases of margin 
evolution early drift (A), late drift (B1–C3) and Cenozoic 
(D1–D3) (Fig. 3b) as in Dalton et al. (2017).

Results and interpretations

This study’s seismic volume images the up-dip transitional 
and down-dip compressional domains of a Upper Cretaceous 
DWFTB system and the overlying Cenozoic succession 
between 1000 and 2000 m below sea level (mbsl) (Figs. 1, 
3b and 4). The evidence for fluid and natural gas seepage in 
the seismic volume includes polygonal faults, pockmarks, 
a HPAA anticline and a mud volcano, well imaged on the 
late Campanian surface (Fig. 4). The structural framework 
associated with all these gas/fluid escape features include a 
combination of thrust faults, normal faults and oblique-slip 
faults associated with the Upper Cretaceous DWFTB system 
(Fig. 3b). Influential data (using two different colour tables) 
and edge detection were two key horizon-based attributes 
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Fig. 4   3D late Campanian surface covering the full study area (Fig. 1) 
imaged with the influential data attribute (using a white–grey–black 
colour scale) to highlight features influencing the 3D form of the 
surface. The surface is highly pockmarked (pockmarks outlined by 
coloured polygons) with the greatest concentration of pockmarks 
occurring in the S (bottom left). Other features highlighted include 
polygonal faults in the E and SE, and an elongated mud volcano with 
few pockmarks surrounding it in the NW. Vertical exaggeration = 5

Fig. 5   3D view of an inline and crossline, together with the variance 
attribute timeslice (located just blow the late Campanian surface) 
showing polygonal faults in cross section and their characteristic 
honey-combed pattern. PHAA positive high amplitude anomaly. Ver-
tical exaggeration = 5

applied to better enhance all these features, together with 
the variance volumetric attribute enhancing discontinuities.

Late Campanian pockmarks

There are over 950 well-preserved, elliptical-shaped 
depressions characteristic of pockmarks on the late 
Campanian surface (Fig.  4). The most efficient hori-
zon-based attribute used to image these pockmarks 
clearly on the whole surface was influential data using 
a white–grey–black colour table (see Fig. 4). Late Cam-
panian pockmark formation is strongly associated with 

polygonal faulting in the eastern and southeastern sec-
tions of the study area, as many pockmarks of the surface 
are bound within them (Figs. 4, 5 and 6a). The variance 
time slice placed just above the translational domain of 
the Upper Cretaceous DWFTB system in Fig. 5 (south 
eastern portion of Fig. 4) displays the honey-combed pat-
tern of polygonal faulting. Faults dip 45°, on average, and 
have variable dip directions accounting for the polygo-
nal pattern seen in planform. Individual fault throws are 
30–50 m and the distance between each fault (the size 
of each closed polygon cell) ranges from ~ 800 to 1200 m 
(Fig. 5). Most faults in the study area initiate from the 
Turonian shale detachment surface at depth and terminate 
around the late Campanian surface (Fig. 3b). Some of the 
faults in the eastern section of the study area, however, ter-
minate at the Oligocene or Miocene surfaces (Cenozoic). 

Pockmarks on the late Campanian surface were catego-
rized into three different groups based primarily on their 
size and shape as: giant (8), crater (~ 20) and simple (> 900) 
pockmarks. Giant pockmarks are greater than 1500 m in 
diameter with a ~ 1:16 depth-to-diameter ratio (Figs. 6 and 
7). Crater pockmarks, named so because of their resem-
blance to simple crater meteorite impact structures, are 
mostly ~ 800 m in diameter with a 1:7 depth-to-diameter 
ratio. Crater pockmarks are linked to polygonal faults in the 
eastern section of the study area (Figs. 4, 5 and 6). Simple 
pockmarks are regular elliptical-shaped depressions with the 
smallest sizes (> 500 m diameter and metre-scale deep). All 
the different types of pockmarks observed on the late Cam-
panian surface are shown in Fig. 6 (a zoomed in portion of 
Fig. 4 in the SE). Figure 6a shows the association of different 
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Fig. 6   Different types of pockmarks on the late Campanian surface 
shown using: a the influential data attribute (using a contrast black to 
white colour table), and b the edge detection attribute on a zoomed in 
section

types of pockmarks to surrounding faults and fractures, and 
Fig. 6b is a close-up using the edge detection attribute.

Giant pockmarks are the largest pockmarks identified 
in the study, being 1500–2000 m in diameter (Figs. 6 and 
7) and ~ 120 ms TWT (c. 114 m) deep (TWT-depth con-
version using velocities of 1900 m/s ± 10%; cf. Kuhlmann 
et al. 2010). There are a few (8) of these large, cone-shaped 
depressions throughout the study area (e.g., Fig. 6) often 
linked to wide chimneys at depth (Fig. 7a). An example of 
a giant pockmark is shown in Fig. 7. The inline in Fig. 7a 

shows a large, dome-shaped anomaly of convex upwards 
deformed sediments leading up to the feature. This 1800 m 
wide zone of disrupted reflectors is a seismic chimney. The 
giant pockmark is bound between normal faults terminating 
above the Maastrichtian surface. Figure 7b, a crossline sec-
tion, shows the pockmark’s direct underlying stratigraphy is 
disrupted by normal faults. Smaller, simple pockmarks may 
occur within giant pockmarks as seen in Fig. 7b and the 3D 
image in Fig. 7c.

Pockmarks displaying a “crater-like” morphology in 
plan and cross-section (Figs. 6 and 8) are classified as crater 
pockmarks in this study. Crater pockmarks are 700–900 m 
in diameter (Fig. 6) and are approximately 120 ms TWT 
(c. 114 m) deep (TWT-depth conversion using velocities 
of 1900 m/s ± 10%; cf. Kuhlmann et al. 2010). They have 
slightly raised wing-shaped rims giving them their distinc-
tive “simple crater-like” morphology (Fig. 8b, c). Compared 
to giant pockmarks (Fig. 7) they are more circular in plan 
view (Fig. 6b) and symmetrical in cross-section (Fig. 8a, b). 
Crater pockmarks are confined to the SE region of polygonal 
faulting above the transitional domain (Fig. 6). The crater 
pockmarks are situated directly in the centre of polygonal 
fault cells (Figs. 6a and 8b). Intriguingly, these pockmarks 
are not associated with large zones of disrupted reflectors 
directly beneath them but appear to be related to faults and 
fracture zones (Fig. 8).

Simple pockmarks are much smaller in size, most are 
metre-scale in depth and less than 300 m in diameter, dis-
playing elliptical- to cone-shaped morphologies (Figs. 7a, b 
and 9a). Furthermore, they lack the outer wing-shaped rims 
and are distributed throughout the late Campanian surface, 
unlike crater pockmarks which are confined to polygonal 
faulted areas above the translational domain (Figs. 4, 6 and 
9a). Many simple pockmarks occur along faults (Fig. 6a), 
and others occur either randomly in between faults or follow 
a trend in seemingly un-faulted regions indicating possible 
microfractures (Fig. 9a). While giant pockmarks are linked 
to seismic chimneys at depth (Fig. 7), both crater and simple 
pockmarks are linked to faults at depth which are often dif-
ficult to distinguish (Figs. 8 and 9c, d). Pockmarks do not 
appear to be linked to any pipes at depth (Fig. 8a), however, 
this may be due to possible pipe widths being below the 
seismic resolution limit.

Seafloor pockmarks and mass wasting

There are 85 pockmarks imaged on the seafloor with the 
greatest concentration occurring in the central and southern 
region of the study in the down-dip direction above compres-
sional domain (Fig. 10). Seafloor pockmarks are similar to 
the late Campanian’s simple pockmarks, although slightly 
larger in size, with most being ~ 400 m in diameter and less 
than 120 ms TWT (c. 114 m) deep (TWT-depth conversion 
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Fig. 7   Example of a giant pockmark with a smaller, simple pockmark 
enclosed within it; a inline section showing a chimney leading up to 
the giant pockmark, b crossline section and interpretation of the giant 
and simple pockmark, c 3D influential data view of the giant and sim-
ple pockmark using the standard red-grey-blue colour scale. Vertical 
exaggeration = 5

◂

using velocities of 1900 m/s ± 10%; cf. Kuhlmann et al. 
2010). Seafloor pockmarks are strongly influenced by the 
underlying stratigraphy with most occurring directly above 
those imaged on the late Campanian surface or following the 
same trend. An example of this is shown in Fig. 9a and b; 
fewer, larger pockmarks occur on the seafloor following the 
same NE-SW trend of those on the late Campanian surface. 
A conjoined simple pockmark pair on the late Campanian 
surface is shown to correspond to one large pockmark on 
the seafloor in the NW region of Fig. 9a and b. No other 
pockmarks are observed in the stratigraphy between the two 
surfaces, nor are there clearly distinguishable faults, pipes 
or chimneys leading up from the late Campanian to seafloor 
surfaces.

The only notable features observed between the late Cam-
panian and seafloor surfaces, following the trend of both 
surfaces’ pockmarks, are normal faults with some forming 
the sidewalls (gliding planes) of slides (Fig. 9c and d). The 
slides are coherent masses of sediment with little internal 
deformation. They are ~ 2–4 km in diameter with rotational 
slip occurring along the Miocene and Oligocene surfaces. 
In Fig. 9d original bedding planes are shown to have been 
rotated by the gliding plane of the slide. Some seafloor pock-
marks are found within slides in the centre of the study area 
in the region directly above a late Campanian PHAA anti-
cline (Fig.), and in the south (Figs. 9b, d and 10). Pockmarks 
associated with slides are larger in size (up to ~ 1500 m in 
diameter) and irregular in shape. The greatest mass wasting 
feature is seen in the NW; a large > 26 × 19 km slump scar 
characterised by low amplitude, internally deformed reflec-
tors (Figs. 10, 11b and 12a, b). The slump scar is not asso-
ciated with any pockmarks on the seafloor but with a mud 
volcano detailed in the following section (Figs. 11 and 12). 

Mud volcano

A NW–SE orientated topographical feature is found in 
the NW of the study area, with a positive relief of 50 ms 
TWT (c. 48 m) (TWT-depth conversion using velocities 
of 1900 m/s ± 10%; cf. Kuhlmann et al. 2010), a length 
of ~ 4200 m, and width of ~ 400 m (Figs. 11 and 12). This 

feature is interpreted as an elongated mud volcano. The 
mud volcano is located within the centre of a large, 7400 m 
wide anticline from the Upper Cretaceous DWFTB system 
(Fig. 11b, c). The anticline marks the intersection between 
the DWFTB system’s compressional and translational 
domains. The mud volcano conduit roots from the Turonian 
surface as a wide ~ 1800 m zone displaying chaotic internal 
reflections which then narrows into an internally chaotic vent 
(Figs. 11b, c and 12). Deformation into convex-downwards 
layers, defining the positive relief of the mud volcano, starts 
just below the crest of the anticline in Santonian sediments 
(Fig. 11c).

On the late Campanian surface, the influential data sur-
face attribute reveals a few simple pockmarks surrounding 
the mud volcano (Fig. 11a) which are not as densely popu-
lated as those found in the south of the study area (Figs. 4, 
6 and 9a). The mud volcano is situated within a large, 
slumped region on the seafloor (Fig. 10). Within here, an 
even deeper depression (slumping within a slump) occurs 
to the SE, adjacent to the length of the mud volcano charac-
terized by chaotic internal reflections from the Miocene to 
seafloor surfaces (Fig. 12a, b). Very few faults surround the 
mud volcano (Fig. 11a). Perpendicularly orientated fractures 
appear to feed into the mud volcano vent using the influen-
tial data surface attribute on the late Campanian surface, as 
presented in Fig. 11a. Figure 12 is an inline section that cuts 
through the length of the mud volcano. Reflections within 
the elongate vent are acoustically dampened and show low 
amplitudes compared to its surroundings in the envelope 
attribute (Fig. 12b).

HPAA anticline

An anticline occurs along the late Campanian surface, 
appearing as an approximately 3.5 km (Fig. 13) by 4.2 km 
(Fig. 14) PHAA. The inline section presented in Fig. 13 
shows the anticline is bound by faults dipping away from 
each other, depicting a horst structure. Four volume-based 
attributes known to detect the presence of hydrocarbons 
were used; iterative RMS, sweetness, generalized spec-
tral decomposition (GSD) and envelope (Fig. 13a–d). The 
envelope attribute (Fig. 13d) best illustrated the presence 
of hydrocarbons with minimal loss in distinguishing strong 
reflections (surfaces and faults). Figure 14 shows the inter-
secting crossline section both normally (a) and using the 
envelope attribute (b) detecting the PHAA of the anticline 
and the overall interpretation (c). The outer edge from the 
crest of the anticline is likely the hydrocarbon spoil point 
which is bound by a fault (Fig. 14).
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Fig. 8   Example of a crater-type pockmark; a inline section showing 
two crater pockmarks with one clearly showing a fault leading up to 
it, b zoomed-in inline section and interpretation of a crater pockmark, 

c 3D influential data view of the crater pockmark using the standard 
red–grey–blue colour scale. Vertical exaggeration = 3
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Like the previously described mud volcano (Fig. 11), the 
anticline located further S occurs at the intersection of the 
translational and compressional domains of an underlying 
Upper Cretaceous DWFTB system (Fig. 14). In the region 
directly above the anticline, large pockmarks and slumps 
occur on the seafloor, as shown in Fig. 10. Pockmarks also 
occur along Campanian surface along the anticline but are 
difficult to see as they are highly irregular in shape (Fig. 4), 
deviating from the regular elliptical shape. PHAAs are also 
found within the Turonian to Santonian sediments in the 
region immediately below the anticline (Figs. 13 and 14). 
Up-dip of the anticline in the NE section of the study, the 
seismic character of the late Campanian to Maastrichtian 
sediments becomes progressively higher in amplitude, 
resulting in another PHAA above the translational domain 
as shown in Fig. 14b.

Most faults initiate from the Turonian surface in the com-
pressional domain which often merges with the Albian sur-
face in the translational domain (Fig. 14c). Thrust faults in 
the compressional domain terminate at the early Campanian 
to late Campanian surfaces, while many normal and oblique 
slip faults from the translational domain terminate along the 
stratigraphically younger Maastrichtian, Oligocene and Mio-
cene sequence boundaries (Fig. 14c). Many smaller faults 
begin within early Campanian to late Campanian sediments 
in the translational domain and terminate in Cenozoic sedi-
ments (Fig. 14c).

Discussion

The study of natural gas/fluid flow features is an underuti-
lized tool in basin analysis that may explain various aspects 
of basin evolution including the timing of formation, main 
driving and trigger mechanisms, fluid source and migration 
pathways (Andresen 2012). Since the sedimentary suc-
cession is undisrupted by salt tectonics, the accumulation 
and distribution of hydrocarbons in the deep-water Orange 
Basin can be investigated. Gas/fluid escape features have 
been classified in several ways according to their geometry, 
lithology, surrounding geological impact, cause of forma-
tion or methane flux intensity (Roberts et al. 2006; Cart-
wright et al. 2007; Løseth et al. 2009; Huuse et al. 2010; 
Andresen 2012). The natural gas/fluid migration features 
observed in the study area include fluid migration conduits 
of faults and chimneys, and their surface expression as pock-
marks, and a mud volcano on the late Campanian and sea-
floor surfaces. All these features are strongly controlled by 

a Upper Cretaceous DWFTB system above or within which 
they occur (Maduna et al. 2022). The processes responsible 
for forming these gas/fluid escape features are based on the 
same common principles with one feature forming instead 
of another due to minor or major differences in influential 
factors such as the stress environment, sediment and fluid 
type, fluid concentration, or the influence of external triggers 
(Judd and Hovland 2007).

Upper Cretaceous DWFTB system

Only the up-dip translational and down-dip compres-
sional domains are imaged in the seismic dataset, with 
gravitational sliding having occurred along a main over-
pressurized Turonian shale detachment surface (Fig. 3b). 
The compressional domain is characterized by fold and 
thrust belts recognized throughout the Orange Basin 
(Figs. 1 and 3) along the continental slope in many stud-
ies (e.g., Paton et al. 2008; de Vera et al. 2010; Scar-
selli et al. 2016; Mahlalela et al. 2021). The previously 
ill-defined translational domain is characterized by 
overprinted extensional (listric normal faults) and com-
pressional (thrust faults) tectonics with the downslope 
translation of sediment accommodated by extensive 
oblique-slip faults segmenting thrust sheets along strike 
(Maduna et al. 2022). Known and postulated source rock 
intervals of the Orange Basin include the Hauterivian, 
Barremian, Aptian and Turonian shales (Fig. 2). The 
Turonian shale detachment surface is the youngest and 
most speculative source rock interval estimated to have 
reached oil and gas maturation between 85 and 16 Ma 
with temperatures ranging between 100 and 140 °C along 
the shelf (Hirsch et al. 2010). Results from well logs and 
basin modelling suggest oil maturation in the deep water 
where sediment is thickest (Aldrich et al. 2003; van der 
Spuy 2003; Paton et al. 2008; Hirsch et al. 2010; van der 
Spuy and Sayidini 2022). The widespread occurrence of 
subsurface and surface gas/fluid escape features serves 
as indirect evidence of elevated pore fluid pressures in 
the Upper Cretaceous. Fluid overpressures are mainly 
formed by the combined effects of volumetric expansion 
involved in hydrocarbon generation and maturation, tec-
tonic stresses and disequilibrium compaction (Rowan 
et al. 2004; Bilotti and Shaw 2005). Other mechanisms 
include mechanical compaction (due to sudden mass 
movement events or gradual burial), dehydration reac-
tions and the thermal effect of increasing temperature 
gradients in pore fluids (Mazzini and Etiope 2017).
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Fig. 9   Comparison of the a late Campanian and b seafloor surface’s 
simple pockmarks using the influential data attribute. In c an inline 
section is shown cutting through a pair of conjoined pockmarks on 
the late Campanian surface corresponding to a single pockmark on 
the seafloor. In d) an arbitrary seismic line following the linear trend 
of the late Campanian and seafloor pockmarks is imaged, showing the 
structure between the two surfaces and the underlying DWFTBs in 
the compressional domain. Abbreviations: Al Albian, Tu Turonian, Sa 
Santonian, Ma Maastrichtian, e. Ca early Campanian, l. Ca late Cam-
panian, Oli Oligocene, Mio Miocene, and sf seafloor. Vertical exag-
geration = 5

◂

The distribution of all subsurface and surface gas/fluid 
escape features in this study are strongly influenced by 
the underling tectonics of the Upper Cretaceous DWFTB 
system. Most of the fluid migration pathways linked to 
pockmarks on the late Campanian surface originate from 
the Turonian shale detachment surface (Figs. 7, 8, 9 and 
12). Polygonal faults and crater pockmarks on the late 
Campanian surface are confined in the SW region above 
the translational domain (Figs. 4, 5 and 6). Simple pock-
marks on the late Campanian and seafloor surfaces are 
concentrated above the compressional domain (Figs. 4, 9 
and 10). At the intersection of the translational and com-
pressional domains, a late Campanian PHAA anticline is 
found in the center of the study together with irregular 
seafloor pockmarks in the area directly above it (Figs. 10, 
13 and 14). The orientation and location of the elongated 
mud volcano in the NW also occurs at the intersection of 
the two domains (Fig. 13b).

