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ABSTRACT 
The aim of this study is to delineate the active hydrocarbon (HC) kitchen and to characterize 

the hydrocarbon migration dynamics in the Orange Basin through time, and to investigate its 

potential impact on global climate on a geologic time scale by integrating seismic 

interpretation, organic geochemical analysis, and 3D petroleum system modeling 

techniques. The Orange Basin is located on the western passive margin offshore South Africa 

and contains more than 8 km of synrift and drift sediments related to the opening of the 

South Atlantic. The Kudu and Ibhubesi gas/condensate fields prove an early Cretaceous 

sourced petroleum system. The present-day fluid flow indicators and frequent gas shows 

during drilling suggest a recently active oil kitchen, the location of which was largely 

unconstrained, partially due to the limited knowledge on the Cenozoic margin evolution. 

The seismic interpretation revealed NW-SE trending basement structures interpreted as 

continuations of the Paleozoic Pan African Fold Belt, similar to those found offshore Namibia 

and on the conjugate South American margin. The interpretations further contributed to 

studies on the margin segmentation and SDR emplacement, lending support to the theory, 

that early rifting resulted in reactivation and dextral movement along Paleozoic zones of 

structural weakness. An early Eocene aged paleo-pockmark field covering 2800 km2 was 

identified along the northern Orange Basin slope and dated using a revised Cenozoic 

chronostratigraphic framework. Using 3D seismic attribute analysis it was possible to 

highlight the role of faults in the occurrence of these features.  

A source rock characterization study demonstrated how richness and quality of Cretaceous 

black shales and mudstones, improve northward along the southwest African margin. 

Previous research emphasized the richness of the oil-prone sources. In fact, this study 

suggests, that Aptian and Albian source rocks in the Cape Basin are rich in degraded and 

terrestrial organic matter, thus being more gas- and condensate-prone. Compositional 

kinetic models were determined for this study, providing the first such description for 

Cretaceous source rocks of the southwest African margin. Application of the kinetic models 

and the revised chronostratigraphy show that the present-day kitchen is located in the 

Cenozoic depocenters along the slope.  

Paleo- and present-day HC leakage was investigated using five migration models with 

varying flow algorithms and fault properties. They predict a main phase of primary 

generation during the mid to late Cretaceous-Paleocene, accompanied by widespread 

surface leakage before the consolidation of Upper Cretaceous regional seals. A major phase 

of HC leakage might have occurred during the Paleocene and Eocene when the active 

kitchen was located along the shelf. This suggests a thermogenic origin for petroleum fluids 

that created the early Eocene paleo-pockmark field. The modeled HC leakage rates of 10-2 to 

10-3 teragram/year are marginal when compared to other present-day methane contributors 

to the atmosphere, such as wetlands and anthropogenic sources. Nevertheless, the 

identified early Eocene fluid flow and thermogenic gas escape event is an example of the 

carbon-release processes that occurred during the Paleocene-Eocene Thermal Maximum in 

petroliferous sedimentary basins. In conclusion, this study demonstrates that paleo and 

present-day HC leakage can be adequately reproduced with a 3D basin model.  
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ZUSAMMENFASSUNG 
 

Für diese Studie werden die Methodiken der Seismikinterpretation, der organisch-

geochemischen Analyse und 3D Beckenmodellierung integriert, um die Lage der aktiven 

Erdölküche des Orange Beckens zu bestimmen, die Kohlenwasserstoff-(KW)-

Migrationsdynamik und -Leckage über geologische Zeiträume zu charakterisieren und deren 

möglichen Einfluss auf das globale Klima zu untersuchen. Das Orange Becken befindet sich 

am passiven westlichen Kontinentalrand Südafrikas und enthält mehr als 8 km mächtige 

Sedimentschichten die während der Atlantiköffnung und dem Zerfall Gondwanas abgelagert 

wurden.  

Die Kudu und Ibhubesi Gas-Kondensatfelder, die häufig während der Erdölexploration 

durchteuften gashaltigen Sedimente weisen auf ein aktives Erdölsystem hin. Die Lage der 

rezenten Erdölküche ist aufgrund der geringen Kenntnisse über die känozoische 

Ablagerungsgeschichte im Orange Becken weitgehend unbekannt.  

Durch die Interpretation seismischer Daten wurden NW-SE streichende Strukturelemente im 

Basement entdeckt, welche als Fortsetzungen paläozoischer Strukturen des Pan-

Afrikanischen Faltengürtels interpretiert werden, ähnlich denen offshore Namibias und am 

gegenüberliegende Südamerikanischen Kontinentalrand. Des Weiteren trugen die 

Interpretationen zu neuen Erkenntnissen über seewärts einfallenden Reflektoren und der 

Segmentierung des südatlantischen Kontinentalrandes bei. Die Ergebnisse unterstützen die 

Theorie, dass die Reaktivierung von paläozoischen Störungszonen während der frühen 

Riftphase zu dextralen Bewegungen entlang diese Schwächezonen führte. Außerdem wurde 

ein 2800 km2 großes Paläo-Pockmarkfeld entdeckt, welches anhand einer überarbeiteten 

känozoischen Chronostratigraphie auf ein früheozänes Alter datiert wird. Bezüglich der Lage 

der Paläo-Pockmarks konnte mit Hilfe von 3D-seismischen Attributanalysen ein 

Zusammenhang mit den im Untergrund vorkommenden Störungen hergestellt werden.  

Die Erdölmuttergesteinseigenschaften wurden anhand von Kernproben kreidezeitlicher 

Tonsteine aus DSDP Bohrungen untersucht. Aus den Analysen geht hervor, dass sich das KW-

Potenzial nordwärts entlang des südostatlantischen Kontinentalrandes verbessert. Frühere 

Studien betonten stets das KW-Potenzial der ölbildenden Muttergesteine. Im Gegensatz 

dazu konnte gezeigt werden, dass der Großteil der Abt- und Albmuttergesteine im 

Kapbecken vorwiegend terrestrisches organisches Material beinhalten und somit eher gas- 

und kondensatbildend sind. An den Proben wurden auch bulk- und kompositionskinetische 

Messungen durchgeführt und somit liefert diese Studie die erste kompositionskinetische 

Beschreibung der KW-Bildung für kreidezeitliche Erdölmuttergesteine am südostatlantischen 

Kontinentalrand. Durch Anwendung der überarbeiteten Chronostratigraphie und den 

kinetischen Modellen bei der Beckenmodellierung, konnte gezeigt werden, dass sich die 

rezente Erdölküche im Bereich der känozoischen Ablagerungsräume entlang des 

Schelfrandes befindet.  

Die KW-Migrationsdynamik wurde anhand von fünf verschiedenen Migrationsmodelle mit 

unterschiedlichen Störungseigenschaften simuliert. Daraus geht hervor, dass sich die 

Hauptphase der primären KW-Genese von der mittleren bis späten Kreidezeit und bis ins 



 

 x 

frühe Paläozän ereignete, welche anfangs mit weitläufiger KW-Leckage einherging, bis die 

spätkreidezeitichen „seals“ konsolidiert waren. Vermutlich ereignete sich eine weitere Phase 

der KW-Leckage im Paläozän und Eozän, als sich die damalig Erdölküche entlang des 

Schelfrandes befand. Dies unterstützt die Annahme, dass die Migration thermogener KW 

eine bedeutende Rolle bei der Entstehung des früheozänen Paläo-Pockmarkfeldes spielte. 

Die KW-Leckagerate liegt in der Größenordnung von 10-2 bis 10-3 Teragramm pro Jahr, 

welche weit unter derer von Sumpfgebieten und anthropogenen Methanquellen liegt. 

Trotzdem liefert das früheozäne Fluid- und thermogene KW-Leckageereignis ein Beispiel 

dafür, wie während des Paläozän/Eozän-Temperaturmaximums Kohlenstoffmoleküle aus 

einem Sedimentbecken in die Atmo-und Hydrosphäre abgegeben wurden. Die Studie zeigt, 

dass sich rezente und paläo Leckageereignisse anhand von 3D Beckenmodelle angemessen 

reproduzieren lassen. 
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1.  Introduction 

 

The research for this study was conducted within the framework of the “Methane on the 

Move” (MOM) program that aims at modeling methane migration and emission from the 

subsurface and evaluating its possible impact and feedback mechanisms on global climate at 

geologic time scales. The focus lies on improving our understanding of the processes that 

affect sedimentary organic carbon during burial and remobilization. This is achieved by 

integrating sedimentary basin and lithospheric modeling with ocean and atmosphere 

modeling through several sub-projects that assess methane exchange within respective 

parts of the carbon cycle.  

Greenhouse gas emissions from underlying thermal sources and the deep biosphere can 

make an extremely significant contribution to the carbon cycle. CO2 dominates the carbon 

molecule exchange between the bio-, hydro-, and atmospheric reservoirs of the surface 

carbon cycle (Kroeger et al., 2011; Ridgwell and Edwards, 2007). In the subsurface carbon 

cycle, on the other hand, methane derived through thermal or microbial cracking of 

sedimentary organic matter in wetlands and sedimentary basins is the dominant contributor 

to organic carbon exchange from the geosphere to the surface reservoirs (Kroeger et al., 

2011; O’Connor et al., 2010; Tissot and Welte, 1984). As a greenhouse gas, methane is more 

than 20 times more effective than CO2, but upon release to the hydro- and atmosphere it 

quickly disseminates in oceanic and terrestrial reservoirs or transforms into CO2 (Etiope, 

2009; Kroeger et al., 2011; O’Connor et al., 2010). Nevertheless, few climate modeling 

studies have taken thermogenic methane sources from deep sedimentary systems into 

account.  

Sedimentary basins constitute a quantitatively significant source and sink of greenhouse 

gases in both marine and terrestrial systems. The physical and chemical alterations that 

affect organic matter during basin subsidence and uplift control the distribution of fossil 

energy resources worldwide. The total mass of organic carbon in sedimentary basins is 

estimated to be ten million gigatonnes (Gt) (Hunt, 1996; Kroeger et al., 2011; Ridgwell and 

Edwards, 2007). Thus, it is several orders of magnitude larger than that contained in all 

fossil-fuel resources and living biomass together. Fossil energy resources continue to be the 

major foundation of the industrialized nations, and improved techniques for detecting and 

modeling the occurrence of subsurface accumulations are sought. In order to better 

constrain the carbon flux from sedimentary basins to surface and intermediate subsurface 

reservoirs, the thermal and burial history of the basins have to be modeled, and sediment 

surface seeps need to be studied. Such hydrocarbon seepage has been documented offshore 

by the study of seafloor pockmarks, mud volcanoes, and seismic chimneys, and onshore with 

flux measurements at mud volcanoes and oil and gas seeps (e.g. Andresen, 2012; Etiope et 

al., 2009; Judd and Hovland, 2007; Løseth et al., 2009; Westbrook et al., 2009). Recent 

studies in these topics have started to emphasize the potential for hydrocarbon leakage to 

influence global climate. Even though the methane leakage rates related to source rock 

maturation alone are most likely too low to cause rapid climate changes (Berbesi et al., 
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2013), they are a main contributor to meta-stable reservoirs, such as methane hydrates 

(Judd and Hovland, 2007; Etiope, 2009; Kroeger et al., 2011). Several authors (Dickens et al., 

1997, 1995) have put methane hydrate dissociation forward as the driving mechanism that 

initiated global climate aberrations in the geologic past, such as the Paleocene-Eocene 

Thermal Maximum (PETM) (Dickens et al., 1995; Zachos et al., 2001, 2008). However, more 

recent publications (Bowen and Zachos, 2010; Bowen, 2013; Carozza et al., 2011; Dunkley 

Jones et al., 2010; Higgins and Schrag, 2006; Kroeger et al., 2011; Zeebe et al., 2009) 

emphasize that methane hydrate dissociation on its own cannot explain all the observations 

made for the PETM, but acknowledge it as an important factor in feedback mechanisms 

during climate change. Thus, if focused through the clathrate cycle, transient methane 

leakage may have significant effects on global climate.  

3-Dimensional (3D) basin modeling studies, which are widely used for petroleum 

exploration, allow us to simulate and constrain the timing of petroleum generation, 

migration, and sequestration in sedimentary basins on a geologic time scale. When 

constrained by observations on present and past gas leakage events, they can provide a 

method to link thermogenic methane emissions from the subsurface through sediment 

surface seeps to the hydro- and atmosphere, and thus the sedimentary subsurface carbon 

reservoirs to the hydro- and atmospheric reservoirs. 

 

1.1. Study area and scientific problematics  

The Orange Basin (OB) is located offshore southwestern Africa (Figure 1-1). The sedimentary 

succession of the basin consists of 8 km thick synrift and drift sequences related to the 

continental break-up of Gondwana and the opening of the South Atlantic taking place during 

the late Jurassic (Gerrard and Smith 1982). On the shelf, the basin contains a thick 

Cretaceous rift-drift sequence and a thin Cenozoic cover, which develops into a series of 

prograding wedges at the shelf break (Weigelt and Uenzelmann-Neben, 2004; Paton et al., 

2008). Up to date, 38 exploration wells were drilled and led to the discovery of the Kudu and 

Ibhubesi gas fields proving the existence of a Deep Gas and an Albian Gas play, respectively 

(Petroleum Agency SA, 2012). The Deep Gas Play consists of gas generated from Barremian-

to-Aptian-aged source rocks that is stratigraphically trapped in Barremian-aged aeolian 

sandstones, with proven reserves of 1.38 trillion cubic feet (tcf) in the Kudu field (~ 39.1 

billion m3; Tullow Oil, 2007). The Albian Gas Play has Aptian-to-Albian-sourced gas and 

condensate which is trapped in Albian and Cenomanian-aged fluvial channel sandstones. 

Well tests in the Ibhubesi field showed that individual compartments contain between 28 - 

520 billion cubic feet (bcf) of gas and condensate (~0.79 - 14.73 billion m3) with total gas 

reserves of 1.15 tcf (32.56 billion m3, Berge et al., 2002). Further potential for hydrocarbon 

accumulations exists in syn-rift grabens and Cretaceous turbidites in the deep water Orange 

Basin (Petroleum Agency SA, 2012). The study area covers a surface area of 95.600 km2 in 

water depths between 100-2850 m within offshore economic zone of the Republic of South 

Africa (Figure 1-1).  
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Several authors have conducted seismic interpretation and petroleum system modeling 

studies to understand the hydrocarbon migration dynamics of this basin (e.g. Schmidt, 2004; 

Paton et al., 2007; Kuhlmann et al., 2010; Boyd et al., 2011). Evidence of recent and present-

day fluid and gas leakage processes, such as "sniffer" anomalies near the seafloor 

(Jungslager, 1999), seabed pockmarks and seismic chimneys (Ben-Avraham et al., 2002; Boyd 

et al., 2012; Kuhlmann et al., 2010; Paton et al., 2007) as well as mud diapirs (Ben-Avraham 

et al., 2002; Viola et al., 2005) have been identified on 2D seismic surveys and mapped 

within the Orange Basin, offshore South Africa (Figure 1-1). They are postulated to be 

dominantly associated with active hydrocarbon leakage. In some cases gas-hydrate 

dissociation was put forward as a possible source (Ben-Avraham et al., 2002). The present-

day fluid flow indicators as well as the frequent gas shows encountered during drilling in 

lower Cretaceous sediments suggest an active or recently active phase of petroleum 

generation. Although it is difficult to distinguish gas-hydrate derived gas from thermogenic 

gas from deeper sources and reservoirs, seismic evidence for the presence or absence of a 

bottom-simulating reflector (BSR) can be used to narrow-down the source of the leaking 

hydrocarbon.  

 

 

 

 
Figure 1-1: Study area in the Orange Basin 

showing the seismic coverage made 

available for this study and the locations of 

known present-day and paleo-fluid flow 

and hydrocarbon leakage sites. Transects 

1, 2, and 3 refer to cross-sections 

extracted from the 3D basin model of 

Chapter 4. 
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Previous modeling studies by Davies & Van der Spuy (1992, 1D model) of the Kudu wells 

offshore Namibia, and of the southern Orange Basin by Paton et al. (2007, 2D model), Boyd 

et al. (2011, 2D model), and Kuhlmann et al. (2011, 3D model) address the timing of 

petroleum maturation and generation. All these studies indicate that the main phase of 

hydrocarbon generation and migration occurred during the late Cretaceous, which may have 

continued into the early Cenozoic in the Kudu area (Davies and Van der Spuy, 1992). Paton 

et al. (2007) and Kuhlmann et al. (2011) further proposed active present-day petroleum 

generation in the Cenozoic depocenter of the deepwater southern Orange Basin. Kuhlmann 

et al. (2011) suggest long-distance eastwards migration from that deepwater present-day 

kitchen to explain hydrocarbon leakage sites in the near-shore basin.  

 

 

 

Figure 1-2: Extent of the study areas from previous seismic interpretation and basin modeling studies in the Orange Basin. 
1 - Paton et al. (2007); 2 - Kuhlmann et al. (2010); 3 - Boyd et al. (2012); red outline – this study. 

 

Nonetheless, the location of the recent and/or active oil and gas kitchen, as well as the 

hydrocarbon migration pathways, within the Orange Basin as a whole remains largely 

unconstrained. There are several reasons for this:  

(1) The limited amount of data and knowledge that is available about the Cenozoic 

stratigraphy of the basin in comparison to the Cretaceous stratigraphy. This has made it 

difficult to reconstruct phases of burial and uplift, erosion, or non-deposition over the last 65 

million years (My). In all previous models, the Cenozoic sedimentation pattern is usually 

summarized in a Paleogene and a Neogene event with intermittent erosion. The Cretaceous 

basin evolution, on the other hand, is modeled in great detail.  

(2) The previous studies by Ben-Avraham et al. (2002), Paton et al. (2007), Kuhlmann et al. 

(2010), and Boyd et al. (2011) could not incorporate the full seismic coverage of the basin to 
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consistently map the distribution of fluid flow features or build their models across the 

entire basin. They were limited to the 2D exploration seismic specific their project study 

areas (Figure 1-2), which excluded the deepwater Cenozoic sediment wedge and coast-

parallel synrift grabens.  

 

One problem with many surface hydrocarbon seep studies is that the thermogenic 

hydrocarbon source is either unknown, or unaccounted for. This is the case for present-day 

hydrocarbon surface seeps and even more for paleo-hydrocarbon leakage. 3D petroleum 

system modeling can be used to investigate whether surface seeps and active source rocks 

are in causal relationship to one another. 

The use of paleo-fluid flow features for basin model calibration is largely constrained by the 

scale and data quality, which document the event. Several authors (Andresen and Huuse, 

2011; Andresen, 2012; Anka et al., 2013; Gay et al., 2006a; Imbert and Ho, 2012) have 

demonstrated that it is possible to constrain such paleo-leakage to a mechanism and time 

period. Using a 2D seismic interpretation and basin modeling approach Naeth et al. (2005) 

have demonstrated that it is possible to correlate the location of carbonate mounds to 

hydrocarbon migration pathways in the Porcupine Basin, Ireland. In a recent study Anka et 

al. (2013) reported a similar correlation of present-day and paleo-fluid flow features with 

structural elements and hydrocarbon migration pathways in the Lower Congo Basin as 

interpreted from 2D seismic and 2D basin modeling. In the present study, an attempt is 

made to use both present-day and paleo-leakage sites to test the validity of a thermogenic 

hydrocarbon source for past and present-day fluid flow presented in Hartwig et al. (2012a, 

Chapter 3) using a 3D basin model. The 3D modeling approach provides a 3-dimensional full-

physics solution for hydrocarbon migration that is superior to 2D cross-section models. The 

3D model allows the modeler to constrain the source, timing, direction, and magnitude of 

hydrocarbon migration in the context of basin evolution. To the author’s knowledge the 

modeling of and calibration to interpreted paleo-leakage events using 3D basin modeling 

techniques has not been attempted to date. 

 

 

1.2. Goals of the study 

In the light of the above-mentioned problematics, the goals of this study can be outlined as 

follows:  

 

1. To unify the previous interpretations of fluid flow and natural gas seepage in the Orange 

Basin. In an attempt to provide a basin-wide and consistent interpretation of their 

distribution through time, their association to heat flow anomalies or structural/ 

stratigraphic elements and their relationship to the hydrocarbon system;  

 

2. To further constrain the Cenozoic basin evolution - 

- By conducting an extensive literature review on the Cenozoic basin evolution; 



1. Introduction 

 6 

- By incorporating the areas of Cenozoic depocenters, namely the deep-water Orange Basin, 

into the study area; 

- By linking the offshore Cenozoic deposits with the onshore sediments and the sediment 

supply history of the Orange and Oliphants rivers; 

 

3. To further characterize the Cretaceous source rocks of the Orange Basin - 

- By organic-geochemical laboratory analysis, such as open- and closed-system pyrolysis-gas 

chromatography; 

- By generating bulk- and compositional kinetic models for the primary generation of 

petroleum; 

 

4. To generate a 3D petroleum system model of the entire South African Orange Basin - 

- For the characterization and timing estimation of gas generation, migration, and leakage 

dynamics through geologic time; 

- To expand the model area to include the deepwater Cenozoic sediment wedge and the 

near-shore synrift structures;  

- To delineate synrift structures and an economic basement for the study area; 

- To test whether present-day and paleo-fluid flow features can be used to constraint 

petroleum system models; 
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1.3. Background and summary of the three main publications 

The article entitled “Evidence of a widespread paleo-pockmarked field in the Orange Basin: 

An indication of an early Eocene massive fluid escape event offshore South Africa” by 

Hartwig et al. (2012a) (chapter 3) attempts to unify and correlate the data and literature on 

the sedimentology and stratigraphy of Cenozoic onshore (e.g. Dingle and Hendey, 1984; 

Dingle et al., 1983) and shallow shelf deposits (e.g. Corbett, 1996; Dingle, 1973; Wigley and 

Compton, 2006) of the Orange basin with the seismic stratigraphy of the distal deepwater 

Orange basin (e.g. Weigelt and Uenzelmann-Neben, 2004). It is an effort to provide a 

consistent early Cenozoic seismic interpretation that is applicable to the entire Orange Basin. 

In addition, it investigates a prominent anomalous seismic reflector identified in a 3D seismic 

survey of the present-day shelf break. It is interpreted and dated as a paleo-fluid flow event 

by means of 3D seismic interpretation methods and by applying the refined Cenozoic 

chronostratigraphy. This expands the basin’s catalogue of existing fluid flow features, 

documenting several episodes of fluid flow and hydrocarbon migration in the basin. The new 

insights on the Cenozoic chronostratigraphy, in turn, are tied to the Cenozoic tectonic and 

magmatic events reported for the western African margin (e.g. Moore et al., 2008; Pether et 

al., 2000) to refine the basin’s petroleum system model, which is discussed in the article 

entitled “Constraining petroleum generation and migration in the Orange Basin, South 

Africa: A 3D basin modeling study” by Hartwig et al. (submitted to AAPG) (chapter 4).  

 

Previous modeling studies used analogue kinetic models to simulate source rock maturation. 

Paton et al. (2007) and Boyd et al. (2011) used the organofacies-based kinetic models of 

Pepper and Corvi (1995) for kerogen Types I, II, and III (organofacies B, C, and DE), while 

Kuhlmann et al. (2011) used a Type II Woodford shale kinetic model to describe the 

Cretaceous source rocks. Even though a close relationship between kerogen type and source 

rock bulk kinetics exists, organic matter heterogeneity, common in deltaic sequences with 

high terrestrial input, can lead to considerable variations in hydrocarbon generation rates (di 

Primio and Horsfield, 2006; Schenk et al., 1997b; Tegelaar and Noble, 1994). Schmidt et al. 

(2004) conducted bulk kinetic experiments on early Cretaceous source rock samples from 

DSDP site 361 offshore South Africa. They identified two types of source rocks, a marine 

source rock with type II kerogen that starts to generate petroleum at lower temperatures 

than the analogue type II kerogen models they used, and a type III kerogen-rich set of 

samples that was not further investigated. A significant variability in kerogen stability has 

also been reported for lower Cretaceous source rocks of the Angolan margin (Burwood, 

1999). Additionally, Mello et al. (1988) reported sulfur-rich kerogens for the Brazilian margin. 

Despite the significant oil discoveries and ongoing exploration efforts in the South Atlantic, 

kinetic models of South Atlantic Cretaceous source rocks as well as the petroleum-type and 

composition they generate are scarce or non-existent. 

These observations in source rock and kerogen variability, as well as the lack of 

compositional kinetic models for Cretaceous source rocks of the southwest African margin 

are the motivations for the research article entitled “Source rock characteristics and 

compositional kinetic models of Cretaceous organic-rich black shales offshore southwestern 
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Africa” by (Hartwig et al., 2012b) (Chapter 2). The study investigates Aptian, Albian, and 

Turonian to Coniacian aged thermally-immature, organic-rich black shale and mudstone 

intervals from DSDP sites located in the southeast Atlantic. The goal was to determine trends 

and differences in organofacies, petroleum type, and composition and to tie them back to 

the general evolution and geology of the rift-to-drift transition in the South Atlantic. The 

compositional kinetic data from the artificial maturation experiments of Hartwig et al. 

(2012b) can be used to elucidate changes in the physical properties of petroleum fluids 

under varying pressure and temperature conditions (PVT behavior, di Primio and Horsfield, 

2006; di Primio et al., 1998; di Primio and Skeie, 2004) and may explain the vast differences 

in petroleum types, presently found along the margin.  

 

The research article entitled “Constraining petroleum generation and migration in the 

Orange Basin, South Africa: A 3D basin modeling study” by Hartwig et al. (submitted to 

AAPG) uses the resulting compositional kinetic models to investigate the differences in 

timing of petroleum generation and migration under consideration of such kerogen type 

variability. The modeling results are further compared to the locations and of relative timing 

of known present-day and paleo-fluid flow features in the basin. 

The qualitative assessment of hydrocarbon leakage and its potential to impact climate is 

addressed in Chapter 5.3. The discussion on the timing, driving factors and relative amounts 

of leaked hydrocarbons relies heavily on the results of the three research articles by Hartwig 

et al. (2012a,b and 2013 submitted) mentioned above. 

 

 
Figure 1-3: Integrated basin analysis approach. 
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This multi-facetted basin-wide approach consisting of seismic interpretation, basin analysis, 

and petroleum system modeling tied to a source rock compositional kinetics study, as well as 

integrating previous works, sheds new light on the south-eastern South Atlantic margin 

evolution. The reinterpretation of the extensive seismic dataset provides a new coherent 

framework that was used for two collaboration projects that study the South African 

volcanic margin evolution from the southern tip of South Africa to the Walvis Ridge in the 

north, thus providing a supra regional view. These results are referred to in Chapter 5.2. For 

additional details on the work and interpretation the reader is referred to the original 

publications: 

(1) Maystrenko et al. (2013, published in the peer reviewed journal “Tectonophyscis”) 

entitled “Structural features of the Southwest African continental margin according to 

results of lithosphere-scale 3D gravity and thermal modelling” who investigate the deep 

lithospheric structure, and  

(2) Koopmann et al. (2013, published in the peer reviewed journal “Marine and Petroleum 

Geology”, as part of the Doctoral thesis of Hannes Koopmann) entitled “Segmentation and 

volcano-tectonic characteristics along the SW African continental margin, South Atlantic, as 

derived from multichannel seismic and potential field data” giving new insights into the 

volcanic margin evolution and the accompanying presentation of Koopmann et al. (2012) 

entitled “New findings on the aspect of margin segmentation along the South African 

margin“ presented at the European Geoscience Union General Assembly 2012 in Vienna, 

Austria. 

 

1.4. Geologic and geochemical background 

1.4.1. The Organic Carbon Cycle 

On Earth, carbon is the basic element of life and occurs in the atmo-, bio-, and geosphere in 

various forms (Hunt, 1996). In the atmosphere it is predominately contained in carbon 

dioxide (CO2) and methane (CH4), both of which are considered greenhouse gases (Falkowski 

et al., 2000; Kroeger et al., 2011). These are also the two most common carbon compounds 

in the geosphere (Hunt, 1996). In sedimentary rocks, the greater part of carbon occurs in its 

oxidized form as carbonate and to a smaller part in its reduced form as organic matter (OM) 

from biological processes (Hunt, 1996; Tissot and Welte, 1984). Carbon molecules are readily 

exchanged between the atmosphere, the bio- and hydrosphere, and the geosphere.  

The recycling of carbon to the atmospheric and hydrospheric CO2 reservoirs and its 

implications for global climate have gained more and more attention from the scientific 

community over the last two decades (Falkowski et al., 2000; Kroeger et al., 2011).  

The following discussion presents the basics of organic matter deposition and preservation 

as well as of petroleum generation and migration. Details can be found in textbooks such as 

Tissot and Welte (1984), Hunt (1996) as well as Killops and Killops (2005). 

Carbon is unique on earth, with is ability to form stable carbon-carbon chains of variable 

length, rings, and other complex molecules through covalent bonds (Hunt, 1996), thus 

providing the organic framework for life. Photosynthesis is the process by which 
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inorganically bound carbon, in the form of CO2 enters the biosphere. It is incorporated into 

the cells of primary producers, autotrophs such as phytoplankton and plants, to produce 

organically bound carbon. Heterotrophic organisms consume these organic carbon 

compounds and oxidize them during respiration releasing CO2 to the atmo- and hydrosphere 

or incorporate them into their carbonate shells. Dead organisms and their carbonate shells 

may either be oxidized by abiotic chemical processes (fire, weathering), thus releasing the 

carbon back to the atmo- and hydrosphere as CO2, or through microbial activity in the form 

of CO2 or biogenic methane. This cycle forms the surface part of the global organic carbon 

cycle (Cycle I, Tissot and Welte, 1984) with durations of days to tens of years. Since organic 

matter is generally unstable under geologic conditions, only a very small percentage of the 

organic matter within soil and sediments, approx. 0.1%, leaves the surface cycle and enters 

the subsurface part of the global carbon cycle, which lasts millions of years (Cycle II, Tissot 

and Welte, 1984). The organic matter that enters the geosphere may be altered to form 

kerogen and later petroleum. Geologic and tectonic processes, such as burial, uplift, erosion, 

and volcanism (Barker and Pawlewicz, 1987; Davies, 1997; Hunt, 1996; Kroeger et al., 2011) 

control whether the organic matter is oxidized or preserved and how fast the transformation 

to kerogen, bitumen, and petroleum takes place. A sufficient amount of organic matter has 

to be preserved in the sediments, approx. 0.5% of the total weight, in order to be considered 

a potential source for petroleum. Organic matter preservation is best when deposited under 

reducing conditions and low sedimentation rates. These are predominately found in 

anaerobic marine environments, such as in oxygen minimum zones below upwelling areas 

along continental shelves with high primary productivity, in stagnant lakes or silled basins 

with a stratified water column, and to a lesser extent in wetlands and hypersaline 

environments (Hunt, 1996; O’Connor et al., 2010; Tissot and Welte, 1984; Welte et al., 

1997). 

CO2 dominates the carbon molecule exchange between the bio-, hydro-, and atmospheric 

reservoirs of the surface cycle (Kroeger et al., 2011; Ridgwell and Edwards, 2007). In the 

subsurface cycle, on the other hand, methane formed in wetlands and in sedimentary basins 

is the dominant contributor to organic carbon exchange from the geosphere to the surface 

reservoirs (O’Connor et al., 2010). CO2 contributions from the oxidization of sedimentary 

organic matter and volcanic exhalations play a secondary role (Etiope et al., 2009; Kroeger et 

al., 2011; Zachos et al., 2008). 

 

1.4.2. The Formation of Petroleum 

The transformation of organic matter into petroleum during burial is divided into three 

stages: diagenesis, catagenesis, and metagenesis. 

Diagenesis occurs within a few hundred meters of the surface under mild temperature 

conditions. If the depositional environment allows the accumulation of large quantities of 

plant derived material, peat and brown coal can form during this stage. Microbial activity in 

marine and terrestrial environments leads to the decomposition of OM into kerogen 

precursors, first producing CO2 and water in aerobic conditions close to the surface. This is 
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accompanied by sediment compaction and a rapid reduction of oxygen availability leading to 

anaerobic conditions. Once nitrate and sulfate nutrient sources are depleted, microbial 

fermentation and CO2 reduction dominate which produce predominately methane (Hunt, 

1996; Judd and Hovland, 2007; Milkov, 2011; O’Connor et al., 2010; Ridgwell and Edwards, 

2007; Tissot and Welte, 1984). Simultaneously, a series of low temperature reactions occur 

that transform most of the remaining biomass into kerogen (Hunt, 1996). Kerogen is organic 

matter that is insoluble in organic solvents and acids (Tissot and Welte, 1984). It is classified 

into four different types depending on the source and precursor material (Table 1-1), which 

determines their hydrogen, carbon, and oxygen contents. Terrestrial plant material is more 

resistant to microbial degradation, than marine OM, due to a higher abundance of aromatic 

structures (Tissot and Welte, 1984; Welte et al., 1997). Therefore plant material retains 

some of its cellular structure forming particles, called macerals, which are classified into 

liptinite, vitrinite, and inertinite, according to their reflectance and also microscopically 

visible structure (Bustin et al., 1985; Tissot and Welte, 1984). The end of diagenesis roughly 

corresponds to a vitrinite reflectance of 0.5%, equivalent to temperatures of approximately 

60 to 80 degree Celsius (°C). At this phase, high molecular weight compounds constitute the 

first liquid petroleum that is being generated (Tissot and Welte, 1984). 

As the sediments are buried deeper, temperature and pressure increase, while porosity, 

permeability, and water content decrease. The exposure to these higher temperatures leads 

to thermal degradation of residual OM and kerogen (catagenesis) into bitumen and 

petroleum. Bitumen is an intermediate for oil generation from type I and II kerogens (Hunt, 

1996). These processes typically occur in the temperature range of 80 to 150°C and at 

depths between 2 to 4 kilometers (km) depending on the geothermal gradient. This is the 

principal stage of oil formation in which hydrocarbons of medium to low molecular weight 

compounds are formed. Upon further increase in burial depth, additional light hydrocarbon 

compounds and wet gas are formed from the remaining kerogen and heavier hydrocarbons 

(Tissot and Welte, 1984). Methane is the dominant hydrocarbon being formed at the end of 

catagenesis, which corresponds to a vitrinite reflectance of about 2.0%. 

The expulsion of petroleum from the fine-grained, low permeability organic-rich source 

rocks by discrete flow, diffusion, and solution processes is referred to as primary migration. 

Secondary migration of petroleum is buoyancy and capillary pressure driven as it moves 

through porous carrier and reservoir rocks, and along faults and fractures. If the petroleum 

reaches a low-permeability sediment layer or fault that prevent further migration, an oil 

and/or gas accumulation is formed. If no such seal is encountered, the hydrocarbons will 

eventually escape to the sediment surface (Hantschel and Kauerauf, 2009; Hunt, 1996).  

If burial depth increases further, the last stage of OM evolution at very high temperature 

and pressure conditions at depths beyond 4 km and up to 10 km is referred to as 

metagenesis (Hunt, 1996). At this stage most of the kerogen has lost its labile components 

and does not produce any significant amounts of petroleum. Primary cracking of condensed 

kerogen structures and secondary cracking of reservoired hydrocarbons now dominate and 

lead to large amounts of methane being liberated. Coal is transformed into anthracite and 

then metaanthracite, while residual kerogen is condensed into graphitic carbon (Tissot and 
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Welte, 1984; Bustin et al., 1985). Traditionally this is considered as the end of petroleum 

generation. However, Mahlstedt and Horsfield (2012) demonstrated that most kerogen 

types, especially those with high terrestrial OM content, can generate significant quantities 

of methane well into this high level of thermal maturity. 

 
Table 1-1: Kerogen types and precursor material, compiled from Tissot and Welte (1984) and Hunt (1996). 

Kerogen Type 
Source and 

depositional environment 
Common coal macerals 

I 
Lacustrine, sapropelic, spores, algae 

bacteria 

Liptinite, sporinite, cutinite, 

resinite 

II and IIS 

Marine and marine 

carbonate/evaporite, sapropelic, 

algae, plankton, bacteria, minor 

terrestrial 

Liptinite, alginite 

III 
Terrestrial, deltaic, humic, plant 

material 

Vitrinite, telinite, telocollinite 

IV 
Oxidized humic, inert carbon, 

reworked 

Inertinite, fusinite 

 

 

1.4.3. Hydrocarbon seeps and the petroleum plumbing system 

Only a fraction of all generated petroleum accumulates in economic reservoirs, generally 

less than 15% (Hunt, 1996). The rest of the petroleum is dispersed throughout the 

sedimentary column or seeps to the surface (Hunt, 1996; Judd and Hovland, 2007; Kroeger 

et al., 2011). Hydrocarbon surface seeps have been found in nearly all petroliferous 

sedimentary basins around the globe (Davy et al., 2010; Etiope and Ciccioli, 2009; Hunt, 

1996; Judd and Hovland, 2007; Marcano et al., 2013). They have been studied for different 

reasons. Knowledge on the controlling factors of seep locations not only reduces exploration 

risk, but also gives insights into the basin "plumbing", especially with respect to hydrocarbon 

migration and leakage dynamics (Andresen, 2012; Andresen et al., 2011; Anka et al., 2013; 

Heggland, 1998; Ostanin et al., 2012). They have also been studied for their impact on the 

bio-, hydro-, and atmosphere (Berbesi et al., 2014; Gay et al., 2006c; Hovland et al., 2005) 

and for their potential as geohazards (Buffett and Archer, 2004; Cathles et al., 2010; Judd 

and Hovland, 2007; Ligtenberg and Connolly, 2003).  

Surface seeps occur in active petroleum systems that have generated sufficient amounts of 

hydrocarbons for secondary migration (Hunt, 1996). Seeps are usually located at outcrops of 

mature source rocks and carrier and reservoir formations, along outcropping 

unconformities, and above structures that penetrate the sediments, such as mud volcanoes, 

salt domes, and igneous intrusions (Cartwright et al., 2007; Hunt, 1996; Judd and Hovland, 

2007). Their expression as gas chimneys, pockmarks, (Gay et al., 2006a, 2006b; Loncke et al., 

2004; Løseth et al., 2009), pipe structures, and authigenic carbonate mounds in marine 
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environments can be identified on seismic reflection data (Andresen, 2012; Anka et al., 

2013; Løseth et al., 2011; Moss and Cartwright, 2010a; Naeth et al., 2005; Ostanin et al., 

2012), as well as on bathymetry and side scan sonar (Loncke et al. 2004; Judd and Hovland, 

2007). 

Folds and faults seem to focus and control the location of gas and fluid leakage in active and 

passive margins (Anka et al., 2013; Buffett and Archer, 2004; Cartwright et al., 2007; Loncke 

et al., 2004; Løseth et al., 2009; Ostanin et al., 2012; Pilcher and Argent, 2007; Yassir, 2003). 

Additionally, there is ample evidence for a close association of seafloor fluid flow features 

with gas-hydrate subcrops in passive margin settings and deep lake systems (Baristeas et al., 

2012; Ben-Avraham et al., 2002; Cartwright et al., 2007; Imbert and Ho, 2012; Judd and 

Hovland, 2007; Westbrook et al., 2009). Methane of biogenic and thermogenic origin and 

pore water are the main components of the involved gas and liquid phases, respectively 

(Hovland and Judd, 2007; Westbrook et al., 2009; Kroeger et al., 2011). 