Surface gas/fluid escape features

Pockmarks

According to Judd and Hovland (2007), the density of pock-
marks is dependent on the thickness, strength and perme-
ability of the surrounding sediments. The overall distribution 
of pockmarks in the N of the study area are not as dense 
as those in the S for both the late Campanian and seafloor 
surfaces (Figs. 4 and 10). This implies low permeabilities, 
meaning fewer migration pathways resulting in the sparse 
distribution of pockmarks in the north compared to the south 
of the study area. Pockmarks in the deep-water study have 
been influenced by faults and chimneys leading up to the 
late Campanian and seafloor surfaces. On the late Campa-
nian surface, wide chimneys are linked to giant pockmarks 
(Fig. 7a), and faults are linked to simple and crater pock-
marks (Figs. 8a and 9c, d). All pockmarks are associated 
with bright(er) spots within the already high amplitude 

Fig. 10   Pockmarks and slumping features on the seafloor imaged 
using a the edge detection, and b influential surface data attributes. 
The greatest concentration of pockmarks occurs in the S and is often 
associated with slides (e.g., Fig. 9). The NW is dominated by a large 
slump scar and within the feature an elongated mud volcano outcrops 
to the surface
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Fig. 11   Mud volcano system. The location of the elongated mud vol-
cano is shown on the late Campanian surface in (a) surrounded by 
simple pockmarks (red solid line = xline position shown in b and c; 
red stippled line = inline position shown in Fig. 12). The cross-section 
width of the mud volcano is shown in (b) situated in the centre of the 
largest anticline around the intersection of the translational and com-
pressional domains. The interpretation of the mud volcano plumbing 
system along its width is shown in (c)

◂ late Campanian and seafloor surfaces they are found along. 
Although the cross sections in Fig. 9c and d do not show a 
distinct association between the two pockmarked surfaces, 
the fact that seafloor pockmarks occur in the same area or 
follow the same trend as those of the late Campanian mean 
that there is a relationship. A possible explanation is that a 

Fig. 12   Mud volcano system and slump scar. The cross-section length 
of an elongated mud volcano is shown in (a) situated in the centre 
of the largest anticline with a major slump scar adjacent to it. The 
envelope attribute in (b) shows acoustically dampened and disrupted 

reflections within the mud volcano system and the slump deposit 
compared to their surroundings. The interpretation of the mud vol-
cano plumbing system along its length is shown in (c)
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fracture system is at play, with displacements being below 
the smallest vertical resolution limit of 30 m between the 
two surfaces and below the late Campanian. A few giant 
pockmarks have also identified in the Barents Sea associ-
ated with melting ice, and three in the North Sea with one 
being the approximate size of a football field (900 m wide 
and 450 m deep) (Judd et al. 1994; Judd and Hovland 2007). 
Judd and Hovland (2007) attribute the formation of these 
giant pockmarks to the process of explosive decompression, 
whereby high fluid overpressures penetrate the surface in 
extreme cases such as the elongated Lokbatan-type mud 
volcanoes. Since giant pockmarks indicate rapid rates of 
methane expulsion (Roberts et al. 2006; Judd and Hovland 
2007), so are their connected subsurface chimneys (Fig. 7).

Crater pockmarks are confined to the SE, located cen-
trally within cells of polygonal faults (Figs. 4 and 6). Polygo-
nal faults are found between the Santonian to Miocene sedi-
ments, have variable strike orientations, small fault throws 
and lateral extensions, and high densities (Figs. 4, 5 and 
6). The variable strike orientations indicate that they do not 
have a principal stress direction (Fig. 5) and were thus not 
formed by regional compressional or extensional tectonics, 
but rather hydraulic fracturing (Cartwright 2007). Andresen 
and Huuse (2011) informally termed pockmarks associated 
with polygonal faulting as ‘bulls-eye’ pockmarks because 
of their central location within the faults. These ‘bulls-eye’ 
pockmarks are found within Plio-Pleistocene sediments of 
the Lower Congo Basin and have large size ranges, meas-
uring between 70 and 500 m in diameter and 20–50 m in 
depth. In contrast to the ones observed on the Late Campa-
nian surface in this study, those of the Congo Basin occur 
as a stacked succession in the stratigraphy. The concentric 
arrangement of pockmarks within, rather than above, polyg-
onal faults strongly suggests that crater pockmark formation 
predates polygonal faulting (Andresen and Huuse 2011).

On the late Campanian surface, simple pockmarks domi-
nate in the SW to NW compressional domain region, occur-
ring along faults, in linear belts unrelated to visible faults 
and conjoined composite clusters (Fig. 9a), within giant 
pockmarks (Figs. 6, 7b and 11a), and otherwise random 
distributions (Fig. 4). The few pockmarks observed on the 
seafloor have a strong spatial relationship to those on the late 
Campanian surface with most displaying a simple circular 
morphology in plan view (Figs. 9a, b and 10). Directly south 
of the present study, Mahlalela et al. (2021) describe a few 
simple pockmarks on the seafloor that are 700–1100 m in 

diameter with depressions 75–103 m deep. These pockmarks 
represent the same pockmark field observed on the seafloor 
surface in this study.

Mud volcano

The morphology of mud volcanoes is controlled by several 
dynamic and mechanical factors, including: the frequency 
and vigour of volcanism, width of the conduit, pre-exist-
ing local topography, erosion type (e.g., bottom currents, 
wind, rain), rate of basin subsidence and the thickness and 
character of the affected strata (Mazzini and Etiope 2017). 
Cone-shaped mud volcanoes, the most common morphol-
ogy, are observed in the shallow reaches of the Orange 
Basin following a N/NNW trend which is strongly associ-
ated with active, near-vertical strike-slip faults, thus reflect-
ing neo-tectonic activity (Ben-Avraham et al. 2002; Viola 
et al. 2005). According to Viola et al. (2005) the mud vol-
canoes are the offshore structural expression of the same 
stress field observed onshore Namaqualand, South Africa 
and central Namibia, where recent faulting created N/NNW 
and NW orientated lineaments. Both offshore and onshore 
structures follow the present-day stress field of SW Africa 
and are thus postulated to be attributed to the Wegener stress 
anomaly (since the greatest horizontal compressive stress is 
NW/NNW). The mud volcano observed in this deep-water 
study also trends NW, however, unlike those observed in the 
proximal Orange Basin, it is elongated in morphology. An 
onshore example of an elongated mud volcano is the Lok-
batan located in Azerbaijan (Planke et al. 2003; Mazzini and 
Etiope 2017). The Lokbatan has provided the basis of what 
is known of elongated mud volcanoes worldwide since it is 
easily accessible. This elongated mud volcano is character-
ised by extremely explosive eruptions with the last recorded 
in 2001 ejecting mud breccia after a large initial burst of 
hot methane (Planke et al. 2003; Mazzini and Etiope 2017). 
The volume of the Lokbatan mud volcano is affected by the 
deflation of the underlying shallow chamber following each 
eruption (Planke et al. 2003).

In like manner as the Lokbatan mud volcano coincid-
ing with the trend of an anticline axis (Mazzini and Etiope 
2017), the elongated mud volcano in this study is also situ-
ated along the axis of a deep-seated anticline (Fig. 11b, c) 
and is therefore tectonically controlled. The anticline forms 
part of a Upper Cretaceous fold and thrust belt marking the 
intersection of the translational and down-dip compres-
sional domains. Sedimentary volcanism is postulated to 
have begun in the Santonian (86–83 Ma) since deformation 
shown by convex pull-up reflectors starts within these sedi-
ments (Figs. 11 and 12). This age coincides with the start of 
the oil and gas maturation window at 85 Ma estimated by 
Hirsch et al. (2010) for the Turonian shale detachment sur-
face from which the mud volcano roots from (Figs. 11 and 

Fig. 13   Inline section of an anticline located within a horst structure 
shown using the: a RMS (iterative), b sweetness, c GSD and d enve-
lope volumetric attributes. Although all volumetric attributes used 
indicate the presence and accumulation of hydrocarbons along the 
high amplitude feature, the envelope volumetric attribute in (d) high-
lights the anticline well without distorting the stratigraphy and struc-
ture of its surroundings compared to other volumetric attributes

◂
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Fig. 14   Crossline section 
showing the stratigraphy and 
structure of the margin from 
an Upper Cretaceous DWFTB 
system underneath younger 
Cenozoic successions. The 
uninterpreted seismic section 
is shown in (a). The envelope 
volumetric attribute shown in 
(b) highlights the greatest accu-
mulation of hydrocarbons as a 
PHAA defining an anticline, 
and c is the overall combined 
interpretation of the inline

112



Marine Geophysical Research           (2023) 44:17 	

1 3

Page 23 of 28     17 

12). The mud volcano gradually increased in height shown 
by stratigraphic surfaces leading up to the seafloor which 
could possibly indicate intense eruptions.

Source of hydrocarbons

Since pockmarks and mud volcanoes are found in a wide 
variety of settings, from passive to active margin settings, 
in compressional zones such as accretionary prisms, fold 
and thrust belt systems, deltaic settings and deep sedi-
mentary basins related to active plate margins (e.g., Judd 
and Hovland 1988; Gay et al. 2003, 2006, 2007; Loncke 
et al. 2004; Hustoft et al. 2010; Andresen and Huuse 2011; 
Ho et al. 2012; Hartwig et al. 2012; Anka et al. 2014), the 
source of their hydrocarbon system varies greatly. From the 
synthesis of past studies in the shallow Orange Basin (Jun-
gslager 1999; Ben-Avraham et al. 2002; Kuhlmann et al. 
2010; Hartwig et al. 2012), we postulate the source of hydro-
carbons in this study to also be of both thermogenic and 
biogenic (or microbial) origin. According to van der Spuy 
(2003) and Paton et al. (2007), thermogenic gas originates 
from the deep, thermally mature Aptian source shales which 
become progressively oil-prone distally (Jungslager 1999). 
Since the Turonian shale detachment surface is also a specu-
lated source rock interval, thermogenic hydrocarbons may 
have been sourced from both the deep-seated Aptian (unob-
served in this study) and Turonian shales in this study. Fluid 
migration pathways stemming from the Turonian surface, 
together with late Campanian pockmarks linked to them, 
may therefore consist of thermogenic hydrocarbons. Bio-
genic gas is believed to originate from younger, organic-rich 
sediments involved in the upwelling of the Benguela Current 
in the Cenozoic (Kuhlmann et al. 2010).

An increase in biogenic activity attributed to the Benguela 
current upwelling system is recorded in the late Miocene 
to early Pliocene sediments offshore SW Africa (Diester-
Haass et al. 2004; Rommerskirchen et al. 2011). This period 
of upwelling coincides with the development of thermally 
stratified bottom and deep-water currents offshore SW Africa 
resulting in major depositional changes observed in the Mio-
cene (Weigelt and Uenzelmann-Neben 2004; Maduna et al. 
2022). Seafloor pockmarks in this study are postulated to 
consist of a mixture of both thermogenic and biogenic hydro-
carbons since the faults feeding them initiate from within the 
Cenozoic sediments; at the Oligocene and Miocene surfaces 
(Fig. 9c, d). The dissociation of gas hydrates is another possi-
ble origin for the source of hydrocarbons. Ben-Avraham et al. 
(2002) related their mud volcanoes in the shallower extents 
of the Orange Basin to a gas hydrate stability zone (GHSTZ) 
at depth. There is no evidence to support this hypothesis in 
the present deep-water study since no bottom-simulating 
reflectors (BSR) or other definitive gas hydrate indicators 
are observed in the seismic volume.

Migration and accumulation of hydrocarbons

The distribution of surface and subsurface gas/fluid escape 
features shows the overall intensification of methane flux 
increases from the SE to the NW. In the SE, crater pock-
marks on the late Campanian surface are associated with 
faults (moderate methane flux) (Figs. 4 and 6). In the NW, 
an elongated mud volcano (high methane flux) is found sur-
rounded by a large slump scar on the seafloor (Figs. 4 and 
10). Unlike the heavily faulted E, SE and central areas of the 
study, the NW has very few faults (Fig. 4). Consequently, 
instead of fluid flow pressures being distributed along many 
faults, one near-vertical fault-turned-vent took all the pres-
sure, erupting gas, fluids and sediment to the palaeo- and 
current seafloors through an elongated mud volcano. Gas 
and fluids are postulated to have been escaping to the ocean/
atmosphere since the Santonian when sedimentary volcan-
ism began which may account for the lack of PHAAs within 
or surrounding the mud volcano (Figs. 11b and 12b). PHAAs 
are mostly found in the central and SW regions of the study 
(Figs.  5, 13 and 14). In addition to migrating upwards 
along fault surfaces, over-pressurized fluids may also travel 
through the permeable beds (e.g., Gay et al. 2006). This 
is seen in the centre of the study area where an anticline 
on the late Campanian surface displays a PHAA using the 
envelope attribute in Fig. 14b. The PHAA anticline is situ-
ated directly above the intersection of the compressional and 
translational domains and is bound within a horst structure 
(Figs. 13 and 14). Hydrocarbons are therefore both structur-
ally (anticline and horst structure) and stratigraphically (late 
Campanian surface) trapped. As sedimentation progressed, 
hydrocarbons migrated upwards through the stratigraphy to 
the seafloor when later faults formed. Irregular pockmarks 
on the seafloor, directly above the PHAA anticline, may be 
explained by this continued seep of hydrocarbons disrupt-
ing their normal elliptical/cone-shaped depressions (Figs. 10 
and 14).

Mass wasting features

Slides are observed in the S and centre of the study area, 
and a major slump scar is observed in the NW on the pre-
sent-day seafloor (Fig. 10). Slides are known to be coherent 
masses with minor internal deformation as shown in this 
study (Fig. 9d), while slumps (a mass flow that is a mag-
nitude higher in flow velocity) are characterised by more 
internal deformation as seen from the seafloor sediments in 
Figs. 11b and 12 (Posamentier and Martinsen 2011). These 
mass wasting features are closely related to gas/fluid escape 
features found on the seafloor; an elongated mud volcano is 
found in the centre of the slump scar in the NW (Figs. 10, 
11 and 12) and pockmarks are found together with slides in 
the S (Figs. 9b, d and 10). Both mass wasting features occur 
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in the distal down-dip region where the slope dips steepest. 
Possible triggers for mass wasting on the seafloor and the 
underlying Upper Cretaceous DWFTB system (a different 
type of mass transport) include seismicity, rapid sedimen-
tation rates upon a dipping slope, high internal pore fluid 
pressures and downslope undercutting (Séranne and Anka 
2005; Rogers and Rau 2006; Kuhlmann et al. 2010). Another 
trigger mechanism for mass wasting in the Cenozoic is the 
interaction of opposite-flowing ocean currents along the SW 
African margin (Weigelt and Uenzelmann-Neben 2004).

High methane expulsion rates associated with sedimen-
tary volcanism (Roberts et al. 2006) destabilized sediments 
surrounding the elongated mud volcano. This led to major 
slumping on the seafloor. The size of the slump scar is an 
indication of how much sediment was (and possibly still 
is) being remobilized in the underlying stratigraphy- greater 
than 26 × 19 km. Pockmarks formed under moderate hydro-
carbon expulsion rates (Roberts et al. 2006) and conse-
quently, instead of one large slump feature, they are associ-
ated with smaller slides which reflect lower flow velocities 
(Fig. 10). Slope instability leading to these mass wasting 
features along a dipping slope arise from discontinuities in 
the subsurface. These discontinuities are faults between the 
Oligocene to seafloor surfaces leading to pockmark forma-
tion and are the gliding planes of some slumps (Figs. 9c and 
d). Large and irregular seafloor pockmarks in association 
with slides (Fig. 10) reflect the progressive downslope flow 
of sediment in mass wasting, i.e., pockmarks grow in size 
as slides continue downslope along a gliding plane as seen 
in Fig. 9d. On the seafloor this implies that Cenozoic faults 
first led to pockmark formation, and some of these very 
same faults became gliding planes for mass sediment flows 
(slides). Cenozoic mass wasting features are also observed in 
the shallower regions of the Orange Basin caused by margin 
instability and gravity faulting as old, underlying faults were 
rejuvenated in the outer margin (e.g., Hirsch et al. 2010; 
Palan et al. 2020).

Conclusions

The 3D seismic data helped to view natural gas and fluid 
escape features which would previously have been missed 
or not fully resolved in a regular 2D survey. This study 
describes the occurrence of widespread natural gas/fluid 
escape features in relation to an underlying Upper Creta-
ceous DWFTB system in the deep-water Orange Basin. 
Together with the shallow water hydrocarbon systems in 
play, and encouraging deep-water discoveries in Namibia, 
the numerous gas/fluid escape features observed in this study 
point to a proliferous hydrocarbon system in the deep-water 

South African basin that is yet to be exploited. The following 
conclusions can be drawn with regards to the origin, distri-
bution and occurrence of gas/fluid escape features, and its 
implications on the deep-water basin’s hydrocarbon system:

•	 Hydrocarbons are biogenic and mostly thermogenic and 
in origin, sourced from nutrient-rich Cenozoic sediments 
and the speculated Turonian source rock, respectively, in 
addition to the thermogenic Aptian source shales.

•	 Methane expulsion rates increase from the SE to NW 
having culminated in an elongated mud volcano situated 
within an anticline axis of a Upper Cretaceous thrust belt 
marking the intersection of the translational and com-
pressional domains. The tectonically controlled mud vol-
cano is indicative of extreme overpressures, and thus, 
rapid rates of methane flux.

•	 On the seafloor, sediment instability resulted in major 
slumping in the NW due to sediment remobilization 
associated with mud volcanism, and smaller slides in 
the S associated with pockmarks.

•	 Hydrocarbons migrated in a NW direction following 
the underlying trend of a Upper Cretaceous thrust belt 
located at the intersection of the translational and com-
pressional domains.