In marine environments, gas and fluid flow to the sediment surface may be initiated by 

pressure changes, for example a drop in hydraulic pressure of the water column due to tidal 

or eustatic sea-level changes (Judd and Hovland, 2007; Kiel, 2009; Liebetrau et al., 2010; 

Linke et al., 2010), or by temperature changes that can lead to the dissociation and 

dissolution of gas hydrates (Bowen, 2013; Haacke et al., 2007; Imbert and Ho, 2012; 

Majorowicz et al., 2012; Westbrook et al., 2009). Tectonic triggering and submarine 

landslides have also been proposed as driving mechanisms (Hasiotis et al., 1996; Judd and 

Hovland, 2007; Maslin et al., 2004). This is evident from the numerous petroleum seeps 

found in tectonically active areas along plate boundaries and fold belts (Hunt, 1996). 

Evidence for paleo-leakage events and sustained paleo-leakage has been identified on 

seismic data by mapping buried and stacked pockmarks (Andresen and Huuse, 2011; 

Andresen, 2012; Anka et al., 2013; D. Cole et al., 2000; Gay et al., 2006a, 2006b; Hartwig et 

al., 2012a; Imbert and Ho, 2012). Once paleo-fluid flow features are identified, the onset and 

duration of the paleo-leakage event that created them can be inferred (Andresen and 

Huuse, 2011; Gay et al., 2006a; Ostanin et al., 2012). The identification of such fossil leakage 

episodes, both at a local as well as regional scale, could provide evidence for an association 

between methane release from the geosphere and observed carbon isotopic excursions in 

the paleo-climatic record (Bowen, 2013; Dickens et al., 1997, 1995; Dunkley Jones et al., 

2010; Imbert and Ho, 2012; O’Connor et al., 2010; Zachos et al., 2001, 2008), linking thus 

earth system processes to paleo-climate evolution.  

 

 

1.4.4. Climate change and carbon isotopic excursions in the geologic past 

Hydrocarbon seepage or leakage sites lead to a renewed exchange of carbon, in the form of 

CO2 and methane, from the subsurface to the surface carbon cycle. Biogenic and 

thermogenic gases are directly exchanged with the hydro- and atmosphere. Petroleum 

liquids may either be microbially biodegraded in the sediment column and/or near the oil-

water contact in low-temperature reservoirs that are cooler than 80°C (Head et al., 2003; 
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Kassold et al., 2008; Wilhelms et al., 2001), or oxidized by various processes (Tissot and 

Welte, 1984; Hunt, 1996). 

A differentiation between biogenic and thermogenic gas sources is achieved by measuring 

the d13C stable carbon isotope ratio, with the commonly used PDB standard (Peedee 

belemnite; Tissot and Welte, 1984; Hunt, 1996; Milkov, 2011). The ratio of 13C to 12C in 

Earth’s crust is consistent through geologic time and can thus be used to differentiate 

between the sources of reservoired carbon gases (Hunt, 1996; Milkov, 2011; Schoell, 1983). 

Biogenic methane is depleted in 13C isotopes and has a lower d13C value than the OM 

preserved in sediments, while the biogenic CO2 is enriched in 13C isotopes relative to the OM 

(Head et al., 2003; Hunt, 1996; Milkov, 2011; Schoell, 1983; Tissot and Welte, 1984). This 

technique has found wide application in studying the source, quantity, and timing of 

greenhouse gases released from the geosphere to the hydro- and atmosphere to understand 

their effect on present and past global climate (Dunkley Jones et al., 2010; Etiope and 

Ciccioli, 2009; Kroeger et al., 2011; Zachos et al., 2001, 2008). 

On a geologic timescale, global climate has been very variable, going from extremely cold 

conditions with large polar ice caps and low latitude glaciation, for example during the 

Carboniferous, to extremely warm conditions when the earth’s poles where mostly ice-free, 

such as during the Cretaceous. These changes are largely driven by oscillations in earth’s 

eccentricity, precession, and obliquity in its orbit around the sun (Zachos et al., 2001). The 

long-term climatic changes are further enhanced or countered by tectonic plate movements, 

which control the location of orogenic belts, subduction zones, and oceanic spreading 

centers, which in turn influence changes in eustatic sea-level and large-scale weather 

systems. 

From a source rock perspective, climate and sea-level are primary factors that lead to 

transgressions, periods of rising sea level, during which the world’s economically most 

important Jurassic and Cretaceous source rocks were deposited (Hunt, 1996; Klemme and 

Ulmishek, 1991; Kroeger et al., 2011). Extreme climatic conditions may also be linked to 

mass extinctions, as proposed for the end-Triassic (Ruhl et al., 2011), to the rapid evolution 

of mammals during the late Paleocene (Zachos et al., 2001; Zeebe and Zachos, 2013 and 

references therein) or to the clastic supply and deposition of major deltas and deep-sea fan 

systems along passive continental margins (Anka and Séranne, 2004; Anka et al., 2009; 

Séranne and Nzé Abeigne, 1999). 

The study of d13C changes in the benthic deep-sea foraminifera fossil record from cores of 

the Ocean Drilling Program (ODP) and Deep Sea Drilling Program (DSDP) has given insights 

into the evolution of global climate over the past 65 million years (My) (Bowen, 2013; 

Dickens et al., 1995; Zachos et al., 2001, 2008). This is specially true for the occurrence of 

climatic aberrations, climate anomalies that stand out from the orbitally-forced climate 

cycle, that are accompanied by perturbations of the global carbon cycle as seen in the stable 

isotope record (Zachos et al., 2001). The Paleocene Eocene Thermal Maximum (PETM) is 

probably the most widely studied carbon isotope excursion of the Cenozoic, when average 

global surface temperatures rose by 5-9°C and culminated in the Early Eocene Climatic 
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Optimum (Bowen, 2013; Dickens et al., 1995; Dunkley Jones et al., 2010; Higgins and Schrag, 

2006; Zachos et al., 2001, 2008; Zeebe and Zachos, 2013; Zeebe et al., 2009). 

Several hypotheses have been put forward to explain the rapid decrease of the d13C values 

within a few thousand years during the PETM (Bowen, 2013; Zachos et al., 2008), such as 

rapid dissociation of methane hydrates (Dickens et al., 1995; Dickens et al., 1997) 

accompanied by long-term perturbations of the carbon respiration cycle (Bowen, 2013), or 

volcanic exhalation of carbon gases (Higgins and Schrag, 2006; Lourens et al., 2005; Svensen 

et al., 2004), widespread oxidation of OM and changes in ocean circulation (Higgins and 

Schrag, 2006). The exact carbon source has not been identified yet, but an overall consensus 

exists on OM-derived carbon greenhouse gases having been rapidly released from the 

geosphere into the hydro- and atmosphere during this event (Bowen, 2013; Dickens et al., 

1995; Dunkley Jones et al., 2010; Higgins and Schrag, 2006; Kroeger and Funnell, 2012; 

Kroeger et al., 2011; Svensen et al., 2010, 2004; Zachos et al., 2001, 2008; Zeebe and Zachos, 

2013; Zeebe et al., 2009) at a similar or higher rate and magnitude as that of anthropogenic 

greenhouse gases released since the industrial revolution (Dickens et al., 1995; Kroeger et 

al., 2011; Zeebe and Zachos, 2013).  

As a greenhouse gas, methane is more than 20 times more effective than CO2, but upon 

release to the hydro- and atmosphere it quickly disseminates in oceanic and terrestrial 

reservoirs or transforms into CO2 (Etiope, 2009; Kroeger et al., 2011; O’Connor et al., 2010). 

Although methane is the most abundant subsurface carbon gas, the most obvious sources 

for thermogenic methane on a geologic timescale, namely buried OM in petroliferous basins, 

is generally not well constrained in paleo-climate studies (Kroeger et al., 2011). Kroeger and 

Funnell (2012) demonstrate how a feedback mechanism of warm climate to sedimentary 

basins can lead to an earlier onset of petroleum generation than expected and propose the 

possibility of a synchronization of maximum and enhanced petroleum generation across 

basins. However, in a more recent work Berbesi et al. (2014) invoke the need of a focusing 

mechanism for petroleum leakage to have the potential of impacting past and present 

climate. Clearly, such processes need to be included in future climate models. Even though 

the methane release rates related to source rock maturation are most likely too low to cause 

catastrophic climate changes (Berbesi et al., 2014), they are a main contributor to meta-

stable reservoirs, such as methane hydrates (Buffett and Archer, 2004; Etiope, 2009; Judd 

and Hovland, 2007; Majorowicz et al., 2012). Although methane hydrate dissociation is an 

unlikely mechanism to initiate global climate aberrations, it may be an important aspect of 

feedback mechanisms during climate change. In order to better model the carbon flux from 

sedimentary basins to surface and intermediate subsurface reservoirs, the thermal history of 

the basins has to be constrained. 3D petroleum system modeling studies, which are widely 

used for petroleum exploration, allow us to simulate the timing of petroleum generation, 

migration, and sequestration on a geologic time scale. Thus, they provide a potential link to 

connect thermogenic methane emissions from the subsurface through surface seeps to the 

hydro- and atmospheric reservoirs.  
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1.4.5. South Atlantic margin evolution 

The geologic evolution of the continental margin basins along the South Atlantic can be 

subdivided into synrift, rift-to-drift transition, and drift phases that were related to the 

progressive opening of the South Atlantic (e.g. Beglinger et al., 2012; Davison, 1999; 

Koopmann et al., 2013; Marcano et al., 2013; Torsvik et al., 2009). 

The break-up of Gondwana was accompanied by Triassic to Jurassic intra-continental rifting, 

forming north-south trending grabens and half-grabens along the present-day southwest 

African margin (Coward et al., 1999; Gerrard and Smith, 1982; Karner and Driscoll, 1999). On 

the other hand, the Argentine margin, which is the conjugate to the South African Atlantic 

margin, hosts east-west and northwest-southeast trending rift structures (Autin et al., 2013; 

Loegering et al., 2013; Marcano et al., 2013). This hints at a complex South Atlantic pre-rift 

evolution that involved NW-SE extension (Franke et al., 2006; Koopmann et al., 2014; 

Loegering et al., 2013) and the reactivation of Paleozoic basement structures on both sides 

of the incipient South Atlantic rift (Autin et al., 2013; Kounov et al., 2013). The emplacement 

of true oceanic crust began during the early Cretaceous (134 Ma ago) and propagated from 

south to north (e.g. Blaich et al., 2009; Kounov et al., 2013; Nürnberg and Müller, 1991 and 

references therein). The rift structures of the South Atlantic margin basins contain 

continental and fluvio-deltaic deposits and host lacustrine organic-rich black shales of late 

Jurassic to early Cretaceous age (Davison, 1999; Karner and Driscoll, 1999; Loegering et al., 

2013; Macdonald et al., 2003; Marcano et al., 2013). These synrift source rocks were 

deposited in deep anoxic or saline lakes and are known to have sourced oil accumulations on 

the southwest African and Brazilian margin (e.g. Muntingh, 1993; Schiefelbein et al., 2000). A 

review of their source rock characteristics is given by Mello et al. (1988a, 1988b), Burwood 

(1999), Coward et al. (1999), and Schiefelbein et al. (2000). 

The South Atlantic can be divided into southern and central segments that are separated by 

the Rio Grande Rise – Walvis Ridge (e.g. Torsvik et al. 2009; Blaich et al., 2009; Marcano et 

al., 2013). The existence of an evaporite rift-to-drift transitional sequence characterizes the 

central segment (Anka et al., 2009; Beglinger et al., 2012; Hudec and Jackson, 2004; Séranne 

and Anka, 2005; Torsvik et al., 2009), and is absent  in the southern segment. The southern 

segment, which contains the Orange Basin, is characterized by the existence of a prominent 

seaward dipping reflector (SDR) wedge (Bauer et al., 2000; Franke et al., 2006; Gladczenko et 

al., 1997; Jackson et al., 2000; Koopmann et al., 2014) that can be subdivided into several 

sequences (Koopmann et al., 2014, 2012) providing evidence for extensive volcanism along 

the margin during the final rift phase (Gladczenko et al., 1997). Onshore evidence include 

the large igneous province (LIP) of the Paraná-Etendeka flood basalts that erupted within a 

short time period 133-130 Ma and the accompanying NW-SE and margin parallel trending 

dike swarms (Jackson et al., 2000; Torsvik et al., 2009). They can be linked to the Gough and 

Tristan da Cunha hotspots via their plume trails that formed the Rio Grande Rise – Walvis 

Ridge, respectively (Gladczenko et al., 1997; Jackson et al. 2000; Blaich et al., 2009; Torsvik 

et al., 2009). The presence of SDRs in the central segment has been inferred for the Brazilian 

margin, but they appear to be absent on the conjugate Angolan margin (Torsvik et al., 2009). 
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In the southern segment the beginning of the rift-to-drift transition is marked by the first 

marine incursions during the Barremian to Aptian, when continental red beds grade into 

marine sandstones overlain by organic-rich black shales (Broad et al., 2006). These black 

shales were deposited throughout the early Aptian to mid Albian in an anoxic marine 

environment that resulted from restricted ocean circulation over the Falkland Plateau into 

the Cape Basin (Bolli et al., 1978b; Herbin et al., 1987). During the mid/late Albian the 

westward spreading Falkland Plateau cleared southern Africa providing a deepwater passage 

through the Agulhas Gap that led to increasing bottom water ventilation in the South 

Atlantic (Macdonald et al., 2003; Torsvik et al., 2009; Zimmerman et al., 1987). 

In the central segment the transitional sequence consists of early Aptian transgressive 

siliciclastic sediments that grade into fluvial to lagoon deposits which are overlain by a thick 

evaporite sequence (Anka and Séranne, 2004; Beglinger et al., 2012; Davison, 1999; Hudec 

and Jackson, 2004; Séranne and Anka, 2005). The late Aptian salt sequence was deposited in 

a restricted shallow-water environment stretching along the margin basins of equatorial 

West Africa and Brazil up to the Cameroon Volcanic Ridge, collectively known as the Aptian 

Salt Basins (Anka and Séranne, 2004; Coward et al., 1999; Hudec and Jackson, 2004; Torsvik 

et al., 2009). 

Along the equatorial South Atlantic margin the drift succession begins in the late Aptian with 

continuous deepening of the South Atlantic leading to the first marine incursions and 

deposition of marine carbonates (Anka and Séranne, 2004; Torsvik et al., 2009)These 

carbonates contain organic-rich and sapropelic limestones and were deposited in a 

restricted marine environment that lasted throughout the Albian (Schiefelbein et al, 2000; 

Hudec and Jackson, 2004). They are known to have sourced oil accumulations offshore Brazil 

(Mello et al., 1988a, 1988b) and in the onshore Kwanza Basin (Burwood, 1999) and possibly 

in the offshore Lower Congo and Angola Basins. 

The drift succession of the southwest African margin is dominated by Albian siliciclastic and 

Upper Cretaceous progradational/aggradational fluvio-deltaic sequences (Broad et al., 

2006). Continental and shallow marine siliciclastic sediments dominate the conjugate margin 

of southeast Argentina (Loegering et al., 2013). Early Albian oxygen deficiency in the Cape 

Basin was favorable for sapropelic black shale deposition (Zimmermann et al., 1987). These 

organic-rich intervals are the main source rocks of gas accumulations in the Orange Basin 

(e.g. Jungslager, 1999; Kuhlmann et al., 2011; van der Spuy, 2003).  

The Upper Cretaceous sediments of the central segment are characterized by increasing 

clastic content and halokinesis (Hudec and Jackson, 2004; Séranne and Anka, 2005). Both, 

the Argentine and southwest African margin contain Upper Cretaceous prograding 

sequences (Gerrard and Smith 1982; Paton et al., 2007; Loegering et al., 2013). While the 

southern African margin underwent extensive shelf erosion and severe gravity faulting of the 

shelf edge due to margin uplifting (Brown Jr. et al., 1995; de Vera et al., 2010), the Argentine 

shelf remained more stable. 

A major episode of black shale deposition occurred during the Cenomanian-Turonian 

oceanic anoxic event (OAE 2), a period of oxygen deficiency observed throughout the South 

Atlantic (Forster et al., 2008; Herbin et al., 1987; Zimmerman et al., 1987). These black shales 
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have been recognized as potentially oil-prone source rocks along the southwest African 

margin (Aldrich et al., 2003; Bray et al., 1998; Burwood, 1999) and also the Brazilian margin 

(Mello et al., 1989) and possibly in the ultra-deep offshore of the Angola Basin (Anka et al., 

2010). 

Along the central South Atlantic margins terrigenous clastic sedimentation continues up to 

the present-day with a major Oligocene erosion event and subsequent incision of submarine 

canyons and the progradation of deep-sea fans, such as the Congo fan (Anka and Séranne, 

2004; Anka et al., 2009). In the southern segment, Cenozoic sedimentation rates decreased 

(Dingle et al., 1983; Séranne and Anka, 2005). Sediments consist of pelagic clays and 

nannofossil ooze (e.g. Weigelt and Uenzelmann-Neben, 2004). The Argentine margin, on the 

other hand, saw an increase of sedimentation rates, especially during the Oligocene-

Miocene (Loegering et al., 2013) that might be correlated to recent Andean uplift (Marcano 

et al., 2013).  

More details on the Cenozoic and Cretaceous evolution of the Orange Basin are given in the 

geologic backgrounds sections of Chapters 3 and 4. 
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1.5. Methodology 

1.5.1. Organic geochemical analysis 

All samples were obtained from the Integrated Ocean Drilling Program (IODP) Bremen Core 

Repository at the University of Bremen, Germany. The sample intervals were selected based 

on the Initial Reports of the Deep Sea Drilling Project Vol. 40 and 75 (e.g.: Bolli et al., 

1978a,b; Deroo et al., 1984). Overall, 29 samples were studied (Table 2-1), of which 21 were 

taken from Aptian and Albian aged carbonaceous limestones, black shales, and silty black 

shales, and 8 from Turonian to Coniacian aged shales and mudstones. Aliquots of each 

sample were cut with a water-cooled saw and dried, before being pulverized with a rotating 

disc mill. 

 

 
Figure 1-4: Organic-geochemical analysis workflow following the PhaseKinetics(R) approach of di Primio and Horsfield 

(2006) with the respective source rock parameter that is investigated during each step (white boxes). 

 

The organic geochemical analysis methods are outlined in Figure 1-4 and more details are 

presented in Chapter 2. The procedure follows the PhaseKinetics approach of di Primio and 

Horsfield (2006), which combines open- and closed-system pyrolysis and gas-

chromatography techniques with artificial maturation series experiments to derive a 

compositional kinetic model, in this case for potential Cretaceous-aged source rocks from 

the southeast Atlantic.  
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1.5.2. Seismic interpretation 

The seismic dataset (Figure 1-1) consists of (i) 600 2D exploration-seismic reflection lines, 

acquired from 1976 to 2002, covering an area of about 95,000 km2 and with maximum 

recording depth of 7000 milliseconds (ms) two-way-travel time (TWT), and (ii) two 

exploration 3D seismic reflection cubes: one covering an area of 1095 km2 along the 

present-day shelf break and upper slope, between 265 and 610 m water depth, and a 

second survey covering 1074 km2 on the shelf in less than 250m water depth above the 

Ibhubesi gas/condensate field. The seismic cubes are pre-stack time migrated and have a 

line spacing of 25m. The chronostratigraphy is based on initial reports from Leg 40 DSDP 

sites 360 and 361 (Bolli et al., 1978c) and well reports of 32 exploration wells, tied to the 

seismic lines. 2D and 3D data were loaded in the commercial seismic interpretation software 

Petrel 2011.1.2 from Schlumberger.  

The 3D seismic cubes were further investigated using time-slices and seismic attribute maps 

extracted along the horizons. The term seismic attribute loosely refers to all types of 

measurements along a seismic trace taken within a limited time window around a reflector 

(Bacon et al., 2009). The two most common attributes used for this study are dip-azimuth 

and variance. The latter is a coherence-type attribute used to image vertical discontinuities, 

most commonly faults, in the amplitude distribution (van Bemmel and Pepper, 2000). 

The seismic interpretation was conducted in several steps following the workflow outlined in 

Figure 1-5. First, the well tops of 22 seismic reflectors were interpreted and correlated 

across the various seismic surveys to generate a 3-dimensional structure grid in TWT. The 

interpreted ages of the well tops were taken from the well reports and cross-referenced 

with the literature (e.g. Dingle et al. 1983, McMillan, 2004; Weigelt and Uenzelmann-Neben, 

2004). They provide the basis for relative ages of all interpreted non-processing-related 

seismic anomalies (pockmarks, mounds, etc.) and the age assignment of the petroleum 

system model. The sequences lithology descriptions are based on well reports and the 

literature (Gerrard and Smith, 1982; Dingle et al., 1983; McMillan, 2003; Weigelt and 

Uenzelmann-Neben, 2004; Wigley and Compton, 2006). 

Second, the economic basement for the petroleum system model was determined, by 

interpreting the seismic reflections and structures below the seismic reflector of the break-

up unconformity. Thus identifying synrift structures such as grabens and half-grabens, and 

SDRs, that were in part reported by Gerrard and Smith (1982) Dingle et al. (1983) Bauer et al. 

(2000) as well as structural trends in the Paleozoic basement that have remained very 

elusive. 

The third step consisted on finalizing the interpretation of faults, which were identified and 

mapped throughout the first two steps. The fault interpretation was limited to large regional 

features that can be followed across several 10s of kilometers. A detailed study was 

conducted in the 3D seismic cube located above the densely faulted shelf break of the 

northern Orange Basin (Chapter 3). 

The seismic domain conversion from TWT to true vertical depth (TVD) makes up the fourth 

step. The velocity model is derived from interval velocities that were calculated between the 

interpreted TWT horizons using check-shot data from the exploration wells. The convergent 



1.5Methodology  

 21 

interpolation algorithm of the Petrel 2011.1.2 software generated negative values for areas 

with very low well density and interval thickness, such as in the deep water below the 

present-day shelf break. On the other hand, very high values were calculated across intervals 

with large thickness variations and only few well penetrations such as the Aptian and Albian 

in the northwestern depocenter. In order to constrain the algorithm, minimum and 

maximum interval velocity values were assigned for each individual interval based on Bauer 

et al. (2000), who conducted a refraction seismic study from onshore South Africa across the 

offshore Orange Basin. Of the 32 exploration wells, only four penetrated the top of the 

basement, generally along the eastern coastal margin of the basin. Therefore, the interval 

velocities for the basement and synrift intervals (pre-6At) were taken from Bauer et al. 

(2000). The resulting velocity model was used to calculate TVD structure grids, which in turn 

were cross-checked with the existing well tops. 

In a fifth step seismic anomalies (Figure 1-6) were mapped, analyzed, and categorized into 

the following three classes: (1) processing-related, (2) present-day and paleo-sediment 

surface anomalies and (3) present-day and paleo-anomalies within the sedimentary column. 

Analogues were taken from the studies of Cartwright et al. (2007), Judd and Hovland (2007), 

and Løseth et al. (2009) and previous studies of the fluid flow features in the Orange Basin 

conducted by Ben-Avraham et al. (2002), Kuhlmann et al. (2010), and Boyd et al. (2012). 

 

 

 
Figure 1-5: Seismic interpretation workflow to generate 3D basin modeling inputs. 
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Figure 1-6: Examples (a-h) of seismic anomalies at the sediment surface and in the sediment column as interpreted on 
seismic from the Orange Basin. A Miocene (Mio.) and a Top-Cretaceous (K/T) unconformity are included for reference. 
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1.5.3. 3D petroleum system modeling 

 

The geologic elements and processes that lead to the formation of a petroleum 

accumulation make up a petroleum system (Magoon and Dow, 1994). The basic elements of 

a conventional petroleum system are an organic-rich source rock, a porous reservoir, and 

low-permeability seal rocks, and a trap, as well as the basic geologic processes that lead to 

petroleum generation, migration, accumulation, and entrapment (Hunt, 1996; Magoon and 

Dow, 1994). 3D petroleum system modeling studies combine all these elements and 

processes in a numerically-based basin model. It is used to simulate the physical and 

chemical processes during burial and diagenesis and allows to make predictions regarding 

petroleum occurrences (Al-Hajeri et al., 2009; Hantschel and Kauerauf, 2009; Peters et al., 

2007). Nowadays, petroleum system modeling is widely used for petroleum exploration and 

usually integrated with geophysical exploration methods (Al-Hajeri et al., 2009). Basin 

models are constructed and calibrated using various types of geophysical, geochemical, and 

petrophysical data from remote sensing programs, wells, and outcrops. Based on the input 

parameters, sediment compaction and the evolution of porosity, pressure, temperature, and 

permeability are calculated through time, thus providing the means to investigate the timing 

of hydrocarbon generation and expulsion from a source rock versus the timing of reservoir 

and trap formation. Further, hydrocarbon composition and phase predictions coupled with 

migration simulations are used to predict the location and size of accumulations and to 

conduct a qualitative and quantitative hydrocarbon mass balance evaluation. By running 

multiple iterations with varying input parameters, basin modeling allows constraining the 

geologic uncertainties, thus lowering the exploration risk. Although this modeling technique 

is primarily used to predict petroleum accumulations, it can also be used to study migration 

losses, and thus hydrocarbon leakage at the sediment surface. 

Hantschel and Kauerauf (2009) give a detailed description of petroleum system modeling 

workflows with the underlying mathematical theories that are used for the commercial 3D 

basin modeling software PetroMod. The following methodology outline is based on 

Hantschel and Kauerauf (2009) and gives an overview of critical modeling steps used for this 

study. A detailed discussion of these input parameters is given in Chapter 4. 

 

1.5.3.1. Burial history - deposition, compaction, and pressure modeling 

A 3D basin model is based on depth structure maps of regionally important chrono- and/or 

lithostratigraphic rock formations. The structure maps are derived from a combination of 2D 

and/or 3D seismic interpretations, well formation picks, and outcrop measurements. The 

structure maps define the top or base of a layer, which in turn represents a distinct 

stratigraphic event with a beginning and ending time. One basic assumption of modeling is 

that a model layer’s thickness and timing of deposition and non-deposition or erosion are 

known. Deposition, non-deposition, and erosion may occur simultaneously in different parts 

of the modeled area during one event. Layer lithologies are based on well data. If that is 

unavailable, depositional analogues have to be sought. The lithology assignment and 
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calibration is important for determining rock properties within the model, such as the 

porosity and thermal conductivity. During model simulation, the layers are first 

decompacted using compaction algorithms for the assigned lithologies. During the next step 

porosity reduction is forward modeled and can be calibrated against present-day porosities 

(Al-Hajeri et al., 2009; Hantschel and Kauerauf, 2009). Compaction results in the reduction of 

porosity, thus changing the pore pressure distribution (Allen and Allen, 2013). Pressure and 

compaction affect basin geometry and rock parameters, which ultimately control the 

permeability and the temperature distribution in the model (Al-Hajeri et al., 2009; Allen and 

Allen, 2013; Hantschel and Kauerauf, 2009). 

 

1.5.3.2. Thermal model - heat flow analysis 

The lithology calibration is usually followed by the heat flow analysis. This calibration process 

attempts to replicate present-day subsurface temperature gradients and the basin’s thermal 

history. The main input parameters for this step are the basal heatflow, the sediment 

surface temperature, subsidence rates, and amounts of erosion. 

The thermal properties of the rocks (thermal conductivity, heat capacity, radiogenic heat 

production), basal heat flow, and sediment surface temperature are the primary controls on 

the temperature gradient in the model (Al-Hajeri et al., 2009; Hantschel and Kauerauf, 

2009). It is typically calibrated against well data (corrected bottom hole and drill stem test 

temperatures) and also surface measurements. 

The reconstruction of the thermal history is more complex. It can be calibrated against 

thermal maturity indicators. The most common are vitrinite reflectance and Rock-Eval Tmax, 

less common are thermal alteration index and biomarkers. All of them have to be evaluated 

for possible effects of reworking or other chemical alteration and abnormal maturity that 

may be caused by erosion, migrating petroleum, hydrothermal alteration, or proximity to 

igneous intrusions. The two main model parameters that control the thermal history are 

basal heat flow, subsidence and erosion rates. In order to constrain these, the tectonic 

setting and geologic evolution of a basin need to be understood (Allen and Allen, 2013). A 

first estimate for a paleo heat flow may be derived from the tectonic setting by looking at 

analogues, such as a rift or passive margin, an intracratonic basin or subduction zone (Allen 

and Allen, 2013), and can be further refined by crustal modeling (Hirsch et al., 2010; Kusznir 

et al., 1995; Maystrenko et al., 2013; Van Wees et al., 2009). The timing and magnitudes of 

erosion and changes in paleo heat flow can also be refined using apatite fission track analysis 

or fluid inclusion studies. Due to the limited temporal resolution of most basin models and 

the often limited availability of geologic calibration data, the paleo heat flow solutions may 

represent a sum of thermal events that affected a certain basin. Overall, the paleo heat flow 

solutions and erosion estimates have to be geologic, i.e. have to fit the basin evolution and 

structure. 

The reconstructed thermal model allows calculating the rates of chemical reactions using 

kinetic models. These models are based on Arrhenius type reactions and are temperature 

sensitive (Boreham et al., 1999; di Primio and Horsfield, 2006; Schenk et al., 1997b; Tegelaar 
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and Noble, 1994). This allows constraining and even calibrating the thermal model with 

measured maturity data. 

 

1.5.3.3. Petroleum generation and fluid properties 

Following thermal calibration, the timing of petroleum generation and expulsion from the 

source rock are simulated according to kinetic models and hydrocarbon expulsion models. 

The kinetic models are based on first order, parallel pseudo-reactions that describe the 

decomposition (primary cracking) of kerogen and bitumen to petroleum (Boreham et al., 

1999; Schenk et al., 1997a, 1997b; Stainforth, 2009; Tegelaar and Noble, 1994) and also 

secondary cracking of oil to gas (Dieckmann, 1998; Dieckmann et al., 1998; Schenk et al., 

1997a, 1997b). The temperature dependence of these chemical reaction rates can be 

described with the Arrhenius equation (Boreham et al., 1999; Schenk et al., 1997b; Tegelaar 

and Noble, 1994). The complexity of kinetic models varies from bulk kinetic models to multi-

component models with 14 or more hydrocarbon components that group hydrocarbons 

according to their carbon chain lengths and boiling point ranges to accurately reflect 

petroleum properties. Bulk kinetic models can be used to calculate the timing of generation 

and quantities of hydrocarbons generated by a source rock. In addition to this, multi-

component kinetic models allow to simulate hydrocarbon phase behavior and to predict 

basic petroleum fluid properties (di Primio and Horsfield, 2006). Correct calculation of the 

pressure-volume-temperature (PVT) relationships of the fluids is a prerequisite for 

simulating basin-wide migration and to make predictions for fluid density and API gravity, 

viscosity, bubble point pressure, gas-oil-ratio (GOR), and oil formation volume factor (Bo)(di 

Primio and Horsfield, 2006; Hantschel and Kauerauf, 2009).  

In order to study the timing of hydrocarbon generation and to make a first approximation of 

generated volumes, the basic source rock characteristics, such as initial total organic carbon 

content (TOC), initial Hydrogen Index (HI), and kerogen type have to be known. These data 

are typically derived from organic-geochemical analysis of source rock samples and ideally 

coupled with an immature source rock maturation series study. This allows deriving the 

organofacies type, which is strongly linked to the depositional environment, and the above-

mentioned bulk and multi-component kinetic models, respectively. A description of one such 

methodology is given in Chapter 2. If such information is unavailable, as it is the case for 

many frontier exploration areas, analogue models for the depositional environment of the 

source rock may be used. The analogues help determining the organofacies type, and thus 

basic source rock parameters and a bulk kinetic model. 

 

1.5.3.4. Migration modeling 

In PetroMod 2011.1.1 hydrocarbon migration is modeled using a Hybrid Method, which is a 

combination of Darcy flow and Flowpath calculations. Based on a pre-defined permeability 

threshold, usually 10-2 millidarcy (mD) at 30% porosity, the model's cells are treated as either 

a carrier (and reservoir, such as sandstone) or a low permeability facies (such as silt and 

shale) (Hantschel and Kauerauf, 2009). Darcy flow is calculated in low permeability layers 
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where three-phase flow (water, oil, gas) is modeled at very small time intervals taking 

capillary pressure, buoyancy, friction, and fluid viscosity into account to provide an accurate 

migration model. The Flowpath method (ray tracing) is used for flow in carrier rocks and 

assumes instant petroleum migration, which is mainly buoyancy controlled, and therefore 

simplifies the algorithm reducing calculation times (Hantschel and Kauerauf, 2009). The 

flowpaths are constructed based on the carrier layer’s geometry, thus defining drainage 

areas that contribute to a hydrocarbon accumulation. Drainage areas are used to analyze 

migration paths and shadows, spill points within the carrier system and along faults, as well 

as losses through the seal within a basin model. 

An alternative to the Darcy-based Hybrid method is the Invasion-Percolation (IP) method. 

The IP modeling approach is buoyancy driven and assumes instant flow during each model 

time step until a capillary balance is reached (Hantschel and Kauerauf, 2009). This method is 

based on percolation experiments, which demonstrate and allow predictions on how oil 

moves through a water-wet carrier system (Carruthers and Ringrose, 1998; Vasseur et al., 

2013). After expulsion from the source rock, a critical saturation is needed to initiate the 

buoyancy-driven flow of oil in water. The capillary entry pressure of the pore throats 

restricts the flow of oil (Carruthers and Ringrose, 1998). In high permeability carriers, such as 

sandstones, oil moves vertically until reaching a low permeability flow barrier, such as 

mudstones, below which micro accumulations may form. Pressure build-up in these 

accumulations leads to vertical breakthrough into the low-permeability layer or to horizontal 

flow along the barrier. The migrating oil flows in the form of discrete stringers, the shape 

and size of which are flow rate dependent. Subsequent pulses of migrating oil will 

predominately follow the paths of previous stringers (Carruthers and Ringrose, 1998; 

Hantschel and Kauerauf, 2009; Vasseur et al., 2013).  

In IP simulations, the generation and expulsion of petroleum from the source rock control 

the timing of migration. The stringer pathways are calculated through a connectivity analysis 

of each cell in the model, based on absolute permeability and capillary entry pressure 

(Kroeger et al., 2009). The main advantages of IP over the Hybrid method, however, are (1) 

the use of one migration calculation method for the entire model, especially across cells with 

large permeability differences, which may be found at the reservoir-seal boundaries of 

incised valleys in low-permeability rocks; (2) less processing power is needed than for Darcy-

based methods, resulting in faster simulation times per iteration; (3) thus allowing higher 

resolution migration modeling over large areas. On the other hand, the biggest drawbacks of 

IP in comparison to the Hybrid method are (1) the rough estimate for the timing of 

migration, which mainly depends on the temporal resolution and on the timing of 

generation; (2) that modeled migration pathways are not reproducible in detail, because the 

IP method assigns a random value for capillary pressure based on statistical variations for 

the lithology type to represent rock heterogeneities; and (3) multi-phase flow and 

compositional changes are not handled as well as in Darcy and Flowpath calculations 

(Hantschel and Kauerauf, 2009). 

In order to unravel the migration dynamics in a basin multiple migration scenarios should be 

run, including a test of the different migration algorithms. As mentioned, each algorithm has 
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its strengths and weaknesses. The final interpretation is strongly dependent on the available 

data and also the interpreter’s experience. Migration models allow constraining the 

uncertainties regarding timing of migration and trap formation. They further help to identify 

the mechanisms that lead to the remobilization of petroleum, such as spilling, or 

breakthrough at seals and faults. Petroleum system models are a powerful tool for 

establishing a relationship between the geologic processes that lead to changes in pressure, 

temperature, or basin geometry, and their effect on hydrocarbon migration. The best 

calibration method for migration models is a comparison with fluid data from known 

production. Ideally, the model should reproduce the known oil or gas fields, shows, even 

seeps, and predict the fluid properties.  
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2.  Source rock characteristics and compositional kinetic models of 

Cretaceous organic-rich black shales offshore southwestern Africa 

 

The contents of this chapter have been accepted for publication and printed in the 

international peer-reviewed journal “Organic Geochemistry” as follows: 

Hartwig, A., di Primio, R., Anka, Z., Horsfield, B., 2012. Source rock characteristics and 
compositional kinetic models of Cretaceous organic rich black shales offshore southwestern 

Africa. Organic Geochemistry 51, 17–34. 

 

Abstract 

The source rock potential of Cretaceous organic-rich whole rock samples from deep sea 

drilling project (DSDP) wells offshore south-western Africa was investigated using bulk and 

quantitative pyrolysis techniques. The sample material was taken from organic-rich intervals 

of Aptian-, Albian-, and Turonian-aged core samples from DSDP site 364 offshore Angola, 

DSDP well 530A north of the Walvis Ridge offshore Namibia, and DSDP well 361 offshore 

South Africa. The analytical program included TOC, Rock Eval, pyrolysis GC, bulk kinetics and 

micro-scale sealed vessel pyrolysis (MSSV) experiments. The results were used to determine 

differences in the source rock petroleum type organofacies, petroleum composition, gas-oil-

ratio (GOR), and pressure-volume-temperature (PVT) behavior of hydrocarbons generated 

from these black shales for petroleum system modeling purposes. 

The investigated Aptian and Albian organic-rich shales proved to contain excellent quality 

marine kerogens. The highest source rock potential was identified in sapropelitic shales in 

DSDP well 364, containing very homogeneous Type II and organic sulfur-rich Type IIS 

kerogen. They generate P-N-A low wax oils and low GOR sulfur rich oils, whereas Type III 

kerogen-rich silty sandstones of DSDP well 361 show a potential for gas/condensate 

generation. Bulk kinetic experiments on these samples indicate that the organic sulfur 

contents influence kerogen transformation rates, Type IIS kerogen being the least stable. 

South of the Walvis Ridge, the Turonian contains predominantly a Type III kerogen. North of 

the Walvis Ridge, the Turonian black shales contain Type II kerogen and have the potential 

to generate P-N-A low and high wax oils, the latter with a high GOR at high maturity.  

Our results provide the first compositional kinetic description of Cretaceous organic-rich 

black shales, and demonstrate the excellent source rock potential, especially of the Aptian-

aged source rock, that has been recognized in a number of the South Atlantic offshore 

basins. 

 

2.1. Introduction 

The South Atlantic margin hosts several petroliferous sedimentary basins, especially offshore 

Brazil (Mello et al., 1988b; Davison, 1999) and in the Lower Congo and Angola Basins 

offshore southwestern Africa (Beglinger et al., 2012; Coward et al., 1999). Further to the 
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south, significant petroleum discoveries have been made in the Orange and Bredasdorp 

Basins offshore southern Africa (Jungslager, 1999; van der Spuy, 2003).  

The main sources for these hydrocarbon accumulations are lower Cretaceous lacustrine and 

lower to upper Cretaceous marine black shales. The kerogen types, richness, and biomarker 

signatures of these source rocks and their derived oils have been reported in previous 

studies by Mello et al. (1988a, 1998b), Davison (1999), and Mello and Katz (2000) for the 

Brazilian margin, and by Bolli et al. (1978a, 1987b), Burwood (1999), Mello and Katz (2000), 

van der Spuy (2003), and Adekola et al. (2012) for the southwestern African margin. 

In order to adequately describe the petroleum potential of a given source rock, bulk and 

screening data (TOC and Rock Eval) are not sufficient, as they do not take the thermal 

stability of the organic matter into account (Schenk et al., 1997). Even though a close 

relationship between kerogen type and source rock bulk kinetics exists, organic matter 

heterogeneity, common in deltaic sequences with high terrestrial input, as well as high sulfur 

contents, frequently found in marine carbonate source rocks, can lead to considerable 

variations in hydrocarbon generation rates (di Primio and Horsfield, 2006; Schenk et al., 

1997a, 1997b; Tegelaar and Noble, 1994). Considering that significant variability in kerogen 

stability has been reported for lower Cretaceous organic-rich shales from the Angolan 

margin (Burwood, 1999) and that oils from Aptian source rocks of the Brazilian margin are 

known to be sulfur-rich (Mello et al., 1988b), this aspect is very important for maturity 

studies of South Atlantic margin basins. A further refinement of prospectivity studies can be 

achieved by using compositional kinetic data from artificial maturation experiments to 

elucidate changes in the physical properties of petroleum fluids under varying pressure and 

temperature conditions (PVT behavior, di Primio et al., 1998; di Primio and Horsfield, 2006). 