•	 The largest accumulation of hydrocarbons, and hence 
most favourable place to drill is in the region directly 
above the late Campanian anticline based on it appear-
ing as a PHAA, and the presence of seafloor pockmarks 
directly above the area.

We recommend drilling to ground truth the observa-
tions made to get the exact stratigraphy, ages, depths, rates 
of gas expulsion and nature of the sediments. This will 
ultimately determine the economic viability of the deep-
water Orange Basin’s hydrocarbon system.
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ABSTRACT 9 

The main method of 3D seismic interpretation is currently through manual and automatic picking of faults and 10 

horizons along the inline, crossline, and time or depth slices of the seismic volume. Manual picking is subjective 11 

and a time-consuming process that is highly dependent on the interpreter’s expertise. Conventional automatic 12 

picking methods, although useful in horizon tracking, are not good at accurately tracking faults across the seismic 13 

volume and tend to produce unrealistic fault-horizon geometries. Seismic attributes are often used to enhance 14 

subtle faults that are often missed in the original seismic amplitude volume. Recent advances in deep learning, a 15 

subset of artificial intelligence, has allowed seismic interpreters to automatically detect features of interest from 16 

the seismic volume using convolution neural networks (CNNs). In this study, we use a CNN called ‘fault-net’ 17 

with a U-shaped architecture to automatically identify and delineate faults from a high-resolution, pre-stack time 18 

migrated 3D seismic volume. The CNN model is compared to the chaos and variance volumetric seismic attributes 19 

to determine its efficiency in the interpretation of 3D reflection seismic data. The seismic volume used is situated 20 

along the continental slope offshore southwestern Africa, in the deep-water Orange Basin. The study area is known 21 

to be strongly controlled by gravitational collapse features from the Late Cretaceous, referred to as deep-water 22 

fold-and-thrust belts (DWFTBs). A DWFTB system has a highly complex fault framework system reflecting 23 

extensional (normal faults), translational (oblique-slip faults) and compressional tectonics (thrust faults) from the 24 

proximal to distal offshore environments. Prior to the application of the CNN and edge-enhancing seismic 25 

attributes, the data were conditioned through structural smoothing, combining median and mean filters, to improve 26 

the signal-to-noise ratio. A combination of synthetic and real seismic data were used to train the CNN fault 27 

segmentation model before its application to the Orange Basin 3D seismic dataset. Although both methods imaged 28 

the complex structures of the DWFTB system, the CNN-based approach of fault recognition proved to be more 29 

effective as it (1) was more time-efficient and less biased, (2) produced a cleaner output, and (3) did not require a 30 

high-powered desktop. Compared to the subjective conventional methods of fault recognition and interpretation 31 

taking several months, the CNN-based method only took a couple of hours to run on the full dataset. The 32 

volumetric seismic attributes had greater difficulty removing the effect of noise and other artifacts from the 33 

seismic dataset despite both methods being conditioned in the same manner.  34 

Keywords: Convolutional neural network (CNN), Seismic attributes, 3D seismics, Fault detection, Orange Basin. 35 

 36 

Highlights:  37 
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1) Convolutional neural networks (CNNs), a deep learning tool, can be trained to specifically extract 38 

discontinuities from 3D reflection seismic data. 39 

2) Seismic attributes such as chaos and variance are sensitive to random and coherent noise in the seismic data. 40 

3) The CNN-method is more efficient than traditional methods of fault delineation and interpretation as it is 41 

more time-efficient, unbiased, produces a higher resolution output and does not require intensive hardware and 42 

software. 43 

 44 

1. Introduction 45 

The interpretation of reflection seismic data reveals important geological information pertaining to the 46 

stratigraphy, structure, and reservoir characteristics of a basin. Fault mapping is an essential part of basin analysis 47 

in building a structural framework to understand fluid and gas migration pathways. The correct interpretation of 48 

a basin’s structural framework is essential to the petroleum industry with regards to determining the placement of 49 

production and appraisal wells, and estimating flow rates (Richards et al., 2015). Although today’s conventional 50 

methods of fault mapping using computer-based seismic interpretation software have come a long way from prior 51 

paper-based interpretations (Cox et al., 2020), there are still some inherent problems such as subjectivity in manual 52 

fault labelling, errors introduced by manual picking, sensitivity of seismic attributes to noise, and long run times 53 

required for processing. As such, research into the use of convolutional neural networks (CNNs), a subclass within 54 

deep learning (artificial intelligence), has rapidly evolved recently for fault detection (An et al., 2021; Dou et al., 55 

2022; Wei et al., 2022).  56 

The importance of fault mapping for hydrocarbon exploration is of great significance in the offshore 57 

environment as the sedimentary setting in marine environments is more conducive for the maturation of 58 

hydrocarbons. Giant hydrocarbon reserves have yet to be discovered and exploited in the marine environment in 59 

many parts of the world particularly in the distal deep-water regions which are largely underexplored. Several 60 

regions are actively being explored or are in production for hydrocarbons offshore southern Africa (PASA, 2017). 61 

One such area is the Orange Basin, located off the west coast of South Africa and Namibia (Fig. 1). The basin has 62 

significant hydrocarbon reserves in the shallow shelf regions of South Africa and Namibia, and in the Namibian 63 

deep-water environment (de Vera et al., 2010; van der Spuy and Sayidini, 2022). The deep-water Orange Basin 64 

is strongly controlled by gravitational collapse structures, otherwise referred to as deep-water fold-and-thrust belt 65 

(DWFTB) systems in Upper Cretaceous sediments (Mahlalela et al., 2021; Maduna et al., 2022). These systems 66 

are structurally complex, and hence, very difficult to map accurately even with the use of conventional seismic 67 

interpretation methods. Their study is important to the petroleum industry as most hydrocarbons are structurally 68 

trapped within their folds (Morley et al., 2011). 69 

The structural framework combines the interpretation of horizons and faults and their relationship to each 70 

other. Faults are the result of tectonic forces acting on the subsurface, disrupting the continuity of stratigraphic 71 

layers and may create or destroy reservoirs. Structural and stratigraphic traps for hydrocarbons are found in 72 

favourable sedimentary units with migration pathways created by discontinuities in the form of structural surfaces 73 

along a stratigraphic surface, salt diapirs, faults, and anticlines that are faulted (Gay et al., 2003). Fault extraction 74 

from seismic data can be done using a variety of conventional methods including manual or expert opinion-based 75 
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methods using attributes as input (Dou et al., 2022). These approaches are variably successful and there are 76 

benefits and drawbacks associated with each method. Over the last three decades, automated mathematical 77 

analysis of seismic data gave rise to seismic attributes. Seismic attributes are quantitative measures of the seismic 78 

data used to visually enhance features of interest within the data such as faults, thin beds, and bright spots in 79 

hydrocarbon identification (Chopra and Marfut, 2005, 2007). There are several seismic attributes used to delineate 80 

faults in seismic data including coherence, variance, chaos, semblance, entropy, and gradient magnitude (Marfurt 81 

et al., 1998, 1999; Randen et al., 2001; Hale, 2013). 82 

 83 

Fig. 1. Map of the SW African margin showing (a) the location of the Orange Basin with the hydrocarbon system 84 

play and position of deep-water fold and thrust belt systems along the continental slope. (b) location of the present 85 

study area in blue. 86 

While folded strata are easily identifiable and interpretable, faults are more difficult to map using seismic 87 

data regardless of the areal extent the dataset covers, and even more so using 2D reflection seismic data compared 88 

to 3D data. The resolvability of a fault is controlled by the vertical resolution limit and signal-to-noise ratio of the 89 

seismic data. Caution is required in properly distinguishing faults from noise as faults are often marked by the 90 

absence of continuous reflections. Furthermore, other geological features (e.g., buried channels) may appear as 91 

low continuity regions unrelated to faulting (Hale, 2013). For this reason, seismic data are first conditioned to 92 

filter out noise prior to applying seismic attributes to delineate discontinuities. Manual fault picking (or labelling) 93 
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is a staple method of extracting faults from the seismic dataset from the original seismic amplitude volume using 94 

the human visual-cognition systems capable of recognising spatial patterns. Although all computer-aided fault 95 

extraction results are still compared to manually extracted faults, manual extraction presents a bias according to 96 

the interpreter’s pre-conceived expectation. This subjectiveness is one such drawback in fault mapping using 97 

seismic interpretation software. Training and judgement will always vary between interpreters and all the 98 

processes involved in fault mapping are time consuming. Since current seismic surveys result in large seismic 99 

volumes, high-powered desktops with high-capacity RAM and a high-performance graphics card are required to 100 

efficiently run every process for seismic interpretation.  101 

The concept of ‘big data’ is becoming more pervasive as progressively larger datasets are rapidly 102 

generated and archived by governmental, academic, and private entities (An et al., 2021). The exponential growth 103 

of ‘big data’ has propelled the advancement of machine learning within the discipline of artificial intelligence. 104 

Data modeling approaches have emerged as powerful tools, capable of emulating biological cognition with 105 

remarkable precision. Deep learning is a class of algorithms within the field of machine learning that are 106 

specifically capable of working with variably structured data such as images, videos, and other arbitrary data 107 

tensors. Deep learning uses a connected mesh of artificial neural networks to model desirable relationships in data 108 

that were used in training. Deep learning algorithms are different from shallow learning for spatial pattern 109 

recognition, (e.g., random forest or support vector machine) in that feature generation, engineering and selection 110 

are automated. This essentially replaces or augments human-based seismic interpretation. Deep learning is 111 

therefore highly useful for features that are difficult to craft manually either because they are too complicated, 112 

abstract, or high-dimensional. Faults, which are the displacement of otherwise continuous rock layers, are highly 113 

abstract spatial features.  114 

Deep learning differs functionally from shallow learning algorithms in that it integrates feature extraction 115 

into the algorithm design. Automated feature extraction is highly useful for structurally complex data, of which, 116 

seismic data are one type. A subclass of deep learning known as convolutional neural networks (CNNs) have 117 

become increasingly popular in delineating and extracting complex fault systems and patterns from seismic data 118 

(An et al., 2021; Dou et al., 2022; Wei et al., 2022). CNNs are designed to mimic biological vision (the convolution 119 

layer) and perform automated feature generation and selection, followed by modelling. The delineation of 120 

foreground objects from the general background is a task called ‘image segmentation’. CNNs have been used to 121 

perform image segmentation for many tasks, including tissue segmentation in biomedical imaging and more 122 

recently, fault segmentation (or extraction) in seismic data. The machine learning task for fault segmentation is to 123 

label image pixels as belonging to the object class of ‘fault’ and ‘not fault’. In practice, the presence of faults can 124 

be obtained from the seismic volume through labelling each pixel in the dataset provided as 0’s (not containing a 125 

fault) and 1’s (containing a fault) for example, creating a probability map. Probability fault maps may help reduce 126 

the risk of drilling in areas with high uncertainties and improve the efficiency of hydrocarbon exploration.  127 

Here, the effectiveness of a CNN in segmenting faults is tested against conventional seismic attributes 128 

using 3D reflection seismic data (pre-stack time migrated) from the deep-water Orange Basin region offshore SW 129 

Africa (Fig. 1). The CNN-based approach uses the architecture presented in Dou et al. (2022). To address training 130 

data sparsity, synthetic data generation was employed as a form of data augmentation following processing as an 131 
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adjustment of the method presented in Wu et al. (2016, 2019, 2020). The CNN was then tested on large seismic 132 

datasets to learn complex fault patterns and relationships. 133 

 134 

2. Regional setting 135 

The Orange and Olifants river systems (together with their older proto-equivalents) are responsible for 136 

the depositional sequences found in the Orange Basin, situated offshore SW Africa (Gerrard and Smith, 1982; 137 

Muntingh and Brown, 1993; de Vera et al., 2010). The sequences attain a maximum thickness of 7 000 m in the 138 

north and approximately 3 000 m in the south (Gerrard and Smith, 1982; Brown et al., 1995). The basin originated 139 

from the continental break-up of Gondwana. Sedimentary sequences are subdivided into: (1) the syn-rift 140 

succession deposited during the Late Jurassic to late Hauterivian, and (2) the post-rift succession consisting of 141 

late Hauterivian to current-day deposits (Fig. 2). 142 

2.1. Syn-rift succession 143 

The continental break-up of Gondwana occurred around 170–150 Ma as west Gondwana (composed of 144 

South America and Africa) separated from east Gondwana (composed of New Zealand, Australia, India, and 145 

Antarctica, forming margin-parallel orientated grabens and half-grabens (Fig. 3; Nürnberg and Müller, 1991; 146 

Broad et al., 2006; Viola et al., 2012). Siliciclastic lacrustine, fluvial sediments and minor volcanic flows were 147 

deposited within these grabens. The megasequence is characterized by seaward dipping reflectors that are low in 148 

frequency, high amplitude, discontinuous to continuous seismic reflections reflecting a volcanic rifted margin (de 149 

Vera et al., 2010; Granado et al., 2009). A regional break-up unconformity separates this succession from the 150 

overlying post-rift clastic sediments by (Light et al., 1993; Granado et al., 2009). 151 

2.2. Post-rift succession 152 

Many authors have described the Orange Basin’s post-rift stratigraphy which is divided into several 153 

depositional units separated by unconformity surfaces (Fig. 2) including Brown et al. (1995), de Vera et al. (2010), 154 

Dalton et al. (2017), Baby et al. (2018), and Maduna et al. (2022). The post-rift megasequence composes the bulk 155 

of sequences in the basin attaining a thickness of approximately 5 500 m (Fig. 3; McMillan, 2003; Hartwig et al., 156 

2012). At the base of the post-rift megasequence is a transitional zone of fluvial red-beds that are Barremian to 157 

Aptian in age overlain by deltaic and marine sediments (Gerrard and Smith, 1982; McMillan, 2003). Maduna et 158 

al. (2022) divide the post-rift succession into 3 megasequences according to their age; the Mesozoic’s Lower 159 

Cretaceous (sequence A) and Upper Cretaceous (sequences B and C), and the Cenozoic (sequence D) (Fig. 2). 160 

Sequences A and B are aggradational deltaic and fluvio-marine sediments overlain by pro-gradational organic-161 

rich marine shales (Gerrard and Smith, 1982; Brown et al., 1995; McMillan, 2003). An extensive deep-water fold-162 

and-thrust belt (DWFTB) system is detailed in Maduna et al. (2022) in the Upper Cretaceous sediments (sequences 163 

B and C) formed by gravitational instability along the slope (Fig. 3). Gravitational instability formed because of 164 

margin uplift and tilting which eroded the inner shelf leading to the accumulation of several pro-gradational 165 

sequences (Muntingh and Brown, 1993; Brown et al., 1995). The Cenozoic (sequence D) is characterized by a 166 

thin (50–250 m thick) sequence of marine sediments deposited over the continental shelf, propagating into a 167 

seaward-thickening wedge that extends from the continental margin (McMillan, 2003). Sedimentation and facies 168 
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distribution along the southwest African margin were greatly affected by climatic and oceanographic processes 169 

since the Miocene changing depositional styles (Diester-Haass et al., 1992; Weigelt and Uenzelmann-Neben, 170 

2004, 2007; Uenzelmann-Neben et al., 2017). 171 

 172 

Fig. 2. Sequence and chrono-stratigraphy of the Orange Basin during the evolution of the SW African margin 173 

using the nomencalture proposed by Soeker (now PetroSA) for the stratigraphy (Brown et al., 1995; PASA, 2017). 174 

Abbreviations: Ox= Oxfordian; Ki= Kimmeridgian; Ti= Tithonian; Be= Berriasian; Va= Valanginian; Ha= 175 

Hauterivian; Ba= Barremian; Ap= Aptian; Al= Albian; Ce= Cenomanian; T= Turonian; Co= Coniacian; Sa= 176 

Santonian; Ca= Campanian; Ma= Maastrichtian; Pa= Palaeocene; Eo= Eocene; Oli= Oligocene; Mi= Miocene; 177 

and Pli= Pliocene. 178 

 179 

2.3. Upper Cretaceous DWFTB systems of the Orange Basin 180 

DWFTB systems are formed by the gravitational collapse and subsequent contraction of sediment on a 181 

dipping detachment surface in deep-water environments  (Rowan et al., 2004; Nemčok et al., 2005). Deep-water 182 

drilling has improved over the last two decades promoting interest into the study of DWFTBs because their distal 183 
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folds (anticlines) are often associated with hydrocarbons (e.g., Corredor et al., 2005; Benesh et al., 2014). Well-184 

preserved Upper Cretaceous DWFTB systems are found along the SW African coastline within the post-rift 185 

succession of the Orange Basin (de Vera et al., 2010; Scarselli et al., 2016; Maduna et al., 2022, 2023). They are 186 

linked tripartite systems comprising a down-dip compressional domain, middle transitional/translational domain, 187 

and an extensional domain up-dip towards the coastline (Figs. 1c and 3; Morley et al., 2011). In the Orange Basin 188 

the extensional domain is characterized by steep, seaward dipping, listric growth faults proximal to the coastline 189 

(de Vera et al., 2010). The compressional domain is characterized by a ~3 km thick section of shallow, landward-190 

dipping fold-and-thrust belts that are ~60 km wide with 1–5 km spacings between imbricate thrusts (de Vera et 191 

al., 2010; Morley et al., 2011). Joining the two extensional and compressional tectonic regimes is a structurally 192 

complex transitional/translational domain with overprinted normal, thrust and oblique-slip faults (Maduna et al., 193 

2022). The downslope translation of sediment was accommodated by oblique-slip faults that are =/< 20 km in 194 

length segmenting thrust faults along-strike.  195 

 196 

 197 

Fig. 3. Simplified stratigraphic cross-section of the margin. Image modified after Jungslager (1999). Refer to Fig. 198 

1 for orientation of the cross-section. 199 

 200 

According to Morley et al. (2011), since the Orange Basin’s DWFTB systems are driven by near-field 201 

stresses and contain multiple, overpressured shale detachment surfaces, they classified as Type 1a  DWFTB 202 

systems. Shale detachment surfaces of the Orange Basin include the Aptian-aged and Turonian-aged maximum 203 

flooding surfaces and source rock intervals, and the Cenomanian-aged maximum flooding surface (Brown et al., 204 