These datasets can be used to predict the phase behavior and migration dynamics, especially 

secondary migration, in basin modeling studies (e.g. Primio and Skeie, 2004). 

Up to date, data on the kinetics of South Atlantic Cretaceous source rocks as well as the 

petroleum-type and composition they generate are scarce or non-existent. In this study we 

investigated Aptian, Albian, and Turonian to Coniacian aged thermally immature, organic-

rich black shale and mudstone intervals from DSDP sites located in the southeast Atlantic to 

determine trends and differences in organofacies, petroleum type, composition, and to 

model the physical properties of the generated hydrocarbons. This data can be used as input 

for petroleum system modeling studies of South Atlantic margin basins.  

 

2.2. Study area and sample locations 

2.2.1. Southeast Atlantic margin evolution 

The geologic evolution of the continental margin basins along southwestern Africa can be 

subdivided into synrift, rift-to-drift transition, and drift phases that were related to the 

progressive opening of the South Atlantic (Beglinger et al, 2012; Torsvik et al., 2009). 

The break-up of Gondwana was accompanied by Triassic to Jurassic intracontinental rifting, 

forming north-south trending grabens and half-grabens along the present-day southwest 

African margin (Gerrard and Smith, 1982; Coward et al., 1999; Karner et al., 1999). The rift 



2. Source rock characteristics and compositional kinetic models of Cretaceous organic-rich black 
shales offshore southwestern Africa 

 30 

structures contain continental and fluvio-deltaic deposits and host lacustrine organic-rich 

black shales of late Jurassic to early Cretaceous age (Karner et al., 1999; Macdonald et al., 

2003). These synrift source rocks were deposited in deep anoxic or saline lakes and are 

known to have sourced oil accumulations on the southwest African and Brazilian margin 

(e.g. Schiefelbein et al., 2000; Muntingh, 1993). A review of their source rock characteristics 

is given in Burwood (1999), Coward et al. (1999), and Schiefelbein et al. (2000). 

The initial opening of the South Atlantic and emplacement of oceanic crust began during the 

early Cretaceous (137 - 126 Ma ago) and propagated from south to north (e.g. Nürnberg and 

Müller, 1991; Blaich et al., 2009). 

South of the Walvis Ridge the first marine incursions mark the beginning of the rift-to-drift 

transition during the Barremian to Aptian. It is marked by the sedimentation of continental 

red beds which grade into marine sandstones overlain by organic-rich black shales (Broad et 

al., 2006). These black shales were deposited throughout the early Aptian to mid Albian in an 

anoxic marine environment that resulted from restricted ocean circulation over the Falkland 

Plateau into the Cape Basin (Bolli et al., 1978a; Herbin et al., 1987). During the mid/late 

Albian the westward spreading Falkland Plateau cleared southern Africa providing a 

deepwater passage through the Agulhas Gap that led to increasing bottom water ventilation 

in the South Atlantic (Zimmermann et al., 1987; Macdonald et al., 2003). 

North of the Walvis Ridge and along equatorial West Africa, the transitional sequence 

consists of early Aptian transgressive clastics that grade into fluvial to lagoonal deposits 

which are overlain by a thick evaporitic sequence (Hudec and Jackson, 2004; Séranne and 

Anka, 2005). The late Aptian salt sequence was deposited in a restricted shallow-water 

environment stretching along the margin basins of equatorial West Africa and Brazil up to 

the Cameroon Volcanic Ridge, collectively known as the Aptian Salt Basins (Coward et al., 

1999; Torsvik et al., 2009). 

Along the equatorial South Atlantic margin the drift succession begins in the late Aptian with 

continuous deepening of the South Atlantic leading to the first marine incursions and the 

deposition of marine carbonates (Séranne and Anka, 2005; Torsvik et al., 2009). These 

carbonates contain organic-rich and sapropelic limestones and were deposited in a 

restricted marine environment that lasted throughout the Albian (Schiefelbein et al, 2000; 

Hudec and Jackson, 2004). They are known to have sourced oil accumulations in the onshore 

Kwanza Basin (Burwood, 1999) and maybe in the offshore Lower Congo and Angola Basins. 

The drift succession of the southwest African margin is dominated by Albian siliciclastic and 

Upper Cretaceous progradational/aggradational fluvio-deltaic sequences (Broad et al., 

2006). Early Albian oxygen deficiency in the Cape Basin was favorable for sapropelic black 

shale deposition (Zimmermann et al., 1987). These organic-rich intervals are the main source 

rocks of gas accumulations in the Orange Basin (e.g. Jungslager, 1999; van der Spuy, 2003; 

Kuhlmann et al., 2011).  

North of the Walvis Ridge, Upper Cretaceous sedimentation is characterized by an increasing 

clastic content and halokinesis (Hudec and Jackson, 2004; Séranne and Anka, 2005). 

Whereas the southern African margin underwent extensive shelf erosion and severe gravity 

faulting of the shelf edge due to margin uplifting (Brown et al., 1995; de Vera et al., 2010). 
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A major episode of black shale deposition occurred during the Cenomanian-Turonian 

oceanic anoxic event (OAE 2), a period of oxygen deficiency observed throughout the South 

Atlantic (Herbin et al., 1987; Zimmermann et al., 1987; Forster et al., 2008). These black 

shales have been recognized as potentially oil-prone source rocks along the southwest 

African margin (Aldrich et al., 2003; Bray et al., 1998; Burwood, 1999)and also the Brazilian 

margin (Mello et al., 1989) and possibly in the ultra deep offshore of the Angola Basin (Anka 

et al., 2010). 

Along the equatorial West African margin terrigenous clastic sedimentation continues up to 

the present-day with a major Oligocene erosion event and subsequent incision of submarine 

canyons and the progradation of deep-sea fans, such as the Congo fan (Anka and Séranne, 

2004; Anka et al., 2009). Cenozoic sediments of the southwest African margin consist of 

pelagic clays and nannofossil ooze (e.g. Weigelt and Uenzelmann-Neben, 2004). 

 

2.2.2. Sample locations 

The samples were taken from Aptian to Albian and Turonian to Coniacian aged, thermally 

immature, organic-rich intervals of cores recovered from DSDP sites 361 and 364 of LEG 40, 

and DSDP site 530A of LEG 75 (Figure 2-1). 

 

 
Figure 2-1: Equatorial and southwest African margin basin overview with DSDP site locations; BeB = Benguela Basin, BrB = 

Bredasdorp Basin, KB = Kwanza Basin, LB = Lüderitz Basin, LCB = Lower Congo Basin, NB = Namibe Basin, OB = Orange 

Basin, WB = Walvis Basin; base map: Amante and Eakins (2009). 
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2.2.2.1. DSDP site 361 

DSDP site 361 was drilled in 4549 m water depth on the lower continental rise of the Cape 

Basin, 300 km southwest of Cape Town. The well penetrated 1314 m of upper Eocene to 

lower Aptian aged sediments (Bolli et al., 1978a). The sedimentary succession of the Cape 

Basin was subdivided into seven lithologic units, four of them were described at DSDP site 

361 (Figure 2-2). A detailed description is given in the Initial Reports of the Deep Sea Drilling 

Project Vol. 40 (Bolli et al., 1978a). Briefly, the Aptian sediments consist of sapropelic shale, 

greenish-grey sandy mudstone, and sandstone deposited as coarse turbidites with 

intercalated carbonaceous shales (unit 7). The upper Aptian to Maastrichtian (unit 6) 

consists of non-carbonate, terrigenous grey to greenish black shales with intercalated, finely 

cross-bedded siltstones and sandy mudstones deposited in a distal fan turbidite facies. The 

late Maastrichtian and Paleocene interval is made up of brown to greenish grey pelagic clay 

(unit 5) with a sharp transition to carbonate-rich light brown to greenish grey mud and 

nannofossil ooze (unit 4) of late Paleocene to Eocene age. 

 

 
Figure 2-2: Main lithologic units of the investigated DSDP sites according to Bolli et al. (1978a,b), Hay and Sibuet (1984) 

and Forster et al. (2008). 
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The highly carbonaceous Aptian sediments contain wood fragments and reworked coaly 

substance derived from a near shore flora and rapidly buried by turbidity currents (Bolli et 

al., 1978a). The intercalated sapropelic black shales are reported to have total organic 

carbon (TOC) contents of up to 15% and contain predominately amorphous marine organic 

matter and bituminous material (Herbin et al. 1987; van der Spuy, 2003). The decrease in 

organic matter content and increasing cross-bedding observed in Aptian to Albian sediments 

reflects the changes of the depositional environment from an early Aptian anoxic ocean 

basin to an increasingly ventilated deep sea environment with stronger bottom currents 

(Bolli et al., 1978a; Zimmermann et al., 1987). An interval of detrital organic matter 

enrichment with TOC contents up to 4.0% reflects renewed oxygen deficiency in the Cape 

Basin during the Cenomanian-Turonian OAE (Herbin et al., 1987). According to Raynaud and 

Robert (1978) vitrinite reflectance (VRo) values for the Aptian black shales range between 0.5 

and 1.0%, although Schmidt (2004) reports mean values of 0.27 to 0.35% VRo for the same 

interval.  

 

2.2.2.2. DSDP site 530A 

DSDP site 530A was drilled in 4629 m water depth and penetrated the abyssal basin floor 

with a typical seismic stratigraphy representative for the southeastern corner of the Angola 

Basin, 20 km north of the Walvis escarpment. The well was drilled to a sub-bottom depth of 

1121 m where it encountered basalt, the age of the penetrated sediments ranges from late 

Albian to Holocene (Hay and Sibuet, 1984). The sedimentary succession was subdivided into 

nine lithologic units (Figure 2-2). A detailed description is given in the Initial Report of the 

Deep Sea Drilling Project Vol. 75, and is summarized below. 

The deepest lithologic unit consists of basalt (unit 9) and is overlain by late Albian to early 

Santonian green clay- and marlstones with intercalated black shales (unit 8). The following 

lithologic units contain numerous turbidite sequences and are of early Santonian - early 

Campanian, Maastrichtian, and Maastrichtian - Eocene age. They consist of multi-colored 

claystones, siltstones, and sandstone (unit 7), mudstone and chalk (unit 5), and mudstone, 

chalk, and clastic limestone with shallow water carbonate debris (unit 4), respectively. A 

Campanian volcanogenic turbiditic sandstone sequence makes up unit 6. Oligocene - 

Miocene aged green and red mudstone (unit 3) with intercalated clay-rich debris flows are 

overlain by Pleistocene calcareous biogenic sediments with intercalated clays from debris 

flows and fine-grained turbidites (unit 2), and Pleistocene-Holocene nannofossil ooze (unit 

1). 

The Albian and Turonian green and black shales contain a mixture of terrigenous and, 

especially in the latter, marine organic matter with TOC contents up to 16.5% (Meyers, 

1984). They were transported and rapidly buried by turbidites and are thermally immature 

(VRo= 0.48%, Meyers, 1984; Herbin et al., 1987). The black shales reflect an anoxic 

depositional environment, whereas the green shales indicate periodic bottom water re-

oxidation by weak currents (Forster et al., 2008). 
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2.2.2.3. DSDP site 364  

DSDP site 364 was drilled in 2448 m water depth on the seaward edge of the salt plateau at 

the transition from the outer Kwanza Basin to the Benguela Basin, 335 km SSW of Luanda. 

The well penetrated to a sub-bottom depth of 1086 m being several tens of meters short of 

penetrating the salt sequence, recovering Pleistocene to upper Aptian aged sediments that 

were subdivided into seven lithologic units (Bolli et al., 1978b; Figure 2-2). The oldest 

lithologic unit (unit 7) consists of late Aptian to middle Albian dolomitic limestone with 

sapropelic black shales deposited in a highly saline environment, overlain by middle Albian 

limestone and marly limestone (unit 6) with a gradual transition to late Albian to Coniacian 

aged (unit 5) marly chalks and finely laminated sapropelic black shales. Late Coniacian to 

Eocene aged nannofossil chalk (unit 4) deposition ends with a late Eocene - Oligocene hiatus, 

above which terrigenous input increases, as indicated by mid Oligocene to lower Miocene 

pelagic clay and radiolarian mud (unit 3). Neogene sedimentation begins with nannofossil 

ooze (unit 2) and lasts until the early Pliocene. It is overlain by calcareous mud and black clay 

with plant debris (unit 1).  

The two phases of sapropelic limestone deposition encountered in the sediment record at 

DSDP site 364 are evidence for repeated stagnant bottom water conditions, though 

conditions seem to have been less anoxic throughout the Cenomanian to Coniacian as 

evidenced by bioturbated limestones (Bolli et al., 1978a). The organic matter is 

predominately amorphous marine matter with TOC contents of up to 24.0% and is thermally 

immature (VRo= 0.45 %, (Foresman, 1978; Herbin et al., 1987).  

 

2.3. Material and Methods 

2.3.1. Sample material 

All samples were obtained from the Integrated Ocean Drilling Program (IODP) Bremen Core 

Repository at the University of Bremen, Germany. The sample intervals were selected based 

on the Initial Reports of the Deep Sea Drilling Project Vol. 40 and 75 (Bolli et al., 1978a, 

1978b; Deroo et al., 1984). Overall, 29 samples were studied (Table 2-1), of which 21 were 

taken from Aptian and Albian aged carbonaceous limestones, black shales, and silty black 

shales, and 8 from Turonian to Coniacian aged shales and mudstones. Aliquots of each 

sample were cut with a water-cooled saw and dried, before being pulverized with a rotating 

disc mill. 

 

2.3.2. Methods 

2.3.2.1.  Rock-Eval and TOC 

Rock-Eval analysis was performed using a Rock-Eval 6 instrument providing Tmax, and bulk 

parameters S1, S2, and S3 (Espitalié, 1987). Total organic carbon (TOC) content was measured 

using a Leco SC-632 instrument. The following temperature programs were run: Pyrolysis: 

300°C for 3 minutes then pyrolized at 25 °C/min to 650 °C; Oxidation: 400 °C (for 3 min) 
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heated at 25 °C/min to 850 °C (held for 5 min). The measurements were conducted at 

Applied Petroleum Technology AS, Norway. 

2.3.2.2. Pyrolysis - gas chromatography and Thermovaporization - gas 

chromatography 

Pyrolysis - gas chromatography (Py-GC) was conducted to infer the bulk petroleum quality of 

the whole rock samples using a Quantum MSSV-2 Thermal Analysis System©. Between 3 - 

20 mg of powdered whole rock sample was weighed into a glass tube and held in place by 

glass wool. The sample was heated in a flow of helium, and products released over the 

temperature range 300-600°C (40° K/min) were focused in a nitrogen-cooled cryogenic trap, 

and then heated to 300°C and released onto a capillary column for gas chromatography.  

Thermovaporization - gas chromatography (Thermovap-GC) was used to analyze free 

hydrocarbons in the samples and performed using a Quantum MSSV-2 Thermal Analysis 

System©. Milligram quantities of each sample were sealed in a glass capillary and heated to 

300°C in the injector unit for 5 minutes. The tube was then cracked open using a piston 

device coupled with the injector, and the released volatile hydrocarbons analyzed by gas 

chromatography. 

For both Py-GC and Thermovap-GC, online gas chromatography was conducted using a 50m 

x 0.32mm BP-1 capillary column equipped with a flame ionization detector. Boiling ranges 

(C1, C2-C5, C6-C14, C15+) and individual compounds (n-alkenes, n-alkanes, alkylaromatic 

hydrocarbons and alkylthiophenes) were quantified by external standardization using n-

butane. Response factors for all compounds were assumed the same, except for methane 

whose response factor was 1.1. 

 

2.3.2.3. Bulk kinetics 

For bulk kinetics modeling the whole rock samples were analyzed by non-isothermal open 

system pyrolysis at four different laboratory heating rates (0.7, 2.0, 5.0 and 15 °K/min) using 

a Source Rock Analyzer©. The generated bulk petroleum formation curves serve as input for 

the bulk kinetic model consisting of an activation energy distribution and a single frequency 

factor A.  
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Table 2-1: Sample information and Rock Eval results 
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Table 2-1: Sample information and Rock Eval results - continued 
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2.3.2.4. Micro-scaled sealed vessel pyrolysis - gas chromatography and 

development of compositional kinetics  

Closed system pyrolysis - gas chromatography with micro-scaled sealed vessel (MSSV) 

(Horsfield et al., 1989) was employed for the artificial maturation experiments. Milligram 

quantities of each sample were sealed in glass capillaries and artificially matured at 0.7 

°K/min using a special MSSV prep-oven. Temperatures required to bring about 10, 30, 50, 

70, and 90% conversion were derived from the Source Rock Analyzer data used primarily for 

kinetics determinations. The tubes were placed in the Quantum MSSV-2 Thermal Analysis 

System© and then cracked open using a piston device coupled with the injector. Volatile 

products were analyzed as described above for Py-GC and Thermovap-GC. 

The PhaseKinetics (di Primio and Horsfield, 2006) approach allows linking the source rock 

organic facies to the petroleum type it generates. Using data from a combination of open 

and closed system pyrolysis techniques bulk kinetic and compositional information can be 

obtained, corrected and integrated into a compositional kinetic model which allows the 

prediction of the hydrocarbons physical properties (gas-oil-ratio "GOR", saturation pressure 

"Psat", and formation volume factor "BO").  

For the purpose of PVT modeling the fluid description consists of fourteen compounds. 

Seven in the gas fraction (C1, C2, C3, i-C4, n-C4, i-C5, n-C5) determined from the MSSV analysis. 

The gas composition is corrected based on a GOR - gas-wetness correlation from natural 

black oils (di Primio et al., 2005). The other seven compounds describe the liquid phase 

consisting of a pseudo-C6 (all compounds detected eluting in the n-C5 to n-C6, excluding n-C5) 

and compound groups of C7-15, C16-25, C26-35, C36-45, C46-55, C56-80. Their physical properties 

were calculated using the above description of the corrected gas phase composition and the 

estimation procedure of di Primio et al. (1998) to determine the amount and molecular 

weight of the C7+ fraction. Afterwards, the compositional data was assigned to the bulk 

kinetic model according to the degree of transformation represented by the potentials. For 

example, a sample's compositional description representing 10 and 30% transformation 

from the MSSV experiments were used to populate the sample's bulk kinetic-derived 

potentials from 0 - 20% and 20 - 40% transformation. 



2.4 Results and interpretation 

 39 

2.4. Results and Interpretation 

2.4.1. Bulk characterization 

2.4.1.1. Rock-Eval and TOC measurements 

At DSDP site 361 TOC contents of Aptian and Albian aged samples vary from 3.85 - 8.13 % 

(Table 2-1). Rock Eval Hydrogen Indices (HI´s) of 315 - 554 mg HC/g TOC, indicative of a 

mixed Type II/III kerogen (Figure 2-3), were measured in samples with higher TOC (> 5.0%), 

whereas low HI ranges of 28 - 97 mg HC/g TOC correspond to lower TOC contents (< 5.0%) 

and Type III kerogen. One Turonian aged black shale was sampled at site 361 displaying a 

low HI of 23 mg HC/g TOC indicative of Type III kerogen and TOC content of 1.58%. 

At DSDP site 530A the HI of Albian aged sediments ranges from 59 - 385 mg HC/g TOC with 

TOC contents varying from 0.45 - 7.4% displaying a loose correlation of increasing HI with 

increasing TOC content in a mixed Type II/III kerogen. The Turonian interval is represented 

by organic-rich Type II (10.6 - 13.4% TOC) and Type III (0.9 - 6.5%TOC) kerogen samples with 

HI’s of 506 - 721 mg HC/g TOC and 64 - 225 mg HC/g TOC, respectively. 

The TOC contents of Aptian and Albian aged samples from DSDP site 364 vary between 9.66 

and 37.0% (Table 2-1Error! Reference source not found.). The HI’s range from 377 to 663 

mg HC/g TOC (Figure 2-4) that is characteristic for Type II kerogen. Turonian to Coniacian 

aged samples from DSDP site 364 show uniform high TOC contents of 10.1 to 14.7%. The 

highest HI value (769 mg HC/g TOC) was measured in an upper Turonian/lower Coniacian 

sapropelic black shale. 

All investigated samples are immature with Tmax temperatures in the range of 401 - 419 °C 

(Figure 2-4), one higher Tmax value of 428°C was measured, but is still indicative of 

immature organic matter and may be attributed to the organic matter composition. 

The results of the source rock screening are in agreement with the previous studies of 

Herbin et al. (1987) and Schmidt (2004). The average and maximum HI's (214 and 472 mg 

HC/g TOC, respectively) reported for DSDP site 530A by Forster et al. (2008) are generally 

lower than observed in this study. This may be related to the heterogeneous suite of 

samples that they studied, whereas this study focuses only on the black-shale intervals.  
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Figure 2-3: HI vs. OI plot of studied samples (kerogen type maturation pathways after Espitalié et al., 1978). 
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Figure 2-4: Tmax vs. HI plot of studied samples, for legend see figure 2 (kerogen type maturation pathways after Cornford, 

1998). 

2.4.1.2. Bulk pyrolysis 

Open-system pyrolysis - gas chromatography was conducted to further characterize the 

organic matter composition and the petroleum-type generated by the samples with TOC 

contents exceeding 1.0%. 

The individual resolved compounds were determined up to n-C30, beyond this chain-length 

the GC-signals were within the error of measurement. Apart from the n-alk-1-ene/n-alkane 

doublets, the most abundant compounds were light aromatics such as benzene, toluene, 

ethylbenzene, xylenes, alicyclic compounds such as naphthalenes, and sulfur compounds, 

mainly thiophenes. Typical sample gas chromatograms are shown in Figure 2-5. 
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Figure 2-5: Representative Py-GC chromatograms of selected source rocks samples; a) sample no. 1, a wax-rich Type II 

kerogen SR; b) sample no. 15, a Type II kerogen SR; c) sample no. 19, a Type III kerogen SR; d) sample no. 23, a 

heterogeneous Type II kerogen SR; e) sample no. 27, a Type IIS kerogen SR. 
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The n-alkene/n-alkane doublet distribution in the Py-GC chromatograms is typical for organic 

matter of predominantly marine origin (Bordenave, 1993; Horsfield, 1997; van de Meent et 

al., 1980). The n-alkyls are probably derived from lipids and aliphatic biopolymers 

incorporated into the marine organic matter (Tissot and Welte, 1984; Horsfield, 1997). 

Together with other light aromatic compounds, xylenes and phenol (the latter is derived 

from lignocellulosic precursors) are frequently linked to a terrestrial input of organic matter 

(van de Meent et al., 1980; Tissot and Welte, 1984).  

The most common sulfur compounds were 2-methyl-thiophene, 2,5-dimethyl-thiophene, 2-

ethyl-5-methyl-thiophene and 2,3,5-trimethyl-thiophene. They occurred partially in greater 

abundance than n-alkyls of the same carbon number, whereas 2,4- and 2,3-dimethyl-

thiophene were present in similar amounts as n-alkyls of the same carbon number. Sulfur-

rich source rocks are generally deposited in evaporitic and/or anoxic carbonate platform 

environments (di Primio and Horsfield, 1996; Schaeffer et al., 1995). These organic sulfur-

rich marine kerogens are termed Type IIS kerogen (Eglinton et al., 1990; Orr, 1986).  

Eglinton et al. (1990) showed, that the amount of thiophenes generated during pyrolysis of 

organic matter can be used to evaluate its organic sulfur content and to differentiate 

between the predominant kerogen types by using a ratio of 2,3- dimethylthiopene, ortho-

xylene, and nC9:1 to represents the organic sulfur, aromatic, and aliphatic compounds of the 

organic matter (Fig.: 6). The investigated samples show a wide range of kerogen types 

including Types II, IIS, and III, but with a systematic distribution. The Aptian and some lower 

Albian aged samples from DSDP site 361 and 364 contain sulfur-rich Type IIS kerogen. 

Generally, the Albian aged black shales from all three sites contain Type II kerogen and also 

Type III kerogen at DSDP sites 361 and 530A. In these cases an input of terrestrial organic 

matter is further supported by a lower HI (< 225 mg HC/g TOC), an increase in the relative 

abundance of xylenes, and the presence of phenol. Type II kerogen dominates the organic 

matter in the Turonian to Coniacian aged samples, except for a low TOC, low HI sample 

indicating Type III kerogen at DSDP site 361 Figure 2-6. 
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Figure 2-6: Kerogen type classification of Py-GC results according to Eglinton et al. (1990). 

 

Horsfield (1997, 1989) related the petroleum fluid type generated under natural conditions 

to the alkyl chainlength distribution (CLD) generated from source rocks by open system 

pyrolysis. This approach allows defining the petroleum type organofacies, which permits to 

recognize the gas-condensate, paraffinic-naphthenic-aromatic (PNA) petroleum (high- and 

low-wax varieties), and paraffinic petroleum-generating (high- and low-wax varieties) 

potentials of individual source rock samples (Figure 2-7a and b). The majority of the 

investigated samples plot in the low wax paraffinic-naphthenic-aromatic (P-N-A) oil area 

with a gradual transition into the gas and condensate field. Source rocks of the low wax P-N-

A oil generating facies are generally deposited in a restricted marine environment found on 

stagnant shelves and silled basins (Horsfield, 1997). The majority of the organic matter is 

derived from marine organisms, such as algae and bacteria, and to a minor degree from 

terrigenous organic matter. The gas and condensate generating facies is generally deposited 

in continental- deltaic settings with low petroleum generating potential (Horsfield, 1997). 

The low HI (23 - 97 mg HC/g TOC) Aptian and Turonian samples of DSDP site 361 fall into this 

category, as well as two high HI Aptian samples from DSDP sites 361 and 364 (HI = 315 and 

663 mg HC/g TOC, respectively; Figure 2-7b). HI values of up to 300 mg HC/g TOC have been 

reported for coals and rock samples with Type III kerogen (Bordenave, 1993), but in the case 
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of DSDP site 361 it may be more indicative of a mixing of Type II and III kerogens. The 

interpretation of the gas and condensate generating facies of the Type II kerogen Aptian 

sample from DSDP site 364 is more complicated. However, it has been noted that alginite-

rich marine shales with Type II kerogen of the Bakken and Alum shale also plot into the gas 

and condensate facies (Horsfield, 1997; Muscio and Horsfield, 1996). Thus, in these cases 

aromatization and condensation reactions enhance inert carbon formation, and lead to a 

predominance of low molecular weight hydrocarbons in the generated petroleum from 

artificially matured source rocks (Muscio and Horsfield, 1996). One Turonian sample from 

DSDP site 530A plots in the high wax P-N-A oil generating facies, which is typical for lower 

delta plain and inner shelf environments.  

In nature sulfur-rich marine source rocks have been found to generate sulfur-rich heavy oils 

at low maturities (di Primio and Horsfield, 1996; Lehne and Dieckmann, 2007; Orr, 1986). In 

the CLD diagram it is not possible to distinguish P-N-A oils typically derived from marine 

organic matter, from sulfur-rich heavy oils generated by Type IIS kerogen (di Primio and 

Horsfield, 1996). Therefore, the classification of di Primio and Horsfield (1996), who use a 

ratio of 2,5-dimethylthiophene, toluene, and nC9:1 + nC25:1, was applied to further 

distinguish the P-N-A oils (Figure 2-8). The majority of the source rock samples plot in the 

intermediate and aromatic field, as would be expected from a restricted marine depositional 

environment with terrestrial influence as inferred from the previous results. Concerning the 

classification of Aptian and lower Albian aged samples from DSDP sites 361 and 364 as Type 

IIS kerogen, only the source rocks of the latter well are likely to produce sulfur-rich heavy 

oils.  
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a  

b  
Figure 2-7: a) Petroleum type prediction according to Horsfield (1989); b) detail of (a) Petroleum type prediction in relation 

to HI. 
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Figure 2-8: Petroleum type of P-N-A oils according to di Primio and Horsfield (1996). 

 

2.4.2. Bulk kinetic parameters  

The samples for bulk kinetic analysis were chosen to represent the different kerogen types 

based on the results of the preceding bulk source rock characterization and are listed in 

Table 2-2.  

The calculated activation energy distributions and frequency factors of the investigated 

samples are shown in Figure 2-9. In general, the activation energies are in the range of 40 - 

64 kcal/mol. This distribution is characteristic for heterogeneous marine organic matter 

(Reynolds and Burnham, 1995; Schenk et al., 1997b; Tegelaar and Noble, 1994). One Aptian 

sample has a wide activation energy distribution in the range of 47 - 71 kcal/mol, 

characteristic for terrestrial kerogen. Within each well, a trend of increasing organic matter 

heterogeneity with decreasing depth, and consequently also successively younger age, can 

be observed from the distribution of activation energies (Figure 2-9). Peak activation 

energies occur between 52 - 54 kcal/mol, 51 - 59 kcal/mol, and 53 - 54 kcal/mol at DSDP 

sites 530A, 361, and 364, respectively. The frequency factors vary from 5.38 x1013 - 3.0.4 

x1016/sec.  
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A closer look at the bulk kinetic parameters reveals significant differences in petroleum 

generation properties of the investigated samples. At DSDP 361 the onset and peak 

petroleum generation temperatures of the lower Albian (samples 10 and 11) and Aptian 

source rock samples (samples 15, 17, 19) are very variable. Assuming a geologic heating rate 

of 3°K/My, the onset of petroleum generation occurs at 98°C from the lower Albian organic 

matter versus 110°C from the Aptian Type II kerogens and 120°C for Aptian Type III kerogen 

(sample 19, Figure 2-5c). A similar significant variability of 21°K can be observed from the 

peak generation temperatures of 128°C, 138°C, and 149°C respectively. This may be related 

to the higher abundance of alginite in the lower Albian black shales, compared to ligneous 

precursors of the thermally more stable aromatic compounds in the organic matter of 

Aptian age (Raynaud and Robert, 1978).  
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Table 2-2: Bulk kinetic parameters  
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On the other hand, samples 10 and 17, interpreted to be organic-sulfur enriched (Figure 

2-6), reach 50% conversion at slightly lower temperatures (2°K difference) than their sulfur-

poor age equivalents (samples 11 and 15, respectively, Figure 2-10). In this case sulfur-

richness seems to have only a minor control on the timing of petroleum generation.  

 

 

 
Figure 2-10: Transformation rate curves for a geologic heating rate of 3°K/Ma calculated from bulk kinetic models. 

 

At DSDP site 530A, the Albian aged sample 5 shows a narrow distribution of peak activation 

energies, though it was interpreted to contain predominantly Type III kerogen with a HI of 

175 mg HC/g TOC. Type III kerogen is normally associated with a broad distribution of 

activation energies (Tissot et al., 1987). In this case, the abundance of aromatic compounds 

and the predicted aromatic character of the generated petroleum indicate a relatively 

homogenous Type III kerogen. 

The Turonian aged samples have a narrow activation energy distribution typical for Type II 

kerogen (Reynolds and Burnham, 1995; Tissot et al., 1987). The shallowest sample from this 

site, predicted to generate P-N-A high wax oil, displays a dominant activation energy peak at 

52 kcal/mol. Considering the high HI of 721 mg HC/g TOC, this is interpreted as reflecting a 

very homogenous organic matter type.  

 

In case of the Aptian Type IIS source rock sample 27 from DSDP site 364, peak generation 

occurs 10°C earlier as compared to Type II kerogen sample 25 (Figure 2-10). It is therefore 
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the only example, which documents the early generation of sulfur-rich petroleum in this 

suite of source rocks. The broad distribution of activation energies with a low mean value 

(Figure 2-9) and the high relative amounts of thiophenes (Figure 2-5e) are typical for Type IIS 

kerogens (Tegelaar and Noble, 1994; di Primio and Horsfield, 1996; Schenk et al., 1997b). 

The overall trend in source rock properties is also documented in the ternary plot of di 

Primio and Horsfield (1996). There the prediction of high-sulfur heavy oil, associated with 

the early generation of petroleum is predicted for sample 27, but not for the sulfur-rich 

samples 10 and 17, contrary to the Type IIS characterization using the method of Eglinton et 

al. (1990). 

The Turonian aged sample 23 from DSDP site 364 displays a very wide distribution of 

activation energies, which is not very common in such a high HI/TOC source rock (HI 769 mg 

HC/g TOC, 12% TOC). The Py-GC chromatogram of this sample (Fig. 5d) shows a relative 

abundance of both, thiophenes (labile) and aromatic (stable) compounds, when compared 

to the other samples, suggesting a very heterogeneous kerogen composition. This variability 

is also reflected in its potential for intermediate to high sulfur P-N-A low wax oil and in the 

broad TR curve (Figure 2-10). The onset of petroleum generation is within the same 

temperature range as all other samples, but at 50% conversion it is one of the highest 

stability samples. At high maturity, 90% transformation, it is the most stable, generating 

petroleum up to 170°C.   

 

2.4.3. Compositional kinetic model and calculated fluid physical properties 

Compositional kinetic models were generated for six samples, which represent the variability 

observed from the bulk kinetic measurements (Figure 2-11). The compositional evolution 

and physical properties of the fluids generated by these source rocks were determined 

based on the MSSV analysis of source rock aliquots at increasing degrees of transformation 

as shown in Table 2-3. Natural hydrocarbon fluids that were generated from the same 

source rock as a function of increasing maturity display a linear correlation of Psat and GOR 

and of Psat and BO (di Primio et al. 1998). This has also been shown to exist in source rock 

maturation series investigated by MSSV pyrolysis (di Primio and Horsfield, 2006). The 

petroleum fluids from all investigated samples show an increase of Psat and BO with 

increasing TR and in a cross plot of these two properties plot the samples analyzed in the 

area of natural petroleum fluids (Figure 2-12). In general, the lowest GOR fluids were 

generated from samples rich in more labile kerogen and sulfur (samples 15 and 27, 

respectively; Figure 2-13). The P-N-A high wax oil source rock from DSDP 530A generated a 

fluid with a high GOR at high maturity. The Aptian condensate-prone sample showed the 

highest GORs and GOR range of the dataset. These results confirm the observations of di 

Primio and Horsfield (2006) on the timing of generation and GOR evolution for petroleum 

fluids from different organofacies types. 
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Figure 2-11: Compositional kinetic models for the six investigated samples. 

 

 
Figure 2-12:  Psat vs. Bo plot from compositional kinetic model, light grey area corresponds to naturally occurring 

petroleum fluids (di Primio and Horsfield, 2006). 
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Figure 2-13: GOR vs. Temperature plot from compositional kinetic model. 

 
Table 2-3: Calculated fluid properties 

sample no. TR [%] 10 30 50 70 90 

1 Temp [°C] at 3°/Ma 103,00 123,00 132,50 141,25 157,00 

DSDP 530A GOR [Sm3/Sm3] 65,10 86,30 101,00 103,80 394,70 

lower Turonian Bo [m3/Sm3] 1,254 1,316 1,36 1,362 2,167 

 Psat [MPa] 10,62 13,12 14,70 15,66 35,65 

10 Temp [°C] at 3°/Ma 98 117 128 137 149 

DSDP 361 GOR [Sm3/Sm3] 44,6 55,4 56,8 73,9 123,7 

lower Albian Bo [m3/Sm3] 1,197 1,22 1,22 1,28 1,486 

 Psat [MPa] 7,806 9,761 10,514 11,653 12,762 

15 Temp [°C] at 3°/Ma 110,50 129,00 139,25 149,00 163,33 

DSDP 361 GOR [Sm3/Sm3] 69,30 79,50 91,80 107,30 150,20 

Aptian Bo [m3/Sm3] 1,26 1,29 1,33 1,37 1,53 

 Psat [MPa] 11,665 13,092 14,32 16,004 17,075 

19 Temp [°C] at 3°/Ma 120,00 139,50 149,00 158,50 168,00 

DSDP 361 GOR [Sm3/Sm3] 57,30 109,60 192,90 322,10 1395,80 

Aptian Bo [m3/Sm3] 1,27 1,46 1,75 2,18 NA 

 Psat [MPa] 76,24 110,51 153,24 208,12 576,73 

23 Temp [°C] at 3°/Ma 100,00 124,60 140,50 154,00 171,00 

DSDP 364 GOR [Sm3/Sm3] 65,00 68,50 73,30 90,90 153,20 

low. Coniacian - up. 

Turonian 

Bo [m3/Sm3] 1,27 1,27 1,26 1,33 1,56 

 Psat [MPa] 9,806 10,502 13,67 13,546 15,916 

27 Temp [°C] at 3°/Ma 95 114,5 125,50 135 152 

DSDP 364 GOR [Sm3/Sm3] 48,00 43,20 48,40 59,10 92,10 

Albian/Aptian Bo [m3/Sm3] 1,20 1,18 1,19 1,22 1,34 

 Psat [MPa] 9,258 8,967 9,86 11,287 13,532 
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2.5. Discussion 

2.5.1. Organofacies variation along the southwest African margin 

The observed organofacies variability of the investigated samples correlates very well with 

the evolution of the South Atlantic Ocean basins. Zimmermann et al. (1987) proposed that 

the early and mid Cretaceous sapropels and black shales of the South Atlantic were 

deposited in silled basins with restricted bottom water ventilation. The Type IIS kerogens of 

the Aptian aged samples from the Cape and Angola Basin are evidence for the initial highly 

reducing conditions along the entire South Atlantic margin during that time (Figure 2-9). At 

the end of evaporite deposition at DSDP site 364, a highly saline shallow marine carbonate 

environment developed (Bolli et al., 1978b; Séranne & Anka, 2005; Torsvik et al., 2009). Still 

high evaporation rates led to saline bottom water formation and a highly stratified dysoxic 

water column. Zimmermann et al. (1987) inferred that anoxic conditions existed throughout 

the South Atlantic below a paleowaterdepth of 400 m. Thus favoring the formation of sulfur-

rich sapropelic black shales during the late Aptian and well into the early Albian Angola 

Basin. The sulfur content of the Type II kerogen in the Angola Basin decreases during the 

middle and late Albian. This underlines the transition from an evaporitic restricted to a 

restricted marine environment north of the Walvis Ridge in response to the gradual 

widening of the South Atlantic and decreasing influence of the Walvis Ridge as a flow barrier 

(Zimmermann et al., 1987). 

 

In the Cape Basin, progradation of the Orange Basin shelf starting during the early Aptian led 

to an increased input of clastic sediments and terrestrial organic matter through turbidity 

currents. During the Albian a deepwater passage to the southern ocean, the Agulhas Gap, 

was created between the westward moving Falkland Plateau and southern Africa. This led to 

increasing bottom water ventilation in the Cape Basin (Zimmermann et al., 1987). The mixed 

Type II/ III kerogens at DSDP sites 361 and 530A can be related to these restricted marine 

depositional environments with a strong terrestrial influence. The terrestrial influence of 

organic matter transported with turbidites at DSDP site 530A is evident from the numerous 

aromatic compounds identified on the Py-GC traces of the older Albian samples (Figure 2-8). 

Further to the south and north of the Walvis Ridge turbidite derived sediments have also 

been reported for this time (Forster et al., 2008; Light et al., 1993). Frequent hemipelagic 

black shale intervals containing Type II marine kerogen are evidence of recurring oxygen 

depletion (e.g. Bolli et al., 1978a, 1978b; Forster et al., 2008; van der Spuy, 2003). 