1995; Jungslager 1999; Aldrich et al., 2003; van der Spuy et al., 2003; Dalton et al., 2015). Sediment from the 205 

upper portions of the Upper Cretaceous DWFTB systems in the extensional domain are reworked to form other 206 

mass flow deposits such as slides and slumps (Kuhlmann et al., 2010; Dalton et al., 2017). Slides and slumps are 207 

also present in the Cenozoic succession overlying these mature DWFTB systems as faults have been rejuvenated 208 

into younger sequences with later margin instability (Maduna et al., 2022). All this reflects the strong influence 209 

that the underlying structure of the Upper Cretaceous DWFTB systems has (and possibly will always have) on 210 

depositional processes of the basin.  211 
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 212 

3. Data and methods 213 

3.1. Seismic acquisition and processing 214 

Between 2012 and 2014 a high-resolution 3D reflection seismic survey was conducted in the deep-water 215 

regions of the Orange Basin, situated offshore SW Africa (Fig. 1; Kramer and Heck, 2014). This study uses a 1 216 

800 km2 portion of the full ~8 200 km2 dataset bordering Namibian waters (Fig. 1). Full acquisition and processing 217 

parameters are summarized in Tables 1 and 2. Further details about the seismic design, acquisition, and processing 218 

of the data are detailed in Maduna et al. (2022; 2023).  219 

The 3D seismic survey was conducted by the Dolphin Geophysical Polar Duchess (Kramer and Heck, 220 

2014) with the principal focus being to image the architectural elements of the deep-water Orange Basin to 221 

understand its evolution and determine its viability as an economic hydrocarbon system. The data were processed 222 

to produce a high-resolution, Kirchhoff pre-stack time migrated volume for detail structural interpretation. The 223 

machine learning and seismic attribute algorithms applied relied on the quality of the migrated seismic volume 224 

for precise and accurate structural interpretation. The study area’s seismic volume is ~6 km in depth (excluding 225 

upper and lower regions with no data), with an east–west extent of ~30 km and north–south extent of ~60 km.  226 

 227 

Table 1  228 

Seismic survey acquisition parameters (Kramer and Heck, 2014; Maduna et al., 2022). 229 

Source 

Source type  Dual source  

Number of source arrays  2  

Number of sub-arrays  3  

Shot point interval  25 m (flip/flop)  

Array separation  100 m  

Array length  15 m  

Source volume  4 100 cu in  

Number of airguns / arrays  30  

Operating pressure  2 000 psi  

Source depth  8 m  

Nominal common midpoint fold  80  

Recording 

Recording format  SEG-D  

Record length  7 168 ms  

Recording filter delay  None  
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Sample rate  2 ms  

Low cut filter hydrophone, slope 4.4 Hz, 12 dB / octave  

Low cut filter geophone, slope  Not applicable  

High cut filter both, slope  214 Hz, 341 dB / octave  

Sercel SSAS Sentinel, Sercel Seal-428 

Number of streamers  8  

Group interval  12.5 m  

Group length  12.5 m  

Number of hydrophones / groups  1  

Number of geophones / groups  1  

Streamer length  7 950 m  

Streamer separation  200 m  

Number of groups / streamers 636  

Streamer depth  10 – 15 m linear slant  

Nearest offset  222 m  

 230 

The pre-stack time migrated volume imaged high amplitude horizons with a frequency content of ~20 231 

Hz. Considering the average P-wave seismic velocity of 2 400 m/s observed during processing, the dominant 232 

frequency of the seismic data is ~120 m (e.g., Kuhlmann et al., 2010; Scarselli et al., 2016). Based on the ½ and 233 

¼ wavelength criteria (Yilmaz, 2001), the vertical seismic resolution is calculated to either be 60 m or 30 m. The 234 

horizontal resolution may be as small as ½ the wavelength in the marine environment for migrated data (Herron, 235 

2011), and is therefore given as 60 m in this study. The geometry of the survey, proper bin size to avoid spatial 236 

aliasing, fold of coverage, and source and receiver set-up also have an effect on vertical and horizontal resolution. 237 
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Table 2 238 

Processing workflow (Kramer and Heck, 2014). 239 

Dolphin Geophysical Polar Duchess team 

1 Conversion from SEG-D and navigation merge 

2 Output to SEG-Y 

Global Processing Team 

3 Conversion from SEG-Y to Shell’s proprietary software 

(SIPMAP) format 

4 Spherical spreading correction 

5 Despike 

6 Swell noise attenuation 

7 Resample to 4 ms 

8 Denoise 

9 Linear noise attenuation 

10 Deghosting 

11 Seismic interference attenuation 

12 Zero phasing 

13 2D surface rendered multiple elimination prediction 

14 3D surface-related multiple elimination prediction 

15 LSQ matched subtraction 

16 Multiplicity scaling for Kirchhoff migration 

17 Phase deabsorption 

18 Residual moveout analysis 

19 RMO velocity model inversion and anisotropy scanning 

20 Pre-migration signal enhancement 

21 Kirchhoff pre-stack migration 

22 Residual radon demultiplex 

23 Amplitude deabsorption 

24 Residual moveout correction 

25 (Angle) stack 

26 Time variant scaling (additional output volumes) 

27 Archiving 

 240 

3.2. Data preparation for fault interpretation 241 

The quality of the 3D fault interpretation is dependent on the accuracy of the processing parameters (e.g., 242 

migration techniques, velocity fields, and filtering operators) used during processing. Furthermore, the resolution 243 

of fault detection is primarily a function of the signal-to-noise ratio and the seismic dominant frequency of the 244 
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data. Since Earth is a low pass filter, high frequencies are easily attenuated causing the wavelength of the seismic 245 

signal to increase as a function of depth, resulting in poor detection of small faults at great depth. Although the 246 

processing steps undertaken for the deep-water Orange Basin 3D seismic data provided high-quality data, the 247 

conventional interpretation approaches (e.g., Mahlalela et al., 2021) did not allow for exploitation of the data to 248 

its full potential. For example, sub-seismic faults could not be fully identified on seismic sections. However, 249 

sophisticated seismic attribute analysis, such as chaos and variance, can be used to enhance the detection of these 250 

features in the data. 251 

Seismic attributes play an important role in improving the quality and efficiency of fault interpretation 252 

in 3D structural interpretation (Chopra and Marfut, 2005, 2006; Chopra and Marfurt, 2007; Manzi et al., 2012; 253 

Barnes, 2016). However, the limitation of any seismic attribute is its sensitivity to coherent and incoherent noise. 254 

To enhance structural interpretation, this study introduces a novel approach to fault detection and interpretation, 255 

and it is divided into three steps including: (1) post-migrated data conditioning using smoothing operators, (2) the 256 

application of seismic attributes to conditioned data, and (3) the application of a CNN for fault extraction to the 257 

conditioned data. The workflow from data conditioning to conventional seismic attribute analysis and the deep-258 

learning CNN is illustrated in Fig. 4. 259 

The seismic volume was initially conditioned using mean and median structural smoothing filters. This 260 

improved the quality of the data and enhanced the continuity of reflections throughout the seismic volume. 261 

Structural smoothing is guided by the computation of dip and azimuth to determine the local structure (Randen et 262 

al., 2001). The option of dip guided smoothing was selected whereby the local structure is smoothed parallel to 263 

its orientation using a Gaussian filter. To visually enhance the edges within the data the dip guided smoothing 264 

filter was chosen as it uses chaos as the edge enhancer. Gaussian filtering is then applied to the filter with the least 265 

chaos. The filter sizes (controlling the number of horizontal traces and vertical samples needed in the estimation 266 

of structural smoothing) were all set at 1.5 for orientation windows X, Y and Z corresponding to the crossline, 267 

inline and vertical sections, respectively. The structurally smoothed volume was used as input both for the 268 

computation of the variance and chaos attributes, and in the CNN for fault extraction. 269 

The fault-net CNN model was trained over a 4 month period prior to being tested on the seismic volume of interest. 270 

In preparation for segmentation in machine learning, the original conditioned seismic volume was processed by 271 

discretizing it into smaller cubes of dimensions (e.g., 320 x 320 x 320) to enable faster processing. The discretised 272 

volume was checked for gaps, signal-to-noise ratios, and areas with high noise were interpolated to clean the 273 

volume. The geometry of the file was set according to the file header shown in Table 3. The original data amplitude 274 

were a minimum of -33025.01, maximum of 32767.00, and delta of 65792.01 all normalised to ensure consistency 275 

with the convolutions.  276 

Table 3 277 

Project file header used in geometry setup. 278 

Project File Header 

Geometry First inline Last inline 

11616 17188 
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First crossline Last crossline 

11504 22160 

Time Minimum Maximum Delta 

-5726 ms 2 ms 5728 

Coordinate Reference System of WGS_1984_UTM_Zone_33S, EPSG =32733 

 Minimum  Maximum  Delta 

Latitude 30.42’27.6095”S 30.02’5.1435”S 0.40’22.4660” 

Longitude 14.08’8.6564”E 14.50’37.7163”E 0.42’29.0599” 

Trace -5724 0 5724 

 279 

 280 

Fig. 4. Workflow of fault detection from the 3D seismic volume using Petrel and a CNN in deep learning. The 281 

seismic volume was input into Petrel in SEG-Y format. Both (2) the edge detection attributes used in Petrel, 282 

together with (3) the CNN deep learning process were run on (1) the pre-conditioned, structurally smoothed data. 283 
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 284 

3.3. Conventional method of manually extracting faults 285 

Initially, faults were manually picked along inlines, crosslines, time/depth slices, and arbitrary/random 286 

lines in both 2D and 3D. Variance and chaos are the two most popular volumetric seismic attributes applied to the 287 

seismic volume to delineate discontinuities. Depending on the interpreter’s desired output the variance and chaos 288 

algorithms may be run multiple times upon each other (e.g., Silva et al., 2005; Mahlalela et al., 2021; Qi et al., 289 

2019; Maduna et al., 2022). Since the application of seismic attributes are a time- and RAM-consuming process, 290 

all the algorithms used were first tested on a smaller, cropped portion of the dataset (including the structurally 291 

smoothed volume as mentioned earlier). The variance and chaos volumes were of great use in fault mapping to 292 

validate the presence and continuity of faults. Variance measures the local deviation of the seismic signal in the 293 

form of a coherency analysis and, regardless of high or low amplitude regions, will give the same response for the 294 

same seismic signature (Silva et al., 2005). Chaos measures the lack of organization from the seismic signal 295 

through statistical analysis of the dip and azimuth orientations (Silva et al., 2005). The only parameters required 296 

for chaos was the size of orientation windows X, Y and Z in filtering; all of which were set at 1.5. The parameters 297 

used for variance are in Table 4. 298 

 299 

Table 4 Parameters used for variance in the study area. 300 

Variance parameters 

Inline range (filter length) 3 

Crossline range (filter length) 3 

Vertical smoothing (in 

samples) 

25 

Dip correction On 

Inline scale 1.5 

Crossline range 1.5 

Vertical scale 1.5 

Plane confidence threshold 0.6 

Dip guided smoothing Off  

 301 

Following the application of volumetric seismic attributes, faults were picked in the seismic volume to 302 

create a fault framework; the first step in structural modelling. Faults are manually interpreted by first drawing a 303 

polyline on a seismic slice (inline/ crossline/ random/ arbitrary line) representing a fault surface in 2D. Polylines 304 

are drawn in 2D at every seismic slice chosen to follow the full trace of the fault in 3D. Fault polylines are adjusted 305 

manually to ensure that they follow the trace of the fault trace as accurately as possible. The process of picking 306 

and modelling faults took a period of over a year for the 1 800 km2 study area as fault relationships needed defining 307 

and re-picking or re-evaluating to fit into the structural model overcoming certain software limitations imposed.  308 
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3.4. Deep learning-based method of fault extraction 309 

The method used in this study is effectively an implementation of the method used in Dou et al. (2022) 310 

which is an improvement on previous CNN-based fault segmentation methods to further suppress false negative 311 

labels under the constraint of sparse 2D labels. The improvement is made by recognizing the effect of regional 312 

versus distribution-based loss functions. Regional loss functions compute differences in the overlap of pixels 313 

between a prediction and a ground truth. Dou et al. (2022) discovered that regional loss functions are more 314 

effective at suppressing false negative labels and proposed the Mask Dice (MD) loss. The network architecture 315 

was also modified, such that edge information is less degraded during propagation, because no coding process 316 

occurs in the input of the network. A specific feature fusion block was used (Multi-Scale Compression Fusion) to 317 

decouple the convolution process into feature selection and channel fusion separately. This prevents image details 318 

from being weakened during fusion. The result is a new architecture named ‘fault-net’ by Dou et al. (2022). Due 319 

to the preservation of edge features in fault-net, the complexity of the overall network could be substantially 320 

reduced, resulting in a more specific configuration of the network that is suitable for fault segmentat. This also 321 

improved performance characteristics of fault-net relative to earlier CNN-based approaches. 322 

A combination of synthetic and real seismic data were used to train the fault-net CNN. The synthetic 323 

data was generated using the principles in Wu et al. (2019) which helped overcome the sparsity of data training 324 

in fault segmentation. In addition to the synthetic data, some labelled real seismic data acquired over offshore 325 

Netherlands (F3), marine New Zealand (Kerry 3D), and Australia (Adele 3D), respectively (Supplementary Data). 326 

Consistent with Dou et al. (2022), anomaly annotation was utilized to label faults in seismic images based on their 327 

geometrical shape and size. We evaluated the performance of the proposed method by conducting experiments 328 

based on the approach of Dou et al. (2022). The performance of our proposed method was compared with other 329 

state-of-the-art methods, such as the Dice loss function, with and without anomaly annotation. A subset of faults 330 

was manually selected to ground truth and validate the training and testing method in segmenting the network. 331 

We used various metrics, including precision, recall, F1 score and segmentation error to evaluate the performance 332 

of the proposed method. The workflow applied in this study was executed in the following order: 333 

• Data augmentation: One of the critical factors that contributes to the success of U-Net in geological 334 

fault segmentation is the quality of the training data. Labelled training data is often limited in geoscience 335 

research and obtaining accurate ground truth labels for geological structures (e.g., faults) can be 336 

challenging. To improve the generalisation and robustness of the segmentation network, synthetic data 337 

augmentation is applied to increase the diversity of the training dataset. The data augmentation 338 

techniques include rotation, scaling, flipping, and cropping (Wu et al., 2019). 339 

• Model training: The proposed network was trained over four months on the synthetic seismic dataset 340 

provided in Wu et al. (2019). It contains 100 training and 10 validation sets, 3D seismic data with 341 

corresponding labels, respectively. The size of each sample is 128 × 128 × 128 voxels. To mitigate the 342 

data distribution differences or domain gap between the various training dataset and deployment seismic 343 

volume which causes severe degradation in model generalisation, we have standardised the amplitudes 344 

using z-score normalization. See Supplementary Figure 1 for an example of training output using 345 

Geoscience Australia’s Adele 3D seismic data. 346 
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• Model evaluation: The trained U-Net model is evaluated using the test dataset (Fig.5). The evaluation 347 

metrics include precision, recall, F1 score, and segmentation error. The segmentation error is measured 348 

by comparing the predicted fault maps with the ground truth fault maps. The final model took 3 hours to 349 

run on the study’s seismic volume. 350 

• Post-processing: Finally, post-processing techniques are applied to the predicted fault maps to remove 351 

false positives and false negatives. These techniques include morphological operations, such as erosion 352 

and dilation, and connected component analysis. Post-processing the seismic volume took 2 hours. 353 

 354 

 355 

Fig. 5. Illustration of the U-Net fault-net architecture used in this study (modified after Dou et al., 2022).  356 

4. Results and interpretations 357 

The 1 800 km2 seismic study images the post-rift Upper Cretaceous to Cenozoic Tertiary and Quaternary 358 

sedimentary sequences of the deep-water Orange Basin (Figs. 6 and 7a). The Upper Cretaceous sedimentary 359 

succession is dominated by the structurally complex translational and compressional domains of a DWFTB 360 

system. To understand the regional structures of the study area, only the most extensive and prominent faults were 361 

mapped out, belonging to a particular network or system arising from the DWFTB system. The reader is referred 362 

to Maduna et al. (2022) for all the results and discussion of the structural framework (faults and horizons) obtained 363 

using conventional methods as this study uses the same dataset. Here, we provide an overview of the results from 364 

the fault framework, then lead to the conventional edge-enhancing methods used to aid in manually interpreting 365 

faults. Lastly, the results of machine learning are displayed as an emerging method for fault extraction. 366 

4.1. Fault framework overview 367 

The Orange Basin is comprises several sedimentary units bound by nine high amplitude stratigraphic 368 

surfaces dominant throughout the study area (Fig. 6). These are the: (1) Albian, (2) Turonian, (3) Santonian, (4) 369 
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early Campanian, (5) late Campanian, and (6) Maastrichtian surfaces in the Upper Cretaceous; and the (7) 370 

Oligocene, and (8) Miocene surfaces in the Cenozoic, with the (9) present-day seafloor, altogether marking 371 

important geological events through time (Fig. 7a). Faults were distinguished in the seismic data from the 372 

observation of discontinuous surfaces showing upthrown and downthrown sections. These broken surfaces are 373 

mostly found in the Upper Cretaceous displaced by faults of the DWFTB system (Fig. 7a). Only large, first order 374 

faults greater than 2 km in lateral length were selected for the fault framework as the seismic volume is too heavily 375 

faulted to pick all and provide a regional understanding of the basin’s tectonics. Approximately 500 faults were 376 

manually picked and selected for the fault framework (Figs. 7b and c).  377 

 378 

Fig. 6. Original seismic volume in (a) compared to the structurally smoothed volume in (b). Vertical exaggeration 379 

= 5. 380 

 381 

Most faults detach against the Turonian-aged shales, the surface upon which 3 km of the Upper 382 

Cretaceous sedimentary succession slid downslope in gravitational collapse (Fig. 7a). Faults of the compressional 383 

domain mostly terminate at the early Campanian surface, while those in the up-dip translational domain terminate 384 
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within stratigraphically younger sequences within the Oligocene or Miocene. The type, geometry, and 385 

displacement characteristics of faults in the compressional domain and the translational domain differ greatly (Fig. 386 

7). The compressional domain is characterized by folded strata separated by ~2 km spaced, seaward-dipping 387 

imbricate thrust faults with 250 m displacements (Fig. 7a). Thrust faults are low in angle dipping between 22–45° 388 

NE with a NW–SE strike (Fig. 7b and c). The translational domain has a complex framework of faults from up-389 

dip normal faults (extensional) to down-dip thrust faults (compressional), crosscut by normal-orientated oblique-390 

slip faults. Normal faults have higher dip angles ranging between 50–70°, dipping to the NW, SE and SW, with a 391 

NE–SW strike and smaller, ~80 m, displacements (Fig. 7b and c). The translational domain and the compressional 392 

domain are linked by extensive oblique-slip faults that reach 20 km in length. Oblique-slip faults segment thrust 393 

sheets along strike as they are orientated perpendicular to the thrusts (striking NE-SW). Dip-slip offsets are ~80 394 

m on 135veragee while the magnitude of strike-slip displacement is variable with each segmented thrust sheet. 395 

Oblique-slip faults dip between 40–70° mostly to the NW and show a sinistral slip motion, while those dipping 396 

SE in the south show a dextral slip motion (Fig. 7b and c). 397 

 398 

 399 

Fig. 7. Interpretation of the Orange Basin study area. (a) shows the interpretation of the crossline in Figure 5 400 

where stratigraphic sequences and surfaces are displaced by faults from the Upper Cretaceous DWFTB system. 401 
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(b) and (c) show the plan view of the fault framework in dip azimuth and dip angle, respectively, as modified after 402 

Maduna et al. (2022). 403 

 404 

4.2. Conventional edge-enhancing methods for fault extraction 405 

The fault framework in Maduna et al. (2022) was based on conventional methods of delineating and 406 

interpreting faults. Chaos and variance were the most favourable edge-enhancing attributes to delineate faults in 407 

the seismic volume (Figs. 8, 10a and 11a). Changes in seismic amplitude due to discontinuities result in high 408 

chaos and variance values, while areas without discontinuities have low values (Figs. 8, 10a and 11a). Chaos 409 

suffers from enhancing features too much, thus appearing ‘chaotic’, as noisy sections and some high amplitude 410 

dipping surfaces are also enhanced (Fig. 8a and b). This is well seen in Figures 8b and 10a where some dipping 411 

strata have been enhanced together with the more vertical faults of the DWFTB system making it difficult to 412 

properly distinguish surfaces from faults. The variance volumes yield better results with regards to muting 413 

stratigraphic surfaces, as shown in Figure 8c and d. The faults in the variance vertical sections are however very 414 

low in resolution and not as clear as chaos; faults appear over-muted (Fig. 8c and d). Faults are clearer and more 415 

continuous in the variance time slice (Fig. 11a). For chaos, large- and small-scale discontinuities are viewed better 416 

than variance in the vertical sections (Figs. 8b, 10a and 11a). The chaos horizontal time slice is poor in resolving 417 

discontinuities particularly where faults cut through strong stratigraphic surfaces and at depth where the signal-418 

to-noise ratios were low (Figs. 8a, b and 10a).  419 

 420 

 421 
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Fig. 8. Edge detection methods. (a) chaos in 3D, (b) chaos on crossline 12384, (c) variance in 3D, (d) variance on 422 

crossline 12384. Vertical exaggeration = 5. 423 

 424 

4.3. Deep learning-based method of fault extraction 425 

Preparation of the seismic volume for fault segmentation using the fault-net architecture in deep learning 426 

is shown in Figure 9 with the black areas corresponding to no data, green corresponding to the sedimentary 427 

successions, and red showing regions and surfaces that are high in amplitude. The volume was segmented to 428 

identify and locate faults in the region. The predicted faults are shown in Figures 10b, 11b and 12, overlain upon 429 

the original seismic volume. Some faults are parallel to the inline and crossline directions and may have otherwise 430 

been missed from a single 2D vertical slice. To avoid this manual fault interpretation in 3D required additional 431 

vertical sections called ‘arbitrary polylines’ to verify the consistency of an interpretation. Arbitrary polylines were 432 

aligned normal to the strike orientation of faults to make them clearly identifiable in the seismic section for 433 

picking. In comparison, the CNN still correctly detected and segmented faults from the seismic volume, regardless 434 

of their orientation (Figs. 10b, 11b and 12). Fault-net architecture predictions are consistent with the 435 

discontinuities of manually interpreted faults using conventional methods in Figure 7. 436 

 437 

 438 

Fig. 9. Data preparation for fault segmentation in the CNN. The black areas at the top and bottom of the volume 439 

indicate the absence of data or field noise. The red areas correspond to regions with stratigraphic significance, 440 

while the green areas represent country rocks. 441 
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 442 

Figure 10 is a comparison of a chaos crossline to a fault-net architecture crossline. The CNN output 443 

provides a cleaner, less-distracted output highlighting faults as black solid lines without the influence of noise at 444 

depth (Fig. 10b), unlike the chaos volume (Fig. 10a). Although the influence of noise is reduced at depth, fault 445 

tips have not been fully segmented in the CNN (Fig. 10a). Types of faults (normal vs reverse) and fault 446 

displacements may be determined from the CNN volume because the output of faults is placed directly upon the 447 

original seismic volume (Fig. 10b). The chaos and variance edge-enhancing attributes do not show whether a fault 448 

displacement is normal or reverse (Figs. 8 and 10a). The sense of displacement can however be determined 449 

manually by displaying the manually interpreted faults on both the conventional amplitude and the CNN 450 

interpretation volumes. This is because the stratigraphic information of the horizons is largely removed 451 

particularly using the variance attribute (Fig. 8). Overall, the observation of the fault framework from the edge-452 

enhanced and CNN volumes are consistent with the interpretation in Figure 7a; most faults initiate from the 453 

Turonian surface at depth, thrust faults of the compressional domain terminate in early to late Campanian 454 

sediments, while the translational domain’s normal and oblique-slip faults terminate within stratigraphically 455 

younger Cenozoic sediments (Fig. 10). 456 

 457 

 458 

Fig. 10. Crossline section 12384 comparing structural lineaments in (a) the chaos compared to (b) the CNN output. 459 
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 460 

The overall pattern of the fault framework is best viewed on the horizontal time slice, and has such been 461 

shown in Figure 11, comparing the variance (a) and CNN output (b). The fault-net predicted fault locations (Fig. 462 

11b) were generally consistent with variance (Fig. 11a) and the manually interpreted faults in Figure 7b and c. 463 

When interpreting the time slices alone, the only displacement characteristics that can be determined is the strike-464 

slip component of oblique-slip faults where they segment compressional thrust sheets along strike (refer to Figs. 465 

6b and c for the time slices in Fig. 11). Figure 11b shows that CNN model was able to identify additional faults 466 

that were not detected using the variance method. The visibility of faults is obscured by noise on the variance time 467 

slice as clearly seen in the northern and north-eastern areas (and other areas) in Figure 11a. The CNN output, 468 

however, has not been disrupted by noise in the dataset, and faults therefore appear clearly in all areas (Figs. 11b 469 

and 12). 470 

 471 

Fig. 11. Time slice at 3336 ms comparing structural lineaments in (a) the variance volume compared to (b) the 472 

output of the CNN.  473 
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 474 

Fig. 12. 3D Fault-net model showing fault segmentation. 475 

 476 

5. Discussion 477 

The interpretation of reflection seismic data includes many steps and applications which depends on the 478 

level of detail the interpreter wants to image features in the subsurface. Understanding the fault framework system 479 

is a crucial step in determining the hydrocarbon prospectivity of a sedimentary basin. Faults impact the distribution 480 

and accumulation of potential hydrocarbons, creating migration pathways for the movement of hydrocarbons from 481 

the source rock to the reservoir until they are trapped and begin accumulating. The main criteria for identifying 482 

faults in a seismic section include the vertical displacement of reflectors, reflection discontinuity along a fault 483 

plane, and the abrupt termination of a seismic event (Duru et al., 2018). Faults are often missed in regular 2D 484 

seismic survey due to spatial limitations and the incorrect interpolation between 2D images (Richards et al., 2015). 485 

The deep-water Orange Basin study area has a complex fault framework system imaged using high-resolution, 486 

3D reflection seismic data. 487 

Important geological and physical properties of a basin’s structure, stratigraphy, and reservoir 488 

characteristics are revealed through the use seismic attributes that may otherwise be missed in a normal seismic 489 

volume (Chopra and Marfut, 2005; Brown, 2011). While volumetric attributes are applied in the initial stage of 490 

seismic interpretation, horizon/surface-based attributes may only be applied to a picked surface once sufficient 491 

manual interpretation has taken place. Using deep learning methods to recognize faults is rapidly evolving with 492 

the latest architectures being very computationally efficient. In this deep-water Orange Basin study, a new CNN-493 
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based method of fault segmentation called ‘fault-net’ (developed by Dou et al., 2022) with a U-shaped architecture 494 

is tested against conventional edge-enhancing volumetric attributes of chaos and variance following data 495 

conditioning. The identification and delineation of faults using each method is discussed below, followed by the 496 

implications for hydrocarbon exploration. A Late Cretaceous DWFTB system defines the bulk of the seismic 497 

volume, and as such, the fault framework system identified using both the conventional edge-enhancement 498 

attributes and the fault-net CNN stems from it. 499 

5.1. Comparison between 3D conventional methods and deep convolutional neural networks 500 

Faults are often highly variable in their geometry, connectivity, and orientation, making their 501 

interpretation challenging. Various computer-based software platforms may be used to interpret reflection seismic 502 

data and all have their limitations with regards to fault mapping (Wu and Hale, 2016). For example, certain fault 503 

intersections such as offset scissor faults cannot be correctly modelled in other software packages, and defining 504 

fault relationships is not a fully automated process. Fault interpretations therefore require tweaking with some 505 

relationships needing to be manually forced to fit a fault framework model. Using the guidance of volumetric- 506 

(variance), and surface-based (influential data and edge detection) attributes, Maduna et al. (2022) manually 507 

mapped over 500 regional-scale faults in the deep-water study area (Figs. 6b and c) over a period of a year. This 508 

conventional method of manual fault interpretation and extraction is heavily time-consuming and not without bias. 509 

Research is ongoing in the application of deep learning tools/methods to seismology and specific 510 

architectures for object labelling. Currently, there is a consensus on the use of CNNs with a U-shaped architecture 511 

to automate image segmentation. This approach is based on the idea of semantic segmentation applied to faults in 512 

seismic data. A trained deep learning model therefore labels faults on a per-pixel basis, treating the seismic volume 513 

as a 3D image. An advantage of CNNs over conventional methods is a significantly reduced running time (several 514 

months using the conventional method compared to several hours using the CNN method) and computational 515 

power required to run processes (Dou et al., 2022). CNNs generate a fault output map based on the probability of 516 

faults in a seismic volume (Fig. 12), providing valuable insights into the uncertainties associated with manual 517 

fault interpretation, something that is unavailable using conventional methods. The fault-net CNN deep learning 518 

model is highly efficient in that it can be trained on both small or large, and on real or synthetic datasets, and still 519 

produce accurate results with more ease and less uncertainty. The uncertainties associated with fault interpretation 520 

may be reduced using fault probability maps, helping geoscientists to better understand potential risks and 521 

optimize drilling locations. For example, areas with many faults may be avoided or subject to more detailed 522 

analysis before drilling. The use of probabilistic fault maps provides a more nuanced understanding of the fault 523 

network and can be used to identify areas of high structural complexity.  524 

The use of the variance and chaos edge-enhancing volumetric attributes (Figs. 8, 10a and 11a) improved 525 

the recognition of faults compared to the uninterpreted seismic volume in Figure 6. Apart from faults, chaos 526 

enhances other features in seismic data such as channels, gas chimneys, and carbonate sediments appearing as 527 

chaotic textures (Randen et al., 2001). When comparing the interpretation in Figure 7a with the chaos section in 528 

Figure 10a, the whole ~3 km thick succession defining the Upper Cretaceous DWFTB system is chaotic in texture 529 

with the highest chaos values along Turonian and Albian surfaces. If the data were tuned by running the algorithm 530 

on dip-guided windows at right angles to the dominant dip orientation, faults alone would be detected (Randen et 531 
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al., 2001). Other software packages, for example, do not however provide a dip-guided option when running 532 

chaos, therefore resulting in a noisy output volume containing other features that are not necessarily faults such 533 

as dipping surfaces (Figs. 8a, b and 10a).  534 

Variance on the other hand does provide a dip correction and dip-guided smoothing option (Table 4), 535 

and so, the effect of dipping surfaces may be removed from the output volume. This effect gives a poor, low-536 

resolution fault output in the vertical sections (Fig. 8c and d) compared chaos (Figs. 8a, b and 10a). Faults 537 

delineated in variance’s horizontal time slice are however much higher in resolution and are better in quality (Figs. 538 

8c and 11a) which is the converse for the chaos volume (Fig. 8a). This may have to do with the way in which 539 

variance is computed; as horizontal sub-slices (Randen et al., 2001). Both the chaos and variance volumes did not 540 

operate well at depth because seismic resolution decreases with depth, resulting in noisy areas that may be 541 

misinterpreted as being heavily fractured. Although structural lineaments indicating the presence of faults are 542 

shown in the variance time slice in Figure 11a, it does not compare to the higher resolution output provided by 543 

the CNN in Figure 11b. This is one of the key visible advantages of the CNN over conventional edge-enhancing 544 

attributes; that it provides a cleaner, more continuous output, ignoring the effect of noise in the seismic dataset. 545 

Seismic data can be affected by noise, artifacts, and other types of distortion, which can reduce the accuracy of 546 

fault extraction. This is why pre-conditioning of the seismic data is essential to remove noise and correct for 547 

distortions before training the CNN as was done in this study through structural smoothing (Fig. 6b).  548 

Even though the conditioned volume (Fig. 6b) was used as input for both the chaos and variance edge-549 

enhancing attributes applied (Figs. 8, 10a and 11a) and the fault-net CNN (Figs. 10b, 11b and 12), the CNN output 550 

fared much better in reducing the influence of noise and other artifacts in the dataset. Conversely, a limitation of 551 

the fault-net CNN is that many small-scale faults at depth and the tips of faults were cleaned out from the output 552 

model (Fig. 10b). This may be a minor limitation as the fault-net architecture may be further refined and trained 553 

to recognise faults that are smaller in scale and displacement. Another limitation of the CNN-based approach of 554 

fault segmentation is that the training process requires a large amount of labelled data, which may be difficult to 555 

obtain in some cases. In regional studies (larger than the present 1 800 km2 study), larger seismic datasets would 556 

be required for training particularly in structurally more complex onshore areas. Furthermore, the fault labelling 557 

process itself can be time-consuming, requiring a geoscience expert.  558 

5.2. Implications for hydrocarbon exploration 559 

The Orange Basin presents a prime study for hydrocarbon exploration. The basin is situated within an 560 

overall extensional tectonic setting with compressional tectonics along the continental slope, thus accounting for 561 

its structural complexity. The deep-water study area has all the makings of a prolific hydrocarbon system as it has 562 

all necessary elements including source rocks, reservoir rocks, traps, and hydrocarbon migration pathways (Figs. 563 

6 and 7a). Known source rock intervals identified in the Orange Basin occur within sediments of the Hauterivian 564 

(Jungslager, 1999), Barremian to Aptian (van der Spuy, 2003) and Turonian (Aldrich et al., 2003) ages (Fig. 2). 565 

Seen within the seismic volume is the Turonian-aged source rock interval acting as a primary shale detachment 566 

surface for the Upper Cretaceous DWFTB system in this (Figs. 6 and 7a) and other orange Basin research (e.g., 567 

de Vera et al., 2010; Scarselli et al., 2016).  568 
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In the shallower reaches of the Orange Basin the two biggest hydrocarbon systems along the Namibian 569 

(Kudu gas field) and South African (Ibubhesi gas field) shelfs are stratigraphically trapped within aeolian and 570 

fluvial channel-fill sandstone reservoirs (Jungslager, 1999). High sedimentation rates are recorded offshore SW 571 

Africa during the Upper Cretaceous with major uplift and tilting of the margin (Hirsch et al., 2010; Baby et al., 572 

2020) resulting in the formation of DWFTB systems with the down-dip contraction of sediment (de Vera et al., 573 

2010). Sand was transported to the deeper reaches of the basin through canyons providing reservoirs for the 574 

upward migration of hydrocarbons which are structurally trapped as channelized and ponded turbiditic sandstones 575 

(PASA, 2017). Structural trapping may also be in the form of anticlines from distal folds of the compressional 576 

domain as is the case for systems in the Niger Delta (Corredor et al., 2005; Benesh et al., 2014).  577 

The most vital element for a petroliferous hydrocarbon system is the presence of hydrocarbon migration 578 

pathways. Hydrocarbon migration pathways are described as the vertical movement of hydrocarbons from the 579 

source to the reservoir until it becomes trapped (Dembicki, 2022). Apart from the stratigraphy, the distribution 580 

and permeability of fractures play a crucial role in the migration of hydrocarbons, impacting the efficiency and 581 

direction of fluid flow. The distribution of faults in the deep-water study area shown in Figure 7b and c is a 582 

complicated system of up-dip normal, central oblique-slip, and down-dip thrust faults (Maduna et al., 2022). 583 

Normal faulting is the downward vertical movement (dip-slip) of the hanging wall relative to the foot wall, 584 

characteristic of extensional tectonics observed in rifted margins settings. Thrust faulting is the low-angle (<45°), 585 

upward vertical movement (dip-slip) of the hanging wall relative to the foot wall, associated with compressional 586 

tectonics. Oblique-slip faulting is a combination of both vertical (dip-slip) and horizontal (strike-slip) fault block 587 

movement with the horizontal aspect, often associated with transform tectonic regimes.  588 

Although both the edge-enhancing attributes and the CNN methods are capable of fault detection (Figs. 589 

9, 10 and 12), the method that can distinguish normal faulting from thrust faulting with ease in the seismic volume 590 

is the fault-net CNN (Figs. 10b and 12) which is a major advantage. The fault-net CNN outputs the presence of 591 

faults together with the original seismic volume meaning that both the dip-slip and oblique-slip components of 592 

faults may be determined directly from the output. This makes it possible to clearly see offset stratigraphic markers 593 

without the need to constantly toggle back and forth between different views (or to overlay the different views) 594 

which is required for the applied conventional seismic attributes.. To give a general estimate of vertical 595 

displacement characteristics and determine fault types, the edge-enhancing attributes (Figs. 8 and 10a) need a 596 

direct side-by-side (or overlay) comparison with the original/structurally smoothed seismic volume (Fig. 6) which 597 

is an inaccurate, arduous, and time-consuming process. The purpose, and hence, inherent downfall of seismic 598 

attributes is that they filter the data by focussing the attention on one specific component by removing others from 599 

the dataset (Barnes, 2016) rather than highlighting the component of interest within the original seismic volume.  600 