 

We observed that some of the Aptian and Albian aged intervals present at DSDP site 361 

contain sulfur-enriched Type II and Type III kerogens. While there are numerous examples of 

Type IIS kerogens (e.g. Orr, 1986; Eglinton et al., 1990; di Primio and Horsfield, 2006), Type III 

kerogens normally contain low amounts of organic sulfur, if enriched, they are associated to 

marine-influenced coals (Eglinton et al., 1989). The terrigenous organic matter, rich in pollen 

and spores, was transported to this site by turbidity currents with sediments derived from 

the outlets of the paleo Orange and Olifants Rivers (Gilbert, 1978). Thus, based on the HI/OI 
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ratio and CLD characterization according to Horsfield (1997), samples 18, 19, and 20 are 

interpreted to contain Type III kerogen, although according to the classification of Eglinton 

et al. (1990; Figure 2-6) they are sulfur-rich. The maceral analysis of the same interval 

showed that the organic matter consists primarily of 40-60% ligneous black debris and 30-

60% of amorphous sapropelic matter (Raynaud and Robert, 1978), therefore the samples 

can be described to contain organic sulfur-enriched type II/III kerogen.  Bolli et al. (1978a) 

observed the formation of gypsum on the laminae of black shale cores after drying. They 

attributed this to the presence of unoxidized organic-bound sulfur in the sapropelic matter, 

which supports our interpretation.  

 

After a Cenomanian-Turonian hiatus that has been observed throughout the South Atlantic, 

reducing conditions returned during the Turonian OAE and lasted into the Coniacian in 

northern South Atlantic (Zimmermann et al., 1987; Herbin et al., 1987). The Turonian 

samples north of the Walvis Ridge display a relatively higher abundance of n-alkyls, 

indicative of higher contents of marine organic matter. A higher relative abundance of 

organic-sulfur compounds in the Turonian aged samples versus older black shales has also 

been observed by Forster et al. (2008), emphasizing the reducing conditions of the 

depositional environment. Additionally, the fact that phenol is relatively scarce or even 

absent on Py-GC signals emphasizes the low contribution of ligneous precursors, associated 

with terrestrial organic matter (van de Meent et al., 1980; Bordenave, 1993; Horsfield, 

1997). This is especially the case for the Turonian-Coniacian aged samples of the Angola 

Basin, which show the highest HI values in this study, up to 769 mg HC/g TOC, and are very 

characteristic for a restricted marine environment. Organic-rich black shales of the Turonian 

OAE are also present in the southern South Atlantic (e.g. Herbin et al., 1987; Mello et al., 

1989; Bray et al., 1998). Contrary to the restricted circulation north of the Walvis Ridge, the 

widened Agulhas Gap provided better ventilation of the ocean basin (Zimmermann et al., 

1987). At DSDP site 361 the black shales contain Type III kerogen and predominately detrital 

organic matter.  

 

 

2.5.2. Source rock properties 

The overall source rock quality of the Cretaceous black shales improves northward along the 

southwest African margin. The average TOC contents as well as the marine organic matter 

content are higher north of the Walvis Ridge than in the Cape Basin.  

 

The mixed Type II/III source rocks at DSDP site 361 consist of thin very good oil-prone Type II 

kerogen source rock intervals and thicker fair to good wet-gas and gas prone Type II/III and 

III kerogen source rock intervals with a cumulative (recovered) thickness of 16 and 40 m, 

respectively (at 27% overall core recovery, Bolli et al., 1978a; van der Spuy, 2003). As a result 

of the strong terrigenous influence the Aptian and early Albian source rocks have a potential 

to generate gas and condensate to paraffinic-aromatic-naphthenic low wax oil. The bulk and 
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compositional kinetic results suggest that, depending on the predominant kerogen 

constituents, the kinetic variability encompasses a 21°K temperature range. Assuming an 

average geothermal gradient of 3°C/100 m, this would translate into a difference of up to 

700 m of burial for the onset of petroleum generation and should be considered as the error 

margin for kinetic predictions in future petroleum system modeling studies. The labile 

organic matter of the Albian source rocks seems to be related to higher contents of algal 

matter reported for this interval by Raynaud and Robert (1978). Additionally, petroleum 

generation from the more labile kerogen occurs within a relatively short temperature range. 

These Aptian and Albian aged black shales are assumed to be the main source rocks of the 

Orange Basin (Adekola et al., 2012; Bray et al., 1998; Petroleum Agency SA, 2003). The 

overall higher thickness of the condensate-prone black shales would explain the numerous 

gas shows and known commercial gas and condensate fields Kudu and Ibhubesi.  Equivalent 

oil- and wet gas prone Aptian source rocks with a cumulative thickness of more than 200 m 

are also the main source of oil and gas fields in the Bredasdorp Basin, southeast of the 

Orange Basin (van der Spuy, 2003 and references therein). The Turonian sample from the 

Cape Basin is a black shale with poor source rock potential with Type III/IV kerogen. 

However, Aldrich et al. (2003) and van der Spuy (2005) argue that the Turonian black shales 

contain Type II kerogen along the slope, in the distal Orange Basin. Additionally, Bray et al. 

(1998) reports a Cenomanian/Turonian oil-prone source rock in the Walvis Basin south of 

the Walvis Ridge, offshore northern Namibia, and Adekola et al. (2012) for the northern 

Orange Basin. 

 

The Albian, and especially the Turonian, aged black shales at DSDP site 530A have good to 

very good oil-prone source rock potential, respectively, and are immature in terms of 

petroleum generation. The black shale intervals make up 8.6% (cum. thickness 11 m) of the 

recovered Albian - Santonian core sections (68.6% Cretaceous core recovery, Hay and Sibuet, 

1984). The mixed Type II/III kerogen of the Albian black shales has the potential to generate 

aromatic to intermediate low wax oil, while the Turonian black shales rich in algal-derived 

Type II kerogen generate intermediate low wax and high wax oils, the latter with a 

potentially high GOR at high maturity. 

 

The sapropelic black shales at DSDP site 364 are immature with respect to petroleum 

generation and have very good to excellent source rock potential. They make up 10.4% (~23 

m) of the recovered Cretaceous core sections (66% Cretaceous core recovery). The Aptian 

and lower Albian sapropelic black shales consist of thermally labile Type IIS kerogen with the 

potential to generate low GOR high-sulfur oils. The late Albian and Coniacian-Turonian aged 

black shales have the potential to generate P-N-A low wax intermediate oils. The kinetic 

variability of the Aptian and Albian kerogen types at DSDP site 364 covers a 10°K 

temperature range, similar to DSDP site 361. The Turonian black shales contain Type II 

kerogen with a wide activation energy distribution, resulting in a slower transformation rate 

than in any of the other investigated samples. 
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Parallels can be drawn to the Aptian/Albian M. Binga Fm. and the early Albian Micrites from 

the onshore and offshore Kwanza Basin, respectively. The M. Binga Fm. is a thin, 5-10 m, 

organic-rich micrite containing labile Type II kerogen known to be the source of petroleum in 

the onshore Tobias and Galinda oil fields, as well as contributing to several onshore oil 

reservoirs near Luanda. The source rock and its generated oils have characteristically high 

gammacerane content. The early Albian Micrites are an up to 100 m thick unit of Type II 

kerogen-rich carbonates found in the offshore Kwanza Basin, thought to be the source of 

several oil shows in offshore exploration wells (Burwood, 1999). A time equivalent of the 

Turonian black shales from DSDP sites 530A and 364 is the basal section of the upper 

Cretaceous Iabe Formation. It consists of marine-derived organic matter-rich black shales 

with syn- and post-depositionally altered thickness (up to 400 m thick; Burwood, 1999; Cole 

et al. 2000). Burwood (1999) notes, that the Cretaceous Iabe kerogens can have a wide 

distribution of activation energies, which is also the case for the Coniacian-Turonian sample 

23 from the Angola Basin. They are the main source of oils produced from deep water 

turbidite reservoirs within the Lower Congo Coastal and North Angola Offshore Basins (Cole 

et al., 2000; Costa et al., 2001). 

 

The calculation of petroleum phase behavior under subsurface conditions in combination 

with modern basin modeling software allows simulating and reconstructing hydrocarbon 

migration and entrapment. Migration pathways can be recognized, daughter compositions 

predicted, and gas- and oil-leg volumes quantified. Accordingly, the development of 

compositional kinetic models of petroleum generation was performed for five source rock 

samples representative of the total kinetic variability observed. The fluids generated are 

mainly black oils, ranging into heavy sulfur-rich oils in the case of the sulfur-rich Aptian 

samples or wax-rich in the case of Turonian samples. Gas and condensate generation is 

predicted for terrestrially influenced Aptian and Albian samples at elevated maturities. 

 

Theoretically, the compositional kinetic models for the source rocks from DSDP site 364 and 

530A can be extended to age equivalent black shales from the conjugate margin offshore 

Brazil, analogous to previous work by Schiefelbein et al. (2000) who conducted a detailed 

geochemical comparison of crude oils from both South Atlantic margins. However, bulk 

kinetic parameters for a given source rock cannot be directly compared with literature data 

and other studies, unless they were measured on the same sample (Tegelaar and Noble, 

1994). This is related to the heterogeneous composition of the organic matter within a 

formation, which can result in different bulk kinetic models for samples from a single well 

(Dieckmann and Keym, 2006; Peters et al., 2006). Keym et al. (2006) report variations of up 

to 21°C for peak petroleum generation within one core of the Upper Jurassic Draupne 

Formation, Norwegian North Sea. 

A simple comparison of the kinetic modeling results for DSDP sites 361 and 364 from this 

study to data published by Schmidt (2004) and Burwood (1999) can, however, be attempted 

(Table 2-4). For this comparison it should be kept in mind that the kinetic models were not 
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derived from identical samples and that they were calculated using different experimental 

setups and temperature programs.  

Schmidt (2004) distinguishes two types of Aptian source rocks from DSDP site 361 according 

to their kinetic parameters. Two oil shale samples containing Type II kerogen, and Tmax of 

125.2 - 128.2 °C, and two low HI, Type III kerogen samples with Tmax 167.8 - 170 °C (Schmidt, 

2004). Tmax of the Aptian Type II kerogen samples from Schmidt (2004) are up to 16°C lower 

than in this study. Though the kinetic parameters differ, it should be noted, that the shapes 

of the activation energy distributions and stability trends are similar. This supports our 

assumption, that organic matter type in black shales at DSDP site 361 exerts a strong control 

on kerogen bulk kinetics. 

Burwood (1999) provides a summary of source rock properties of the Angolan margin 

including an overview of the typical bulk kinetic parameters for Cretaceous source rocks of 

the Kwanza Basin. The Aptian/Albian aged Middle Binga Formation is a proven source rock 

of the onshore Kwanza Basin. It contains micrites rich in Type II organic matter with average 

HI values of 614 mg HC/g TOC and average TOC contents of 6.3%. The Kwanza Offshore 

Basins hosts another slightly younger sedimentary unit that contains organic-rich intervals 

known as the Albian Micrites. They contain Type II kerogen with an average HI of 684 mg 

HC/g TOC and average TOC contents of 1.8% (Burwood, 1999). The bulk kinetic data of 

Burwood (1999) can be used to calculate and compare Tmax and TR curves of these two units 

to the DSDP samples of this study. The bulk source rock parameters, activation energy 

distribution, and calculated TR curves of the Middle Binga Formation and the Albian Micrites 

are similar to the time-equivalent samples from DSDP site 364 of this study (Table 2-4). It is 

noteworthy that Tmax for the Aptian aged Middle Binga Formation is about 10°C lower than 

for the Albian Micrites, similar to the Tmax difference between the Albian/Aptian sample 27 

and middle Albian sample 25 of this study. This comparison supports our observation that 

Aptian source rock intervals in the Angola Basin contain thermally more labile organic matter 

than the Albian source units, and in a general sense indicates that the kinetic predictions are 

robust. The results provided in this communication thus can be integrated into source rock 

maturation and petroleum generation, migration and accumulation modeling of major 

basins in the South Atlantic margins. 
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Table 2-4: Bulk kinetic comparison 
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2.6. Conclusions 

 

The overall bulk source rock properties of organic-rich Cretaceous black shales, such as 

richness and quality, show an improving trend from south to north along the margin. The 

late Aptian and Albian black shales at DSDP site 361 and 530A and organic-rich dolomitic 

mudstone at DSDP site 364 show very good to excellent source rock potential.  

The kerogen type improves from a (sometimes sulfur-enriched) terrestrially influenced Type 

II and Type III in the Cape Basin to a predominately Type II to Type IIS north of the Walvis 

Ridge and in the Angola Basin. The investigated Turonian aged black shale from the Cape 

Basin is a poor Type III/IV black shale. At DSDP sites 364 and 530A the Turonian to Coniacian 

black shales have a very good oil-prone marine source rock potential with high HI and TOC 

contents. The Organofacies trends correlate well with the evolution of the South Atlantic. 

The major differences in activation energy distribution are caused by variations in the 

organic matter type, while the sulfur content has a minor effect in reducing kerogen 

stability, except in Type IIS kerogen.  

The Cretaceous source rocks of the southwest African margin generate mainly low GOR 

black oils of paraffinic-naphthenic-aromatic petroleum types with some potential for high 

sulfur heavy oils in the Angola Basin and wax-rich fluids with high GOR at high maturity in 

the offshore Kwanza Basin. A potential for gas and condensate generation at high maturities 

exists in terrestrially influenced Aptian and Albian black shale intervals. 

To the best of our knowledge, this study provides the first compositional kinetic description 

for Cretaceous source rocks from the southwest African margin that is available for 

academic research. 
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3. Evidence of a widespread paleo-pockmarked field in the Orange 

Basin: An indication of an early Eocene massive fluid escape event 

offshore South Africa 
 

The contents of this chapter have been accepted for publication and printed in the 

international peer-reviewed journal “Marine Geology” as follows: 

 

Hartwig, A., Anka, Z., di Primio, R., 2012. Evidence of a widespread paleo-pockmarked field in 
the Orange Basin: An indication of an early Eocene massive fluid escape event offshore 

South Africa. Marine Geolology 332-334, 222–234. 

 

Abstract 

The detailed interpretation and seismic attribute analysis of 2D and 3D seismic reflection 

data set revealed the presence of a distinct seismic horizon displaying circular and elongated 

depressions in early Eocene sediments along the northwestern slope of the Orange Basin on 

the southwest African margin. Their occurrence within a single seismic horizon indicates a 

contemporaneous formation process. We interpret the depressions as paleo-pockmarks, 

which occur as single pockmarks, predominantly NNE-SSW aligned pockmark trains, and 

coalescing elongated pockmarks. The paleo-pockmarked surface covers an area of 2800 km2 

and has been mapped by integrating the 3D dataset with industrial 2D seismic grids. 

The spatial and temporal occurrence of the paleo-pockmarks is associated to two episodes 

of rapid sedimentation during the late Maastrichtian to Paleocene, comprising fine-grained 

shelf-eroded material. We propose that they were formed during the early Eocene by the 

seepage of both (1) overpressured pore fluids from disequilibrium compaction of upper 

Maastrichtian sediments and (2) thermogenic gas from underlying Cretaceous mature 

source rocks. We show that the location of the pockmarks is controlled by the underlying 

faults system of the paleo-slope.  

The Paleocene-Eocene transition is known for its series of hyperthermal events 

characterized by negative excursions of the carbon isotope curve. The early Eocene 

widespread event of fluid and thermogenic gas escape identified in this work can be an 

example of the type of carbon-release processes occurring in hydrocarbon-prone 

sedimentary basins during this time. 

 

 

Keywords: pockmarks, hydrocarbon leakage, mud volcano, southwest Africa, Orange Basin, 

PETM 
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3.1. Introduction 

Surface and submarine pockmarks, mud volcanoes and diapirs, seafloor mounds, and cold 

seeps are widely accepted as evidence for fluid and gas migration and leakage processes 

from underlying intervals in sedimentary basins (Cartwright et al., 2007; Gay et al., 2007; 

Judd and Hovland, 2007). Fluid and gas escape features and associated seismic anomalies, 

such as bottom simulating reflectors (BSR), chimney and pipe structures have been 

identified and characterized in various marine environments around the world (Berndt et al., 

2004); Haacke et al. 2007; Judd and Hovland, 2007, and references within; Cartwright et al., 

2007; Løseth et al., 2009; Westbrook et al., 2009; Løseth et al., 2011) and specifically in the 

South Atlantic margin (Andresen and Huuse, 2011; Cartwright et al., 2007; Gay et al., 2007; 

Moss and Cartwright, 2009; Pilcher and Argent, 2007; Swart, 2009) Evidence of fluid and gas 

leakage processes, such as "sniffer" anomalies near the seafloor (Jungslager, 1999), also mud 

diapirs (Ben-Avraham et al., 2002; Viola, et al. 2005), pockmarks and seismic chimneys (Ben-

Avraham et al., 2002; Paton et al, 2007; Boyd et al., 2011; Kuhlmann et al., 2010), have 

previously been identified on 2D seismic surveys in the Orange Basin, offshore South Africa. 

They have been related, by means of numerical modeling, to the underlying petroleum 

system (Paton et al. 2007; Kuhlmann et al., 2011). 

Pockmarks form through episodic focused fluid and gas flow (Cole et al., 2000; Cartwright et 

al., 2007; Judd and Hovland, 2007; Pilcher and Argent, 2007; Cathles et al., 2010;). They 

appear as sub-circular depressions at the seafloor in various sub-aqueous environments 

(Judd and Hovland, 2007; King and Maclean, 1970). On average, their diameters vary from 

10 - 200 m in diameter (Judd and Hovland, 2007 and references therein; Pilcher and Argent, 

2007;), but also mega pockmarks with diameters of 800 - 1000 m (Cole et al., 2000; Gay et al. 

2006c; Pilcher and Argent, 2007), and even giant pockmarks with diameters exceeding 10 km 

have been reported in some areas (Davy et al. 2010). Focused fluid flow at the sediment-

water interface has been studied extensively giving insights into the basin "plumbing" 

system, especially in regard to hydrocarbon migration dynamics (Heggland, 1998; Andresen 

et al., 2011), and also on its impact on the bio-, hydro-, and atmosphere (Hovland et al., 

2005; Judd and Hovland, 2007), and as a potential geohazard (e.g. Ligtenberg and Connolly, 

2003; Judd and Hovland, 2007; Cathles et al., 2010).  

Buried and stacked pockmarks, identified on seismic, provide evidence for paleo-leakage 

(Cole et al., 2000; Gay et al., 2006a,b; Andresen and Huuse, 2011). Once paleo-fluid flow 

features have been identified, the onset and duration of the paleo-leakage event that 

created them can be discussed (Gay et al., 2006a, Andresen and Huuse, 2011). The 

identification of such fossil leakage episodes, both at a local and regional scale, could be part 

of the evidence for an association between methane release from the geosphere and some 

of the observed carbon isotopic excursions in the paleo-climatic record, especially for the 

Paleocene-Eocene Thermal Maximum (e.g. Dickens et al. 1995 and 1997; Zachos et al., 2008; 

Kroeger et al., 2011). 

In this contribution we present evidence of early Eocene sediment structures related to 

hydrocarbon leakage and paleo-fluid flow events derived from 3D seismic interpretation and 

attribute analysis of a 3D seismic dataset in the Orange Basin. Further, we discuss the 
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possible triggering factors and fluid sources by comparison to present-day known seepage 

mechanisms. 

 

3.2. Geological setting 

The study area is located in the Orange Basin and has a surface of 95.600 km2 located in 

water depths between 100-2850 m (Figure 3-1). The sedimentary succession of the basin 

consists of 8 km thick synrift and drift sequences related to the continental break-up of 

Gondwana and the opening of the South Atlantic, taking place during the late Jurassic 

(Gerrard and Smith 1982). The margin evolution and basin structure have been documented 

based on exploration seismic datasets and well reports (de Vera et al., 2010; Dingle et al., 

1983; Gerrard and Smith, 1982; Kuhlmann et al., 2010; Paton et al., 2008). Brown et al., 

(1995) and Muntingh and Brown  (1993) provided the sequence stratigraphic framework of 

the late Jurassic and Cretaceous used in this study (Figure 3-2). In contrast to the Cretaceous, 

Cenozoic sequences characterization is very limited, and only, based on DSDP and ODP sites 

(Bolli et al., 1978; Weigelt and Uenzelmann-Neben, 2004, Séranne and Anka, 2005), vibro-

core data (Wigley and Compton, 2006) and time-equivalent onshore sediments (Partridge 

and Maud, 2000 and references within).  