Maduna et al. (2023) identified features indicative of hydrocarbons in the deep-water study area including 601 

a ~4 km elongated mud volcano, pockmarked surfaces, polygonal faults, and an anticline with a high positive 602 

amplitude anomaly revealed using seismic attributes that are direct hydrocarbon indicators. Drilling is yet to 603 

commence in the deep-water region to validate and determine the extent of hydrocarbons. Optimizing accurate 604 

drilling locations first requires the seismic interpretation of the structural framework of which the distribution of 605 

faults, acting as primary fluid migration pathways, is the most important. Results from the CNN-based approach 606 
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of segmenting faults compared to edge-enhancing seismic attributes show that deep learning tools are fast 607 

becoming more advantageous than conventional methods of interpreting reflection seismic data. 608 

 609 

6. Conclusion 610 

The application of deep convolutional neural networks for 3D fault extraction from seismic data is a 611 

promising and exciting approach for improving the efficiency and accuracy of fault interpretation in subsurface 612 

structures, with profound implications for hydrocarbon exploration and target drilling. Our study demonstrated 613 

the effectiveness of the U-Net architecture in accurately identifying and extracting faults from 3D seismic data in 614 

the deep-water Orange Basin, offshore South Africa. The architecture can identify subtle fault features that may 615 

be missed by human interpreters or conventional algorithms. This is a crucial step forward in our understanding 616 

of the geological history and potential hydrocarbon resources in this region and beyond. The use of deep learning 617 

CNNs for fault extraction can significantly reduce the time and subjectivity associated with manual interpretation 618 

using conventional methods, allowing for more efficient and accurate identification of subsurface structures. All 619 

conventional methods tend to suffer from noise-induced loss of performance and the computation of processes is 620 

intensive. Furthermore, the fault map generated by the CNNs can help to quantify uncertainties in fault 621 

interpretation, which is essential in improving the efficiency of hydrocarbon exploration by identifying areas of 622 

high structural complexity and potential risks.  623 

While there are limitations to the use of deep CNNs for 3D fault extraction, such as the need for high-624 

quality input data and a large amount of labelled data for training, the benefits of this approach are significant. 625 

The application of deep learning techniques to seismic interpretation is an exciting area of research, and we 626 

anticipate that further developments in this field will lead to more accurate and efficient identification of 627 

subsurface structures, with profound implications for hydrocarbon exploration and target drilling. Overall, the 628 

application of deep learning CNNs for 3D fault extraction from seismic data is a promising and revolutionary 629 

approach that has the potential to improve our understanding of the geological history and potential hydrocarbon 630 

resources in the deep-water Orange Basin, and other regions around the world.  631 
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Supplementary Figure 829 

 830 

Figure S1. Example of seismic image training results showing “Fault Likelihood”.  831 
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9 Discussion  

By examining features in the deep-water Orange Basin, insights have been gained pertaining to the timing of basin 

formation, the driving mechanisms behind geological processes, and reservoir characteristics of the hydrocarbon 

system. This chapter discusses the findings of the research separated here into three main topics: (1) the deep-

water Orange Basin’s hydrocarbon system, (2) seismic attributes and convolutional neural networks, and (3) the 

evolution of the deep-water Orange Basin. The first discussion topic covers Chapter 7’s published manuscript 

entitled “3D reflection seismic imaging of natural gas/fluid escape features in the deep-water Orange Basin of 

South Africa” (Maduna et al., 2022).  The second discussion topic covers a portion of the manuscript in Chapter 

7 (seismic attributes used for hydrocarbon exploration) and Chapter 8’s submitted manuscript entitled “A novel 

approach to fault interpretation using a convolutional neural network: a case study of the deep-water Orange 

Basin, South Africa” (Maduna et al., 2023b). The third discussion topic covers Chapter 6’s manuscript entitled 

the “Strato-structural evolution of the deep-water Orange Basin: constraints from 3D reflection seismic data” 

(Maduna et al., 2023a). This third discussion topic further expands on the evolutionary model combining all 

observations made in the research.   

9.1 The deep-water Orange Basin’s hydrocarbon system 

The study of natural gas/fluid flow features in basin analysis presents a valuable and underutilized tool for 

understanding various aspects of basin evolution. Numerous natural gas and fluid escape features are observed in 

the deep-water Orange Basin reflecting the underlying hydrocarbon system. A schematic illustration of the 

important elements defining the hydrocarbon system is presented in Fig. 9.1 showing source rock intervals and 

surfaces displaying numerous natural gas and fluid escape features.  

9.1.1 Elements of a prolific hydrocarbon system 

The Orange Basin study area has the makings of a prolific hydrocarbon system in that it contains the following 

important elements outlined below. 

9.1.1.1 Source rock 

• The source of hydrocarbons in the deep-water Orange Basin are believed to be of both thermogenic and 

biogenic origin (Jungslager, 1999; Ben-Avraham et al., 2002; Kuhlmann et al., 2010; Hartwig et al., 

2012). The Turonian shales are the thermogenic source imaged in the study area which is also the main 

detachment surface of the DWFTB system, while the biogenic source are organic-rich sediments in the 

Miocene attributed to the Benguela Upwelling System (Fig. 9.1). The shallow shelf region of the Orange 

Basin reached gas maturation as shown by the presence of the commercial Ibhubesi and Kudu gas fields 

(Aldrich et al., 2003; van der Spuy, 2003; Paton et al., 2008). Basin modelling studies and Namibian well 

logs located adjacent to the present study area (Fig. 1.1) show that oil maturation was reached in the 

deep-water regions of the basin (Hirsch et al., 2010; van der Spuy and Sayidini, 2022). Hirsch et al. 

(2010) estimate the Turonian source rock interval to have undergone oil maturation between 85 Ma and 

16 Ma with temperatures ranging from 100–140°C.  
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9.1.1.2 Migration pathways 

• The main factors responsible for the migration and accumulation of hydrocarbon in the deep-water 

Orange Basin are the basin’s geothermal gradient and the burial history (Jungslager, 1999; Hirsch et al., 

2010). A basin's geothermal gradient plays a significant role in the maturation of organic matter, affecting 

the timing and extent of hydrocarbon generation. Additionally, the burial history of the sedimentary 

succession determines the depth and pressure conditions, which further impact the migration pathways 

of fluids. 

• The Orange Basin study area is dominated by tectonics of the of the Late Cretaceous DWFTB system 

with normal, thrust, and oblique-slip faulting. Large-scale thrusts in the down-dip compressional domain 

are segmented by oblique-slip faults extending from the up-dip translational domain. The architecture of 

the faults, including their orientation and connectivity played a crucial role in the distribution and 

intensity of gas and fluid escape features observed as over-pressurized fluids are known to migrate along 

fault surfaces and through permeable beds (Gay et al., 2006). 

9.1.1.3 Reservoir rocks and trapping mechanisms  

• High sedimentation rates with margin uplift and tilting during the Late Cretaceous resulted in the 

formation of DWFTB systems offshore SW Africa (de Vera et al., 2010; Hirsch et al., 2010; Baby et al., 

2020). Terrestrial sand transported into the deeper regions of the Orange Basin created ideal hydrocarbon 

reservoirs. While the traps in the shallower shelf regions are primarily stratigraphic (Jungslager, 1999), 

those of the deep-water study are predominantly structural, confined within anticlines formed by folding 

in the compressional domain. According to PASA (2017) structural trapping may also occur in the form 

of ponded turbiditic, and channelized sandstones seen in other shallower parts of the Orange Basin.  

9.1.2 Natural gas and fluid escape features of the Orange Basin 

The interplay of tectonics and sedimentation has had a profound effect on the formation of natural gas and fluid 

escape features which serve as indirect evidence of elevated pore fluid pressures. Fluid overpressures primarily 

arise due to tectonic stresses, disequilibrium compaction, and volumetric expansion (Rowan et al., 2004; Bilotti 

and Shaw, 2005). Sediment loading from gravitational collapse, coupled with volumetric expansion during the 

generation and maturation of hydrocarbon in the Late Cretaceous, led to fluid overpressures in the deep-water 

Orange Basin. The surface expression of hydrocarbon migration is evidenced by distinct features in the study area 

which have affected the stability of the evolving margin. These features include (1) pockmarked surfaces, (2) 

polygonal faults, and (3) a mud volcano. Although they are not natural gas and fluid escape features, other features 

of interest are (4) the products of mass flow processes closely associated with hydrocarbon migration to the 

seafloor.  The distribution of all these features in the study area is illustrated in Fig. 9.1. Apart from Fig. 9.1, this 

subsection cites figures from Chapter 7 in Maduna et al. (2023a). 
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Figure 9.1 Schematic diagram of the deep-water Orange Basin illustrating the distribution and relationship of 

natural gas and fluid escape features observed in the study area. The Turonian shales are a thermogenic source 

rock interval. An explosive hydrocarbon expulsion event in the late Campanian created numerous pockmarks. 

The Miocene is a biogenic source rock interval and is marked by slope-parallel, sinusoidal channels. An episodic 

release of hydrocarbons from the Miocene surface created pockmarks on the seafloor. 
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9.1.2.1 Pockmarked surfaces 

a) Late Campanian 

• Over 950 pockmarks are observed on the late Campanian surface (Figs. 4, 6-9; Maduna et al., 2023a) 

classified into three categories based on their shape and diameter: (1) giant pockmarks (>1 500 m in 

diameter) are linked to wide chimneys at depth arising from fault propagation folds and thrusts, (2) crater 

pockmarks (~700–900 m in diameter) are centrally located within postdating polygonal fault cells, and 

(3) simple pockmarks (<500 m in diameter) within giant pockmarks, as conjoined composite clusters, 

along fault surfaces, in linear belts unrelated to faulting, and otherwise random distributions. While only 

8 giant and 20 crater pockmarks are observed on the paleo-surface, simple pockmarks are the most 

numerous with over 900 occurrences. 

• The surfaces directly below and directly above the late Campanian do not show any pockmarks. The 

numerous distribution of pockmarks on this one surface is attributed to an explosive release of over-

pressurized fluids during the late Campanian triggered by faults arising from the DWFTB system. The 

source of hydrocarbons is thus likely from deep-seated thermogenic shales identified in the Aptian 

(unimaged in this study) (van der Spuy, 2003) and Turonian (Aldrich et al., 2003).   

b) Present-day seafloor 

• The present-day seafloor displays 85 pockmarks that are simple in morphology (Fig. 10; Maduna et al., 

2023a). Most seafloor pockmarks are in the same vicinity or are aligned similarly to those on the buried 

late Campanian surface. Notably, there are no visible pipes or faults connecting the pockmarks between 

the late Campanian and seafloor surfaces (unless faults are below the seismic resolution limit). This 

suggests that the source of hydrocarbons on the seafloor is not from the same thermogenic source as the 

late Campanian. Seafloor pockmarks were likely formed from an episodic release of biogenic 

hydrocarbons arising from organic-rich Miocene sediments.  

9.1.2.2 Polygonal faults 

• The combination of compressional and extensional tectonics in the translational domain created a 

planform honeycombed pattern of faults (Fig. 6; Maduna et al., 2023a). These are known as polygonal 

faults formed by hydraulic fracturing in fine-grained hydrocarbon reservoirs (Henriet et al., 1991; 

Cartwright, 1994, 2007). Polygonal faults served as preferential fluid migration pathways contributing 

to the formation of concentric crater-like pockmarks on the late Campanian surface. These were referred 

to as “bulls-eye” pockmarks by Andresen and Huuse (2011) because of their central location within 

polygonal fault cells (in planform) also seen in this research. 

9.1.2.3 Mud volcano 

• A 4.2 km long mud volcano occurs on the present-day seafloor postulated to have initially erupted 

(sedimentary volcanism) during the Santonian (Figs. 10, 11, and 12; Maduna et al., 2023a). Its shape and 

elongated morphology indicate that it is tectonically controlled (Mazzini and Etiope, 2017). The seismic 

data image its near-vertical vent to root from the Turonian shale detachment surface, and that it is situated 

along the axis of a large anticline marking the intersection of the translational domain and the 

compressional domain (Fig. 11; Maduna et al., 2023a).  
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• Mud volcanoes are indicative of extremely high rates of methane expulsion while pockmarks of moderate 

to high rates of methane expulsion (Roberts et al., 2006; Cartwright, 2007). The prevailing idea suggests 

that larger surface expressions of gas/fluid expulsion correlate with higher methane flux intensity. 

Methane flux intensity in the late Campanian is therefore shown to increase from the southeast to the 

northwest where the mud volcano is situated. 

9.1.2.4 Mass flow products 

• Mass flow processes formed a major slump system and smaller slides on the seafloor (Fig. 10; Maduna 

et al., 2023a). Although they are not natural gas and fluid escape features, they are closely related to them 

as hydrocarbons seeping to the seafloor affected the stability of Cenozoic to seafloor sediments.  High 

methane expulsion rates associated with sedimentary volcanism led to major slumping on the seafloor 

forming a large slump system covering an area of >26 × 19 km around the elongated mud volcano.  

• Moderate to high methane expulsion rates forming seafloor pockmarks also affected the stability of 

surrounding sediments resulting in smaller slides. Features associated with the mass flow of sediment 

are triggered by events such as earthquakes, turbidity currents, or rapid changes in sedimentation rates 

(Rogers and Rau, 2006). The dynamics of mass flow processes can be highly complex, involving a 

combination of factors leading to sediment destabilization. 

9.2 Seismic attributes and convolutional neural networks 

Seismic attributes are invaluable in the exploration and production of hydrocarbons, particularly in deep-water 

settings where seismic data can be challenging to interpret. Seismic attributes played a crucial role in resolving 

and understanding the various features and structures described in the deep-water Orange Basin study. They are 

conventional techniques in seismic interpretation that enhance specific aspects of interest within the seismic 

dataset by applying various algorithms. While this approach remains effective in seismic interpretation software, 

the emergence of big data concepts has led a shift towards machine learning algorithms, particularly convolutional 

neural networks (CNNs), which can automatically detect features of interest. In this section, the seismic attributes 

applied to the seismic dataset are first briefly outlined (for more detailed descriptions, please refer to Chapter 4's 

Methodology). Edge-enhancing seismic attributes are then compared to a convolutional neural network's 

performance in interpreting the basin's fault framework system.   

9.2.1 Seismic attributes  

In the context of the deep-water research, seismic attributes have played a crucial role in resolving and interpreting 

features and structures that might have been otherwise difficult to distinguish. By applying various filters to the 

seismic dataset, these attributes highlighted the following aspects: (1) stratigraphic boundaries and faults, and (2) 

the potential hydrocarbon system.  

9.2.1.1 Seismic attributes for stratigraphic and structural interpretation 

• Structural smoothing was first applied to the full seismic volume to precondition the dataset. The 

structurally smoothed seismic volume was used as input for both the chaos and variance edge-
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enhancement attributes, and the fault-net CNN. This full workflow is illustrated in Fig. 4 of Chapter 8 

(Maduna et al., 2023b).  

• Relative acoustic impedance was the volume-based seismic attribute applied to enhance the stratigraphy 

of seismic volume. Nine stratigraphic surfaces corresponding to major geological events along the SW 

African margin (Brown et al., 1995; PASA, 2017) were identified in the study (see Chapter 9.3).  

• Surface-based attributes of confidence classification (applied to picked horizon interpretations), anomaly 

identifier, edge detection, and influential data were applied to the seismic volume seen in Chapter 6 

(Maduna et al., 2022). They played a vital role in enhancing the stratigraphic interpretation process by 

detecting any anomalies and identifying geological boundaries related to faulting.  

9.2.1.2 Seismic attributes for hydrocarbon exploration 

• Specific volume-based attributes were used to interpret the hydrocarbon potential of deep-water study in 

Chapter 7 (Maduna et al., 2023a) including generalised spectral decomposition, envelope, sweetness, and 

the iterative root-mean-square amplitude. These are known as direct hydrocarbon indicators as they 

reveal the presence of hydrocarbons as positive high amplitude anomalies in seismic data.  

• Positive high amplitude anomalies are predominantly concentrated in the central and southwest regions 

of the study area (Figs. 12 and 13; Maduna et al., 2023a). Notably, the most substantial hydrocarbon 

accumulation is in the region directly above a late Campanian anticline with the most extreme 

amplitudes. Surrounding this anticline, the area exhibits irregular and deformed pockmark shapes on both 

late Campanian and seafloor surfaces (Figs. 4 and 10; Maduna et al., 2023a). The anticline with the 

positive high amplitude anomaly is situated directly above the intersection of the translational domain 

and the compressional domain. It is further south of the elongated mud volcano that also occurs at the 

intersection of the two domains.  

9.2.2 The comparison of edge-enhancement attributes with a fault-net CNN  

Despite the effectiveness of seismic attributes, the field of seismic interpretation has undergone a transformation 

with the rise of big data concepts and advancements in machine learning. CNNs, a type of deep learning algorithm, 

have gained prominence due to their ability to automatically learn and recognize patterns from large datasets. In 

seismic interpretation, CNNs have demonstrated significant potential in automatically detecting and 

characterizing geological features. These algorithms excel at feature extraction and pattern recognition, making 

them well-suited for tasks such as fault detection, horizon picking, and seismic facies classification (Wu et al., 

2019; An et al., 2021; Dou et al., 2022; Wei et al., 2022). In this research, conventional edge-enhancement 

attributes (variance and chaos) were compared to a CNN called fault-net (Dou et al., 2022) for detecting faults in 

the deep-water Orange Basin. Although both methods improve the understanding of structures in the subsurface, 

they each have their strengths and limitations described in Table 9.1. 

9.2.2.1 Edge-enhancement seismic attributes 

• Edge-enhancement seismic attributes are conventional techniques used in seismic interpretation to 

accentuate features with sharp changes or boundaries in seismic data and are therefore highly effective 

in delineating faults.  The two edge-enhancement seismic attributes applied were of chaos and variance 
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following structural smoothing. Chaos highlights various features with chaotic textures, such as faults, 

channels, gas chimneys, and carbonates (Randen et al., 2001). Variance emphasizes regions with high 

variations in seismic amplitudes (Silva et al., 2005).  

Table 9.1 The advantages and disadvantages of conventional edge-enhancement attributes (variance and chaos) 

compared to the fault-net convolutional neural network. 

 Conventional edge-enhancement 

attributes 

Fault-net convolutional neural network 

Advantages 
• Relatively straightforward in 

application and do not require 

extensive data training.  

• Enhances geological structures with 

complex orientations and shapes well. 

• Has the ability to learn and adapt to 

new data or complex relationships 

patterns from large volumes of labelled 

seismic data. 

• Offer a more automated, time-efficient 
approach without the subjectiveness 

arising from manual intervention. 

• Can handle seismic data with noise, 

distortions, and other artifacts resulting 

in cleaner and more accurate fault 

extraction outputs. 

• Fault output map is output together 

with the original seismic volume and 

so offset stratigraphic markers can be 

clearly seen. 

• Required less computation power  

Disadvantages 
• Limited to enhancing specific types of 

features (e.g., faults, channels) and are 

not as versatile in detecting other 

geological elements. 

• Do not effectively handle noise and 
other artifacts present in the seismic 

data, potentially leading to 

misinterpretations. 

• Requires a lot of manual intervention 

which is subjective and time-

consuming. 

• Rule-based and lack the ability to 

learn and adapt to new data or 

complex relationships. 

• Fault displacements cannot be 

determined from the output volume 
alone as it does not include the 

stratigraphic information.  

• Required high computation power and 

long run times for the large dataset. 

• Fault segmentation requires a 

substantial amount of accurately 

labelled training data, which may be 

challenging to obtain, especially in 

large-scale regional studies. 

• Data training and designing the 

architecture demands expertise in data 

science and machine learning. 

• Struggles with the detection of small-

scale faults or subtle features at depth, 

potentially requiring further model 

refinement and training. 
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9.2.1.2 Fault-net convolutional neural network 

• CNNs are a class of deep learning algorithms widely used for image recognition and segmentation tasks. 

In seismic interpretation, CNNs have shown significant potential for automatically detecting and 

characterizing geological features.  

• The approach employed in this research essentially adapts the fault-net method introduced by Dou et al. 

(2022), which represents an improvement over earlier CNN-based fault segmentation approaches 

(Ronneberger et al., 2015; Zhou et al., 2018; Wang et al., 2020). 

• Both synthetic and real seismic data were utilized to train the fault-net CNN before preparing the 3D 

seismic volume for extracting faults. The synthetic data was generated based on the principles outlined 

in Wu et al. (2019), which effectively addressed the scarcity of training data for fault segmentation. After 

conditioning the seismic data through structural smoothing, the fault-net CNN was applied for extracting 

faults. 

With regards to the Orange Basin’s fault framework system (explained in the section below), the fault-net CNN 

applied validates the structural interpretations made using the chaos and variance edge-enhancement attributes. 

The transition towards machine learning-based approaches, like CNNs, has not replaced the use of seismic 

attributes but may rather complement them. Researchers and geoscientists now have access to a broader range of 

tools to tackle various challenges in seismic interpretation.  

9.3 Evolution of the deep-water Orange Basin 

The seismic volume images nine major stratigraphic surfaces representing significant geological events along the 

SW African margin (Brown et al., 1995; PASA, 2017). These are the Late Cretaceous Albian (14At1), Turonian 

surface (15At1), Santonian (16Dt1), early Campanian (17At1), late Campanian (18At1), and Maastrichtian 

(22At1) surfaces; and the Cenozoic Oligocene, Miocene, and seafloor surfaces (Table 4.8; Fig. 4.18). A conceptual 

model for the structural evolution of the deep-water Orange Basin was given in Fig. 12 of Chapter 6 (Maduna et 

al., 2022). The model is elaborated upon from the final structural model created shown in Figs 4.19 and 4.20 of 

the methodology.  

9.3.1 Late Cretaceous evolution 

a) Albian–Turonian (~103–93 Ma) 

• Between the late Albian to early Turonian, well-defined shelf, slope, and basinal depositional elements 

of the Orange Basin began to form during retrogradation (Fig. 2.4; Light et al., 1993; Baby et al., 2018). 

A progressively deepening basin with increased sedimentation rates is evidenced by gravitational 

collapse features between the Albian and Turonian shown in this research (Figs. 6 and 12a; Maduna et 

al., 2022). These features are small-scale (~ 20 m wide folds) fold-and-thrust belts detaching the Albian 

surface at depth. They are situated in localized areas below the compressional domain of the kilometre-

scale Late Cretaceous DWFTB system (described more in point b).   

• The Turonian is one of the main surfaces of interest in this research as a regional scale DWFTB system, 

dominating the entirety of the Late Cretaceous succession seismically imaged, mostly detaches upon it 
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(Fig. 6; Maduna et al., 2022). The absence of the Turonian shale detachment surface in certain areas of 

the research is attributed to surface thinning as the overlying succession of sediment slid downslope 

during gravitational collapse (Fig. 8; Maduna et al., 2022). Turonian shales are known as a thermogenic 

source of hydrocarbon in the Orange Basin, together with the older Albian and deeper, unimaged Aptian 

shales (Aldrich et al., 2003; van der Spuy, 2003).  

b) Turonian–Santonian (~93–85 Ma) 

• All features and structures observed in the Late Cretaceous succession of this research are related to the 

up-dip translational and down-dip compressional domains of a gravitational collapse system along the 

continental slope (Figs. 5 and 6; Maduna et al., 2022). Analogue models such as the study of Cobbold 

and Szatmari (1991) and Wu et al. (2015) have been effective in investigating the formation of 

gravitational collapse systems.  These models show that during gravitational collapse deltas spread 

radially outward forming an arcuate shape in plan view for delta tops (up-dip extensional domain) and 

toe thrusts (down-dip compressional domain). Toe thrusts are segmented by extensional shear (oblique-

slip) faults formed within the translational domain (Wu et al., 2015).    

• Gravitational sliding upon the Turonian shale detachment surface led to the remarkable formation of 

kilometre-scale fold-and-thrust belts in the distal regions of the Orange Basin which characterizes the 

compressional domain (Figs. 6 and 9; Maduna et al., 2022). The compressional domain is linked to the 

more proximal translational domain via extensive oblique-slip faults (Figs. 5 and 11; Maduna et al., 

2022). The oblique-slip faults acted as lateral ramps segmenting thrust sheets along strike (mostly 

perpendicularly) to redistribute strain during sediment loading. Although the extent of the present dataset 

does not extend to the up-dip shelfal regions, other studies prove the existence of a proximal extensional 

domain characterized by listric growth faults (e.g., de Vera et al., 2010).  

• A key observation made of the translational domain in this research is that it is a zone containing 

overprinted features of both extensional and compressional tectonics linked by oblique-slip tear faults 

(Figs. 5 and 11; Maduna et al., 2022). The 5% of missing strain observed between the extensional and 

compressional end member domains of DWFTB systems is likely found in the structurally complex 

translational domain supporting the observation of Dalton et al. (2017b) regarding internal strain 

redistribution. The slight to variable differences in the dip-slip and strike-slip components of oblique-

slip faults (Figs. 5c and 7; Maduna et al., 2022) implies a syn-kinematic relationship of sedimentation 

with faulting to redistribute strain. The arcuate shape of the fault framework in plan view and their 

clockwise change in strike (SE–SW–NW-NE) from south to north (Fig. 5b) are an exemplary, real-world 

example of gravitational collapse through radial spreading observed in analogue models (Cobbold and 

Szatmari, 1991; Wu et al., 2015). 

• In Dalton et al. (2017a) Orange Basin study, deformation to create fold-and-thrust belts in 

stratigraphically older sequences is modelled to postdate deformation of the stratigraphically younger 

sequence. This is a plausible scenario whereby progressive up-dip extension forced listric growth faults 

to propagate downwards onto a stratigraphically lower detachment surface for the redistribution of strain, 

which in turn led to distal down-dip compression on a lower detachment surface. In this research, 

however, that scenario cannot be concluded upon as the extensional domain of the DWFTB system is 

not imaged in the seismic dataset. A second scenario proposed here is that the underlying Albian–
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Turonian fold-and-thrust belts pre-date the larger, kilometre-scale fold-and-thrust belts as is the case for 

Australian Ceduna sub-basin (Ahmed et al., 2022). The second scenario proposed is based on the fact 

that the structural styles of these two fold-and-thrust belt systems are not exactly the same; the Albian–

Turonian fold-and-thrust belts only occur in localized areas and are smaller in height and fold spacing 

due to the small supply of sediment to the basin (compared to later times in the Late Cretaceous). There 

furthermore appears to be evidence of crosscutting relationships supporting the second scenario. This 

remains speculative, however, and has not been discussed in this research as the seismic resolution of 

features within the Albian–Turonian sequence is too low to effectively investigate. 

c) Santonian–Maastrichtian (~85–67 Ma) 

• Deformation by downslope gravitational collapse ended in the early Campanian proven by the change in 

fold geometry between the Santonian and late Campanian sequences. Thrust faults of the DWFTB system 

terminated around the early to late Campanian, while normal and oblique-slip faults of the proximal 

translational domain were reactivated terminating in younger Cenozoic sequences. The intricate fault 

framework system of the Late Cretaceous DWFTB system provided essential pathways for the migration 

of hydrocarbons from the Turonian source rock to the reservoir rocks above, eventually becoming 

structurally trapped and accumulating within anticlines. 

• An elongated mud volcano emerged during the Santonian separating the two domains observed and has 

remained active till present. During the late Campanian a major gas and fluid expulsion event occurred 

forming widespread pockmarks on the paleo-seafloor. Along the same anticlinal ridge where the mud 

volcano formed furtherer south, hydrocarbons accumulated in a late Campanian anticline imaged as a 

positive high amplitude anomaly in the seismic volume. Mud volcanism and late Campanian pockmark 

formation, coinciding with the Turonian interval’s oil maturation window according to Hirsch et al. 

(2010), were triggered by fault reactivation during progressive gravitational collapse and contraction. 

• The Maastrichtian marks the end of the Late Cretaceous and beginning of the Cenozoic. In this work, the 

thick surface is shown to separate underlying Late Cretaceous progradational sequences from the 

overlying Cenozoic retrogradational sequences.  

9.3.2 Cenozoic evolution 

d) Oligocene (~30–25 Ma) 

• Canyoning in the Oligocene was caused by a major sea-level fall recognised along the SW African 

margin from continental uplift (Siesser and Dingle, 1981; Séranne and Anka, 2005). Sediments were 

eroded by downslope turbidity currents to form a large slope-perpendicular canyon cutting Oligocene 

right down to the Maastrichtian strata.  

e) Miocene (~12–10 Ma) 

• The influence of newly formed ocean currents started to play a vital role in the erosional and depositional 

systems of the Orange Basin from the Miocene. The formation of the opposite-flowing North Atlantic 

Deep Water and Antarctic Bottom Water bottom currents (Weigelt and Uenzelmann-Neben, 2004) 

formed slope-parallel, sinusoidal channels at the interface of the two bottom currents observed on the 

Miocene surface (Fig. 9.1). The preservation of the sinusoidal channels was aided by the intensification 

of the Benguela Upwelling System at ~11 Ma together with an arid climate decreasing sediment supply 
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offshore (Diester-Haass et al., 2004; Rommerskirchen et al., 2011). Organic-rich sediments from the 

upwelling system are a likely biogenic source of hydrocarbons for the natural gas and fluid escape 

features observed on the seafloor. 

f) Miocene–present (~12–0 Ma) 

• Slope instability formed a large slump scar and slides on the seafloor with their base within Oligocene 

to Miocene sediments. These mass wasting features are associated with the migration of fluid and/or gas 

to the seafloor. The slump scar reflects the underlying extent of sediment remobilization in the region of 

the elongated mud volcano imaged in the study. Another smaller gas and fluid expulsion event occurred 

resulting in pockmarks on the seafloor which occur together with slides. Vast economic hydrocarbon 

reservoirs in the deep-water Orange Basin are indicated by the extensive presence and wide distribution 

of all these natural gas and fluid escape features. 

9.4 Future considerations and recommendations 

Additional research is required with more high-resolution seismic sections including imagery of the proximal 

extensional domain of the Late Cretaceous DWFTB system identified in this research. Drilling is recommended 

in the South African deep-water region of the Oange Basin, particularly in regions displaying positive high 

amplitude anomalies, to validate the presence of hydrocarbons and evaluate the economical prospectivity of the 

basin. A comprehensive geochemical study is required that includes biomarker and stable isotope analyses, and 

fluid inclusion studies to distinguish between thermogenic and biogenic hydrocarbons. Understanding the 

temporal and spatial evolution of gravitational collapse and natural gas and fluid escape features in the Orange 

Basin requires a multidisciplinary approach, combining geological, geophysical, and geochemical data. The 

combination of high-resolution seismic surveys, borehole data, and core samples are crucial for thoroughly 

reconstructing the geological history of the Orange Basin. These comprehensive datasets are indispensable for 

evaluating the region's potentially abundant hydrocarbon systems.  

For deep-learning, as CNNs are known to excel not only in pattern recognition but also in feature extraction, an 

improvement of the fault-net CNN would be the ability to extract and export only the fault patches in 3D with x, 

y, and z coordinates readable in other hydrocarbon or mineral exploration software. Currently, the CNN outputs 

fault images upon the original input seismic volume which is not useable in other software formats. In addition to 

this, the fault-net algorithm may be further improved in its effectiveness by reducing the time required for model 

training. This may be shortened from a few days to a few hours, minutes, and eventually possibly even a few 

seconds.   
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10 Concluding remarks 

All depositional elements observed in the deep-water Orange Basin study were created by the interplay and change 

in tectonic, climatic, and oceanographic regimes affecting the southwest African passive margin between the 

Mesozoic’s Late Cretaceous to Cenozoic. The deep-water Orange Basin’s evolutionary model may serve multiple 

purposes, as it can be used as (a) an analogue to enhance comprehension of the structural interpretation of DWFTB 

systems on a global scale, (b) a significant example of how oceanographic circulation and climate impacted mid-

Cenozoic sedimentation, and (c) compelling evidence that substantial economic hydrocarbon reservoirs within 

the basin remain untapped and await exploitation. The following conclusions are drawn from each aspect:  

a) Prior to this research, there was a scarcity of data for tectonics within the translational domain of DWFTB 

systems not only in the Orange Basin, but also worldwide. This is due to the domain’s structural 

complexity which was often poorly resolved using spatially insufficient 2D and lower resolution 3D 

reflection seismic data. Translational tectonics are a gradual transition of proximal normal faulting 

(extensional tectonics) to distal thrust faulting (compressional tectonics) accommodated by oblique-slip 

faulting segmenting thrust sheets along strike all the way into the down-dip compressional domain.   

b) Sedimentation patterns in the Miocene were strongly controlled by the change in oceanographic 

circulation offshore southwest Africa changing climatic conditions and driving upwelling. Sinusoidal 

channel-like features orientated parallel to the margin were formed by the erosive interaction of the 

concurrent, opposite-flowing North Atlantic Deep Water and Antarctic Intermediate Water Ocean 

currents coinciding with the intensification of the Benguela Upwelling System.  

c) Alongside the active shelfal hydrocarbon systems and promising deep-water discoveries in Namibia, the 

extensive presence of natural gas and fluid escape features identified in this research serves as evidence 

for a highly productive hydrocarbon plumbing system in action. Significant natural gas and fluid escape 

features include pockmarked surfaces (late Campanian and seafloor surfaces), an elongated mud volcano, 

and a Late Campanian anticline with a positive high amplitude anomaly.  

d) The application of seismic attributes to the research enhanced the overall accuracy and precision of the 

final geological model generated. Numerous structural and stratigraphic features that may have otherwise 

been missed in the original seismic volume, were enhanced by the application of volume- and surface-

based seismic attributes.  

e) The application of the fault-net CNN as a tool for fault extraction presents a promising machine learning 

approach in interpreting reflection seismic data. Some key benefits of using the CNN include automation, 

faster analysis, and the ability to handle massive datasets more efficiently than relying solely on 

conventional seismic attributes. By leveraging both the CNN approach and traditional seismic attributes 

in seismic data interpretation, geoscientists can make better-informed decisions in hydrocarbon 

exploration and reservoir management. This integration of cutting-edge technology and established 

methods holds the potential to significantly improve the accuracy and productivity of geological analysis, 

ultimately leading to more successful exploration and production outcomes.     
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Seismic analysis of the Orange Basin; from a deepwater  
fold-and-thrust-belt to Cenozoic mass transport systems
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School of Geosciences, University of the Witwatersrand, Johannesburg, South Africa

Traditionally, deepwater fold-and-thrust belts (DWFTBs) have been of great importance to the petroleum in-
dustry as vast reserves of hydrocarbons are associated with their anticlines. Well-preserved DWFTB systems 
are found in the South Atlantic with several occurring off the western coast of South Africa in the Orange 
Basin. Previous studies have mainly focussed on the 2D seismic interpretation of the Orange Basin, which 
is naturally limited or confined to shallow waters. In this study, the availability of high-resolution, 3D seismic 
reflection data has allowed us to constrain the strato-structural architecture of the deepwater Orange Basin 
from a Cretaceous DWFTB system to the overlying Cenozoic deposits.

The 3D seismic data show the imaging of the structurally complex transitional domain and a portion of the 
compressional domain, containing the fold-and-thrust belt system, upon a main, seaward-dipping, basal 
shale detachment surface. The strong seismic marker forms the oldest of the seven seismic reflections 
observed in the study area, identified at the base of lithological units. These are the: Turonian, Santonian 
and Maastrichtian Cretaceous horizons; and the Palaeocene, Oligocene and Miocene Cenozoic horizons, 
including the seafloor. Multiple shale detachment surfaces partially accommodate slip in the DWFTB sys-
tem. Gravitational slip initially occurs along the main Turonian shale detachment surface until the DWFTB 
system becomes locked. Stress in the system is then redistributed through the downward propagation of 
thrust faults onto a lower shale detachment accommodating further slip and essentially creating a younger, 
underlying set of folds and thrusts. With progressive sediment deposition, stress and strain are constantly 
redistributed in the basin to give rise to a complex range of geometries. This affects the timing and locus of 
sedimentation as evidenced through the complicated fault networking system, which are possible conduits 
for hydrocarbon migration. Some of these faults have been reactivated, extending from the main Turonian 
shale detachment surface in the transitional domain and terminating between the Oligocene and Miocene 
stratigraphic horizons which are unconformity surfaces. These two horizons correspond with the major 
Oligocene and lesser Miocene sea-level lowstands, previously described in great detail for southwestern 
Africa's shallow marine to coastal settings, and are characterised by: one large submarine canyon truncating 
the base of the Palaeocene on its seaward trajectory; and a smaller series of concentrated incipient canyons, 
respectively. The Cenozoic mass transport system and deposits are thus strongly influenced not only by 
relative sea-level fluctuations but also by the underlying geometry of the Cretaceous DWFTB system. The 
present morphology of the seafloor indicates that slumping still occurs due to sediment instability along 
the seaward-dipping continental slope.
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Evolution of the Orange Basin; Cretaceous Deepwater Fold-and-Thrust Belts to Cenozoic Mass 

Transport Systems 

 

Introduction 

 
Traditionally, deep-water fold-and-thrust belts (DWFTBs) have been of great importance to the 

petroleum industry as vast reserves of hydrocarbons are associated with their anticlines (Morley et al., 

2011). Well-preserved DWFTB systems are found in the South Atlantic’s passive margin with several 
occurring off the western coast of South Africa in the Orange Basin. The extensional and 

compressional domain of DWFTB systems has been well-studied due to the simplicity of the former 

and known hydrocarbon potential of the latter (e.g. Paton et al., 2007, 2008; De Vera et al., 2010; 
Baby et al., 2018). Apart from the study of Dalton et al. (2017), a paucity of data exists for the more 

structurally complex transitional region and how DWFTBs affect the overlying sedimentary 

successions through time. Understanding the architectural elements of southern Africa’s passive 

margin, and the tectonic evolution of the DWFTB systems contained within, is therefore important in 
building on the scientific knowledge known of what occurs in these settings worldwide and in further 

constraining prospective sites for petroleum exploration in similar settings. 

 

 
Figure 1 Map showing the location of the 3D study area within the deep-water Orange Basin. 

 
The focus of this study is on an 1800 km2 3D seismic block in the deep-water Orange Basin, located 

along the continental slope between water depths of 1000 m and 2000 m within PASA’s (Petroleum 

Agency South Africa) survey area OB123D-01 (Figure 1). Previous studies have mainly focused on 

the 2D seismic interpretation of the Orange Basin, which is naturally limited. In this study, the 
availability of high-resolution, 3D seismic reflection data has allowed us to constrain the strato-

structural architecture of the deep-water Orange Basin from a Cretaceous DWFTB system to the 

overlying Cenozoic deposits. 
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Methodology 

 

Seismic processing was carried out by the Netherlands Global Processing team through geometry 

setup, SEG-D to SEG-Y data conversion, trace editing, picking of first breaks, noise attenuation, 

velocity analysis, stacking, deconvolution, and migration. Following the corrections and editing 
involved in processing, a project for 3D seismic interpretation was created using Schlumberger’s 2018 

Petrel Exploration and Petroleum Software package. The complete Petrel workflow used is shown in 

Figure 2. 
 

 
Figure 2 Methodology of the Petrel workflow.. 

 
Cretaceous DWFTB system 

 

The 3D seismic data show the imaging of the structurally complex transitional domain and a portion 

of the compressional domain, containing the fold-and-thrust belt system, upon a main, seaward-
dipping, basal shale detachment surface. The strongest seismic reflections mark the Turonian, 

Santonian and Maastrichtian Cretaceous stratigraphic horizons; and the Paleocene, Oligocene and 

Miocene Cenozoic stratigraphic horizons, including the seafloor. Multiple shale detachment surfaces 
are known to partially accommodate slip in the Orange Basin’s DWFTB system (Dalton et al., 2017). 

This is observable in the study area as shown in Figure 3. Gravitational slip initially occurs along the 

main Turonian shale detachment surface until the DWFTB system becomes locked. Stress in the 

system is then redistributed through the downward propagation of thrust faults onto a lower shale 
detachment accommodating further slip and essentially creating a younger, underlying set of folds and 

thrusts. With progressive sediment deposition, stress and strain are constantly redistributed in the 

basin to give rise to a complex range of geometries. This affects the timing and locus of sedimentation 
as evidenced through the complicated fault networking system, which are possible conduits for 

hydrocarbon migration. 
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Figure 3 Strato-structural framework of the deep-water Orange Basin showing major stratigraphic 
horizons and faults within the transitional and compressional domains. 

 

Cenozoic deposits 

 

Some faults within the transitional domain have been reactivated, extending from the main Turonian 

shale detachment surface to terminate between the Oligocene and Miocene stratigraphic horizons; 

unconformity surfaces corresponding to relative sea-level falls (Figure 2; Figure 3). Evidence of the 
major Oligocene and lesser Miocene sea-level lowstands, most commonly observed in the shallow 

marine to coastal settings of the southwest African coastline (e.g. Baby et al., 2018; Kirkpatrick et al., 

2018), is shown in the study by: one main, large Oligocene submarine canyon truncating the base of 
the Paleocene on its seaward trajectory; and a smaller series of cross-cutting and concentrated 

Miocene incipient canyons along the continental slope, respectively (Figure 4). The Cenozoic mass 

transport systems and deposits are thus strongly influenced not only by relative sea-level fluctuations, 

but also by the dipping slope and underlying geometry of the Cretaceous DWFTB system as faults are 
reactivated with progressive sedimentation in the transitional domain.  

 

 
 

Figure 4 Edge detection attribute enhancing faults and features on the Oligocene (A) and Miocene 

(B) surfaces. A. Note the canyon to the NE section; B. Note the smaller, sinuous cross-cutting canyon. 
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Conclusions 

 

This study has shown the different structural effects that the transitional and compressional domains 

of DWFTB systems have on the evolution of overlying deposits with progressive sedimentation. 
Understanding the complex fault networking system associated with DWFTB systems is crucial in 

determining the migration and possible concentration of vast hydrocarbons in structural and 

stratigraphic traps.   
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Constraining the temporal evolution of the deep-water Orange Basin using high-resolution 3D 

seismic reflection data 

 

Introduction 

 
The gravitational collapse and subsequent contraction of sedimentary sequences in the deep ocean 

forms deep-water fold-and-thrust belts (DWFTBs); distal sedimentary wedges of interrelated folds, and 

thrust faults created over a sloping detachment surface (de Vera et al., 2010). Well-preserved DWFTB 
systems are found within the Orange Basin, offshore the SW African coastline (Figure 1). At present, 

there is a great paucity of data for the central transitional domain of these systems due to its structural 

complexity and how it has been poorly seismically imaged (mainly 2D). This is in stark contrast to the 
linked up-dip extensional and down-dip compressional domains of the tripartite system, which have 

been well-studied due to the simplicity of the former and known hydrocarbon potential of the latter 

(e.g., Paton et al., 2007). In this study we use high-resolution 3D reflection seismic data from the Orange 

Basin to provide an in-depth examination of the transitional domain from a buried DWFTB system 
(Figure 1). We define its relationship to the down-dip compressional domain and assess how both 

domains have structurally affected the younger deposits with progressive sedimentation. From these 

observations we create a model describing not only the evolution of one DWFTB system, but also that 
of the overlying passive margin sediments as it played a significant role in its deformation. 

 

 
Figure 1 Map of the Orange Basin study area offshore the South African coastline. (a) Known and 
predicted petroleum systems and plays, the position of DWFTBs and wells (adapted from Jungslager, 

1999). (b) Location of the present study.  

 
Methods 

 

Shell Global Solutions International commissioned a ~ 8 200 km2 high-resolution 3D seismic survey 
between 2012–2013 in the deep-water Orange Basin, and this study focusses on a ~1 800 km2 portion 

(Figure 1). Seismic processing was carried out by the Netherlands Global Processing team through 

geometry setup, SEG-D to SEG-Y data conversion, trace editing, picking of first breaks, noise 

attenuation, velocity analysis, stacking, deconvolution, and migration. In this study the data are 
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geologically interpreted using the Petrel Schlumberger software. The complete interpretation workflow 
used is shown in Figure 2. 

 

 
Figure 2 Interpretation workflow used to build this study’s geological model in the Petrel software.  
 

Results and Discussion 

 

The study area lies along the South African continental slope between water depths of 1 000 to 2 000 

m (Figure 1). We identified nine key seismic stratigraphic markers in this study. From oldest to youngest 

these are the: 1) Albian, and uninterpreted 2) Turonian shale detachment surfaces (SDSs); the 3) 
Santonian, 4) early Campanian, 5) late Campanian, 6) Maastrichtian, 7) Oligocene and 8) Miocene 

unconformities; and 9) the seafloor (Figure 3). The sedimentary succession comprises several sequences 

displaced by a complex structural framework of faults including overlapping thrust, normal and oblique-

slip faults (Figure 4). The full seismic volume images the compressional and transitional domains of a 
Late Cretaceous DWFTB system (Figure) together with the overlying Cenozoic sediments.  

 

 
Figure 3 3D view showing all horizons in edge detection, and the dip of all thrust faults interpreted in 
the study area. Abbreviations: e= early, l= late. VE= 10. 
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• QC editing and pillar gridding
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Figure 4 3D view showing an extensive, kilometre-scale DWFTB system detaching the Turonian SDS, 

and an underlying localized set of secondary, small-scale DWFTBs upon the Albian SDS. VE= 5. 

 

We present an evolutionary model for the deep-water Orange Basin (Figure 5) using the stratigraphic 

and structural observations made in the present study, and previous literature on the tectonic history of 

the basin (e.g., Paton et al., 2007; De Vera et al., 2010; Hirsch et al., 2010; Dalton et al., 2017). The 
following sequence of events is proposed in the evolution of the Orange Basin from the formation of a 

Late Cretaceous DWFTB system, to its control on overlying Cenozoic sedimentation: 

 

a) Turonian: margin uplift in the Late Cretaceous caused sea-level fall, and an increase in 
sedimentation rates. 

b) Turonian–Coniacian: listric normal faulting in the up-dip extensional domain led to the 

formation of large fold-and-thrust belts in the down-dip compressional domain (Figure 4). 
Gravitational slip first occurred along the upper Turonian SDS where faults initially detach. 

c) Santonian–late Campanian: as deformation continued, sediments became highly strained, 

and stress was redistributed through: 1) the downward propagation of listric normal faults to a 
lower Albian SDS encouraging gravitational slip to continue, and the formation of smaller scale 

DWFTBs down-dip (Figure 4); and 2) concurrent oblique-slip faulting along-strike the thrust 

sheets, laterally segmenting the deformed Late Cretaceous sediments.  

d) Oligocene: a major sea-level fall past the shelf break led to the formation of a large Oligocene 
canyon constrained above the buried transitional domain. It was caused by an erosive 

downslope turbidity current. 

e) Miocene: sea-level fall with margin uplift led to the formation of multiple crosscutting and 
sinusoidal channels in the Miocene constrained above the buried transitional domain. It was 

caused by the slope-parallel erosive action of bottom currents possibly related upwelling of the 

Benguela Current at ~10 Ma. 

f) Present: Slope instability caused present-day slumping of seafloor sediments (Figure 3). 
 

Conclusions 

The strato-structural evolution of the Orange Basin has been investigated with an in depth look at 
structures within the structurally complex transitional domain of a DWFTB system which itself is often 

poorly constrained. This study has shown the difference in structural styles and effects of a Late 
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Cretaceous transitional and compressional domain and how they have influenced mass transport 
complexes of the Cenozoic. 

 

 
Figure 5 Temporal evolutionary model of the deep-water Orange Basin from a Late Cretaceous 

DWFTB system to Cenozoic mass-transport systems. 
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SUMMARY 
 

In this study we examined the temporal evolution of the 

underexplored South African deep-water Orange Basin, 

using high-resolution 3D reflection seismic data; from 

the translational and compressional domains of a buried 

Late Cretaceous deep-water fold-and-thrust belt 

(DWFTB) system to the Cenozoic mass transport 

processes it has affected.  
 

The translational domain is characterized by overprinted 

features of both extensional and compressional tectonics 

since crosscutting relationships are observed in the 

structural framework. Extensive, DWFTBs occur in the 

compressional domain underlain by smaller, localized 

sets of DWFTBs in older sediments. Thrust sheets are 

displaced by extensive oblique-slip faults, laterally 

extending from the translational domain. The presence of 

multiple shale detachment surfaces gave rise to a range 

of complex structural styles as faults were encouraged to 
propagate. 

 

Cenozoic canyon-channel systems were influenced by 

the underlying structure and geometry of the translational 

domain as evidenced by faults propagating upwards to 

the Oligocene and Miocene erosional surfaces. A large 

turbidity-current-formed, submarine canyon occurs the 

Oligocene, while bottom currents created multiple 

smaller, sinusoidal channel-like features in the Miocene. 

Using Schlumberger’s Petrel E& P software package we 

observed how the underlying stratigraphy and structural 

framework of the Orange Basin has and always will 
control its evolution.  

 

 

Key words: Orange Basin, reflection seismic data, 

DWFTB system, structural framework  

 

INTRODUCTION 
 

The gravitational collapse and subsequent contraction of 

sedimentary sequences in the deep ocean forms deep-

water fold-and-thrust belts (DWFTBs); distal 

sedimentary wedges of interrelated folds, and thrust 

faults created over a sloping detachment surface (de Vera 

et al., 2010). Well-preserved DWFTB systems are found 

within the Orange Basin, offshore the SW African 
coastline (Figure 1). At present, there is a great paucity 

of data for the central translational domain of these 

systems due to its structural complexity and how it has 

been poorly seismically imaged (mainly 2D). This is in 

stark contrast to the linked up-dip extensional and down-

dip compressional domains of the tripartite system, 

which have been well-studied due to the simplicity of the 

former and known hydrocarbon potential of the latter 

(e.g., Paton et al., 2007). In this study we use high-

resolution 3D reflection seismic data from the Orange 

Basin to provide an in-depth examination of the 
translational domain from a buried DWFTB system 

(Figure 1). We define its relationship to the down-dip 

compressional domain and assess how both domains 

have structurally affected the younger deposits with 

progressive sedimentation. From these observations we 

create a model describing not only the evolution of one 

DWFTB system, but also that of the overlying passive 

margin sediments as it played a significant role in its 

deformation. 

 

 
Figure 1. Map of the Orange Basin study area 

offshore the South African coastline. (a) Known and 

predicted petroleum systems and plays, the position 

of DWFTBs and wells (adapted from Jungslager, 

1999). (b) Location of the present study. 
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METHODOLOGY  
 

Shell Global Solutions International commissioned a ~ 8 

200 km2 high-resolution 3D seismic survey between 

2012–2013 in the deep-water Orange Basin, and this 

study focusses on a ~1 800 km2 portion (Figure 1). 

Seismic processing was carried out by the Netherlands 

Global Processing team through geometry setup, SEG-D 

to SEG-Y data conversion, trace editing, picking of first 

breaks, noise attenuation, velocity analysis, stacking, 

deconvolution, and migration. In this study the data are 
geologically interpreted using the Petrel Schlumberger 

software. The complete interpretation workflow used is 

shown in Figure 2. 

 
Figure 2. Interpretation workflow used to build this 

study’s geological model in the Petrel software. 

 
RESULTS AND DISCUSSIONS 

 

The study area lies along the South African continental 

slope between water depths of 1 000 to 2 000 m (Figure 

1). We identified nine key seismic stratigraphic markers 

in this study. From oldest to youngest these are the: 1) 

Albian, and uninterpreted 2) Turonian shale detachment 

surfaces (SDSs); the 3) Santonian, 4) early Campanian, 

5) late Campanian, 6) Maastrichtian, 7) Oligocene and 8) 

Miocene unconformities; and 9) the seafloor (Figure 3). 

The sedimentary succession comprises several sequences 
displaced by a complex structural framework of faults 

including overlapping thrust, normal and oblique-slip 

faults (Figure 4). The full seismic volume images the 

compressional and translational domains of a Late 

Cretaceous DWFTB system (Figure) together with the 

overlying Cenozoic sediments.  

 

 

 
Figure 3. 3D view showing all horizons in edge 

detection, and the dip of all thrust faults interpreted 

in the study area. Abbreviations: e= early, l= late. 

VE= 10. 

 

 
 

Figure 4. 2D view of uninterpreted and interpreted 

sections of crossline 11544 showing the translational 

domain and the compressional domain with faults 

detaching the Turonian SDS (VE= 5). SDS= shale 

detachment surface, Al= Albian, Tu= Turonian, Sa= 

Santonian, e. Ca= early Campanian, l. Ca= late 

Campanian, Ma= Maastrichtian, Olig= Oligocene, 

Mio= Miocene, sf= seafloor. 

 

We present an evolutionary model for the deep-water 

Orange Basin (Figure 5) using the stratigraphic and 

structural observations made in the present study, and 

previous literature on the tectonic history of the basin 

(e.g., Paton et al., 2007; De Vera et al., 2010; Hirsch et 

al., 2010; Dalton et al., 2017). The following sequence of 

events is proposed in the evolution of the Orange Basin 
from the formation of a Late Cretaceous DWFTB system, 

to its control on overlying Cenozoic sedimentation: 
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a) Turonian: margin uplift in the Late Cretaceous 

caused sea-level fall, and an increase in 

sedimentation rates. 

b) Turonian–Coniacian: listric normal faulting in 

the up-dip extensional domain led to the 
formation of large fold-and-thrust belts in the 

down-dip compressional domain (Figure 4). 

Gravitational slip first occurred along the upper 

Turonian SDS where faults initially detach. 

c) Santonian–late Campanian: as deformation 

continued, sediments became highly strained, 

and stress was redistributed through 1) the 

downward propagation of listric normal faults to 

a lower Albian SDS encouraging gravitational 

slip to continue, and the formation of smaller 

scale DWFTBs down-dip (Figure 4); and 2) 

concurrent oblique-slip faulting along-strike the 
thrust sheets, laterally segmenting the deformed 

Late Cretaceous sediments.  

d) Oligocene: a major sea-level fall past the shelf 

break led to the formation of a large Oligocene 

canyon constrained above the buried 

translational domain. It was caused by an 

erosive downslope turbidity current. 

e) Miocene: sea-level fall with margin uplift led to 

the formation of multiple crosscutting and 

sinusoidal channels in the Miocene constrained 

above the buried translational domain. It was 
caused by the slope-parallel erosive action of 

bottom currents possibly related upwelling of 

the Benguela Current at ~10 Ma. 

f)     Present: Slope instability caused present-day 

slumping of seafloor sediments (Figure 3). 

 

 

 
Figure 5. Temporal evolutionary model of the deep-

water Orange Basin from a Late Cretaceous DWFTB 

system to Cenozoic mass-transport systems. 

 

CONCLUSIONS 
 

The strato-structural evolution of the Orange Basin has 

been investigated with an in depth look at structures 

within the structurally complex translational domain of a 

DWFTB system which itself is often poorly constrained. 

This study has shown the difference in structural styles 

and effects of a Late Cretaceous translational and 

compressional domain and how they have influenced 

mass transport complexes of the Cenozoic. 
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* 

* 

*Note: images (c) and (f) are adapted after Figs. 10a and b of Maduna et al. (2022). 
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*Note: images (c) and (f) are adapted after Figs. 10c and d of Maduna et al. (2022). 

* 

* 
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* 
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*Note: images (c) and (f) are adapted after Figs. 10a and b of Maduna et al. (2023). 
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