 

 
Figure 3-1:  Location of the paleo-pockmark field and seismic coverage of the study area in the Orange Basin on the 

southwest African margin. Yellow outline shows the extent of the paleo-pockmark field; red star = location of Figure 3-6 

and Figure 3-7; 
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Figure 3-2: Generalized chronostratigraphic chart of the Orange Basin showing the sequence stratigraphic horizons used in 

this study, global and local sea level variations, and margin evolution (modified from Broad et al., 2006; Cenozoic ages: 

Weigelt & Uenzelmann-Neben, 2004; sea level curves: Haq et al., 1987; Hardenbol et al., 1998; Dingle et al. 1983; 

McMillan, 2003; Wigley & Compton, 2006;). 
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3.2.1. Late Jurassic and Cretaceous 

Rifting was initiated during the middle to late Jurassic, at about 130 Ma (Macdonald et al. 

2003) and resulted in the formation of north-northwest trending rift and half-grabens 

subparallel to the present day southwest African margin (Gerrard and Smith 1982, Muntingh 

1993; Broad et al., 2006). The rift sequence overlain by an up to 2000 m thick Barremian-

Aptian aged rift-to-drift transitional sequence, which was deposited on a ramp-like margin 

(6At1-13At1).  The mid-Albian to Cenomanian consists of deltaic and fluvio-marine deposits 

with a cumulative thickness exceeding 3500 m (Gerrard and Smith, 1982; McMillan, 2003), 

topped by organic-rich shales of a Cenomanian/Turonian marine condensed section (15At1, 

Figure 3-3; McMillan, 2003). It is overlain by an aggradational sequence of Coniacian to late 

Santonian/early Campanian age (Muntingh, 1993; McMillan, 2003; Paton et al., 2008). Late 

Cretaceous margin uplift, tilting (Gallagher and Brown, 1999; Kounov et al., 2009), and 

subsequent erosion of the inner shelf resulted in the deposition of a Campanian-

Maastrichtian progradational sequences (16Dt1/17At1 – 22At1,) onto an already unstable 

shelf (Broad et al., 2006). Intense faulting of the northern margin and the formation of 

growth- and roll-over structures caused significant thickness variations in the Cenomanian-

Campanian succession (Brown et al., 1995, de Vera et al., 2010).  
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Figure 3-3: Seismic transect through the northern Orange Basin showing the margin structure (a) uninterpreted, (b) 

interpreted; for location shown in Figure 3-1, thick black lines= major regional unconformity, white lines= faults, also 

shown is the location of Figure 3-4. Note the truncated Upper Cretaceous sequences in the east and progradation of late 

Upper Cretaceous and thin Cenozoic sequences. 



3. Evidence of a widespread paleo-pockmarked field in the Orange Basin: An indication of an early 
Eocene massive fluid escape event offshore South Africa 

 68 

3.2.2. Cenozoic 

In general, Cenozoic depocenters have an elongated shape parallel to the steep slope and 

form a thin (50 - 250 m thick) cover on the continental shelf (Dingle et al., 1983; Light et al., 

1992; McMillan, 2003) The Cenozoic-Cretaceous transition is marked by an easily 

recognizable late Maastrichtian - early Paleocene seismic reflector named reflector D 

(=Davie) by Emery et al. (1975), horizon L by Gerrard and Smith (1982), and reflector SCB-D 

(Weigelt and Uenzelmann-Neben 2004; Figure 3-4). It separates lower Eocene sediments 

from sediments of Maastrichtian to Paleocene age in the outer and Albian to Cenomanian 

aged sediments on the inner shelf. Evidence for late Cretaceous/ early Cenozoic igneous 

activity can be found onshore and offshore the southwestern African margin. The age of 

intrusions range from 77 to 59 My along the Namaqualand coast and 50 - 30 My for the 

Chameis Bay in the northern Orange Basin (Moore et al., 2008; Phillips et al., 2000; 

Verwoerd and de Beer, 2006) 

In the southern Orange Basin Paleogene sediments exceed 1500 m thickness and are 

affected by growth-faults and toe-thrusts (McMillan, 2003; Paton et al., 2008; de Vera et al., 

2010). The Paleogene – Neogene transition is marked by a regional erosional event 

recognized throughout South Africa (Siesser and Dingle, 1981; Dingle et al., 1983; Weigelt 

and Uenzelmann-Neben, 2004; Wigley and Compton, 2006). This was possibly related to a 

phase of tectonic uplift (Partridge and Maud, 2000; Hirsch et al., 2010) 

The oldest sediments above the slump-scarred unconformity are around 14 My old (Weigelt 

and Uenzelmann-Neben, 2004). They were generally deposited in a shallow marine 

environment (Partridge and Maud, 2000) forming a thin cover on the shelf and prograding 

wedge along the slope.  
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Figure 3-4: Detail of the gravity-faulted slope of Figure 3-3, showing late Maastrichtian and Cenozoic progradation and the 

location of the wavy reflector horizon E-1, (a) uninterpreted, (b) interpreted, thick black lines= major regional 

unconformity, white lines= faults. Some faults reach down into the Aptian/Albian source rock intervals. 

3.3. Data and Methods 

The seismic dataset consists of (1) 600 2D exploration seismic reflection profiles, acquired 

from 1976 to 2002 and covering an area of about 95000 km2, and (2) an exploration 3D 

seismic reflection cube (Figure 3-1) covering an area of 1095 km2 along the present day shelf 

break and upper slope, between 265 and 610 m water depth. The seismic cube is pre-stack 

time migrated and has a line spacing of 25 m and an average vertical resolution of 17 m, 

assuming average velocities of 1700 m/s for the Neogene and Eocene and 2000 m/s for 

Paleocene deposits (Bolli et al., 1978a; Bauer, 2000; Weigelt and Uenzelmann-Neben, 2004). 

These average velocities were used to calculate thicknesses in meters whenever mentioned 

in the text.  
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Lithologies and chronostratigraphy are based on initial reports from Leg 40 DSDP sites 360 

and 361 (Bolli et al., 1978a) and well reports of 32 exploration wells, tied to the seismic lines. 

2D and 3D data were loaded in the commercial seismic interpretation software Petrel 

2011.1.2 from Schlumberger and five seismic horizons representing the main stratigraphic 

unconformities were mapped using guided auto-tracking and manual corrections. 

The 3D seismic cube was further investigated using time-slices and seismic-attribute maps of 

dip-azimuth and variance extracted along the horizons. The latter is a coherence-type 

attribute used to image vertical discontinuities in the amplitude distribution (van Bemmel 

and Pepper, 2000).  

 

 

3.4. Results 

3.4.1. Slope seismostratigraphy 

The five major horizons used in this study are the latest Cretaceous (Maastrichtian, ~67 Ma), 

the regional unconformity 22At1, a mid-Campanian unconformity (17At1) based on the 

stratigraphic framework of Brown et al. (1995) and a Lower-mid Eocene well marker based 

on biostratigraphy. A Mid--Cenozoic regional unconformity (SCB-B) and a Paleocene/Eocene 

reflector (SCB-D) from the study of Weigelt and Uenzelmann-Neben (2004) that are easily 

identified on 2D seismic were correlated with the 2D seismic in our study area. The nature of 

the “wavy" reflector named E-1 (Eocene-1) is the focus of this work. 

 

3.4.1.1. Upper Cretaceous  

From NE to SW across the shelf, the Upper Cretaceous succession (Cenomanian to mid- 

Campanian) is characterized by semi-continuous, parallel internal reflections, which are 

faulted and offset by listric faults and toe-thrusts in the distal areas (Figure 3-3). In the 

southern basin the average sediment thickness is 1100 ms two-way travel time (TWT) 

forming a prograding sequence, whereas in the northern basin the sediment thickness 

increases to more than 2300 ms TWT in the severely faulted shelf (Figure 3-4). Within the 

faulted section, high-amplitude reflections depict roll-over and growth structures in the 

Turonian- lower Campanian sediments. The lower portion of the Coniacian/Santonian is 

increasingly growth-faulted towards the west and northwest. The last movement along 

these fault planes occurred before the deposition of a sequence of elongated, margin 

parallel prograding slope wedges, located along the Upper Cretaceous shelf of the central 

Orange Basin. These bodies are characterized by chaotic and low amplitude internal 

reflections, and occur above unconformity 17At1. In the southern Orange Basin they consist 

of calcareous to non-calcareous claystones with thin silty and fine-grained sandstone layers. 

Similarly aged prograding slope wedges and mass transport complexes have also been 

reported along the Namibian margin of the Orange Basin (de Vera et al., 2010). Basinwards 

the Upper Cretaceous sediments have a more uniform thickness of 800 ms (TWT) and show 

parallel internal reflections. 
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3.4.1.2. Late Maastrichtian - Paleocene 

These sediments are only identified below the present-day shelf-break as a middle-to-lower 

slope sediment wedge topped by reflector L of Gerrard and Smith (1982), and SCB-D of 

Weigelt and Uenzelmann-Neben (2004) (Figure 3-4). The sediment wedge onlaps 

unconformity 22At1 at the shelf break. It has an average thickness of 160 ms (TWT) in the 

south and 370 ms (TWT) in the northern Orange Basin, northwest of Childs Bank (Figure 

3-5a), but thins out to 60 -90 ms TWT basinward, where it forms a thick band of strong 

reflectors with unconformity 22At1. Latest Maastrichtian sediments consist of deep-water 

chalks in the southern Orange Basin (McMillan, 2003). In the northern Orange Basin the late 

Maastrichtian/Paleocene sediments consist of claystones with sand- and shale-rich 

limestone stringers (SOEKOR internal reports).  

 

3.4.1.3. Eocene - Mid-Miocene 

Reflector D forms the base of a seismic unit composed of parallel continuous reflectors 

equivalent to units SCB-3 and SCB-4 of Weigelt and Uenzelmann-Neben (2004) that onlaps 

the paleo-shelf surface (Figure 3-3 and Figure 3-4). This unit is truncated by a severely slump 

scared Mid-Miocene unconformity (SCB-B). At the shelf break the unit’s thickness varies 

between 100 ms TWT (85 m) and 300 ms TWT (255 m), thinning out landwards. Near Cape 

Canyon, it forms a margin parallel, narrow (~25 km wide) depocenter that extends 120 km 

north of Saldanha Bay along the paleo-shelf reaching 1700 ms TWT (1445 m) in thickness.  

In the northern part of the study area, a characteristic wavy reflector "E-1" (Figure 3-4 and 

Figure 3-5c,d), was identified along the base of this unit, where the Maastrichtian-Paleocene 

wedge rapidly thickens. Nature and age of this horizon will be discussed later on. A set of 

early Eocene continuous reflectors onlap horizon E-1 and pinch out upslope towards the 

shelf break. In the northern Orange Basin, the Eocene sediments consist of claystones with 

sand- and shale-rich limestone stringers (SOEKOR internal reports). At DSDP site 361 early 

Eocene sediments are made up of carbonate-rich mudstone, but in the Kudu 9A-1 well, in 

the Orange Basin shelf, they consist of sandstones overlain by upper Eocene clays (Dingle et 

al., 1983). 
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Figure 3-5: a) Location map of seafloor pockmarks, mud volcanoes, and early Eocene paleo-pockmarked surface. (b) 

Northward view of the seafloor in TWT contour at the shelf break showing present-day seafloor pockmarks. (c) Variance 

extracted along paleo-pockmark horizon E-1 showing circular and elongated depressions. Note the NE-SW alignment of the 

depressions and the NNW-SSE trend of reactivated Cretaceous faults (visualized in black to red colors). Location of cross-

sections BB' in Figure 3-7 and of maps in Figure 3-6 and Figure 3-8 are plotted. 
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3.4.1.4. Mid-Miocene - Quaternary 

This unit corresponds to units SCB-1 and SCB-2 of Weigelt and Uenzelmann-Neben (2004) 

and its base marks the basin-wide Mid-Cenozoic erosional unconformity (SCB-B). The basal 

part consists of weak, continuous reflectors frequently disturbed by slumps and channels. 

Within the top of the unit, an erosional unconformity can be identified along the shelf in the 

middle Orange Basin, south of Childs Bank. This unconformity truncates the underlying unit 

seaward. The overall thickness varies greatly across the basin. On the shelf, it is a thin cover 

hardly resolved by seismic data, whereas in the southern basin it thickens to 60 and 100 ms 

TWT on the shelf (51 and 85 m), and then thins out northwards. Thickness can locally reach 

up to 700 ms TWT (595 m) below the shelf. This unit was eroded along some areas below 

the shelf break, but was preserved further downslope, reaching an average thicknesses of 

180- 350 ms TWT (153 - 298 m). Along the shelf in the northern Orange Basin we identified 

some sediment re-mobilization features, which occur above the Mid-Miocene unconformity 

and penetrate up to the seafloor. They correspond to mud volcanoes previously described 

by Ben-Avraham et al. (2002). These features form elongated structures situated above 

faults and do not occur further south along the shelf (Figure 3-6a).  

 

 
Figure 3-6: Paleo-pockmarks and NNE-SSW lineation trend on horizon E-1 as seen on (a) TWT contour and (b) variance map 

extracted along the horizon. Locations maps plotted in Figure 3-5, green arrow points north. 

 

3.4.2. Present-day seafloor fluid escape features 

Although this study focuses on Paleogene fluid flow features, it is worth mentioning the 

evidence of at least two Neogene episodes of fluid flow. A series of seafloor depressions 

were identified on 3D seismic subparallel to the present-day slope in water depths ranging 

from 225 to 450 m (Figure 3-7b). Their diameters and depths vary widely from 75 to 495 m 

and from 3.6 - 36 ms TWT (5 - 26 m), respectively. Based on their dimensions and their 

three-dimensional geometry, these features are interpreted as seafloor pockmarks produced 

by recent fluids seep from the subsurface. On 3D seismic the highest density of these 

pockmarks is observed above the Ibhubesi gas/condensate field (Figure 3-5a, eastern 3D 

seismic), which suggests a genetic relationship with the hydrocarbon “plumbing” system. 
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Similar features were also observed on the 2D seismic survey. By comparing their 

morphology and seismic character with those observed on the overlapping areas of the 3D 

seismic cube, pockmarks and their feeding chimneys can be identified on 2D vertical seismic 

sections (Figure 3-5a).  

Mud volcanoes are prominent seafloor features that only occur in the northern Orange Basin 

(Figure 3-5a), also described by Ben-Avraham (2002) and Viola et al. (2005). They form sub-

circular and elongated piercing structures with diameters varying from 590 to 6600 m 

reaching up to the present-day seafloor above late Cretaceous normal faults. Their 

enveloping surface either onlaps or lies conformably on reflector SCB-B with a maximum age 

of post mid-Miocene (~14Ma) for the initiation of mud volcanism. In Figure 3-5d the chaotic 

seismic reflections beneath the mud volcano are interpreted as the feeding fluid conduit 

(e.g. Løseth et al., 2009, Judd and Hovland, 2007), taking its root in an upper Cretaceous roll-

over structure (Figure 3-5d).  

 

 
Figure 3-7: (a) Uninterpreted and (b) interpreted seismic crossline showing the structure of the shelf and Late Cretaceous to 

Cenozoic sediments. The pockmarks on horizon E-1 are located above faults. Pockmark density increases where the Late 

Campanian/Maastrichtian wedge (green area) pinches out. Locations of profile BB' is plotted in Figure 3-5. 

 

3.4.3. Circular depressions on horizon E-1 

Besides the above described present-day fluid flow and sediment mobilization structures, 

seismic interpretation also revealed the peculiar wavy morphology of horizon E-1 within 

Paleogene deposits along the shelf-break (Figure 3-5c, d). Horizon E-1 occurs within one 

distinct stratigraphic interval above reflector L, with a maximum age of latest 

Paleocene/early Eocene (~ 53 -56 Ma). A Mid-Eocene well marker (base Lutetian based on 
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biostratigraphy) located above horizon E-1 gives a minimum age of early Mid-Eocene (~48 

Ma). 

Horizon E-1 is continuous, except where it is offset by normal faults. This horizon was 

investigated in detail using time slices and seismic variance extracted along the reflector’s 

positive amplitude phase. The 2D wavy morphology corresponds to circular depressions in 

3D view (Figure 3-5c). They occur as individual features in NNE-SSW striking linear trends, 

and coalescing elongated structures. The wavy reflector, also be identified on 2D seismic, is 

continuous and can be mapped throughout an area of 2800 km2 along the paleo-shelf break 

in the northern Orange Basin. The circular depressions range in diameter from 170 to 520 m, 

on average 294 m. Their depth varies from 6 to 42 ms TWT (~5 - 35 m). The individual 

pockmarks have an approximate density of 4.5/km2. The overlying sediments are 160 - 318 

ms TWT thick (140 - 270 m). Their density increases upslope and they merge with 

neighboring pockmarks to form linear arrangements of ten or more pockmarks, similar to 

the pockmark trains and gullies described on the present-day slope offshore Gabon (Pilcher 

and Argent, 2007). The pockmark lineaments are 2 - 5 km long and on average 290 m wide 

(Figure 3-6). Further upslope, at the paleo-shelf break, where the crests and troughs of 

horizon E-1 show the highest relief, the depressions form coalescing elongated structures, 

predominantly oriented NE-SW, and the distinction of individual pockmarks becomes 

difficult. 

 

3.4.4. Late Cretaceous faults 

The pockmarks are located above NNE-SSW oriented Upper Cretaceous listric normal faults, 

which are rooted in a mid- to late Albian décollement surface (Figure 3-4 and Figure 3-7). 

Extensional faulting was initiated during a phase of late Cretaceous denudation (Gallagher 

and Brown, 1999; Tinker et al., 2008a, 2008b) and was most severe during Coniacian to 

Campanian as indicated by the growth-structures and fault offsets. A last episode of fault 

movement, prior to the deposition of horizon E-1, is inferred from fault offsets of 

unconformity 22At1 (latest Maastrichtian). Additional coherency attribute analysis of the 

consolidated Upper Cretaceous succession reveals the presence of a fracture network 

(Figure 3-8). This fracture network follows the trend given by the large Cretaceous listric 

normal faults. Within this fracture network several NE-SW striking fractures coincide with 

the pockmark lineation trends. In one down-slope location individual paleo-pockmarks 

display a dextral curving arrangement that coincides with minor NNW-SSE oriented faults 

(Figure 3-8b, bottom left). 
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Figure 3-8: (a) Variance time-slice through the seismic reflections below the horizon E-1 showing large faults with higher 

offsets (red) and small discontinuities (black and dark grey) interpreted as fractures and (b) their relation to the paleo-

pockmarks. Some NE-SW oriented fractures (light blue) seem to coincide with the pockmark lineation, the majority of the 

faults and fractures trend NW-SE (yellow). Locations maps plotted in Figure 3-5. 

 

3.5. Discussion 

3.5.1. Origin of paleo-pockmarks 

The features on horizon E-1 are interpreted as buried paleo-pockmarks. They have similar 

sizes and depths when compared with other examples elsewhere (Pilcher and Argent, 2007; 

Judd and Hovland, 2007; Andresen et al., 2008) and references therein). Even their areal 

extent of 2800 km2 is comparable to present-day pockmark fields covering up to 2800 km2 

offshore Gabon, and 20000 km2 offshore eastern New Zealand as reported by Pilcher and 

Argent (2007) and Davy et al. (2010), respectively. Several fluid flow processes can lead to 

the formation of widespread seafloor depressions and pockmarks. In the context of this 

study, we refer as shallow fluid sources those located within or directly below the 

sedimentary unit containing pockmarked horizon E-1. These sources mainly include 

formation waters and biogenic gas. On the other hand, early and late Cretaceous source 

rocks and claystones, respectively, are considered as deep sources of thermogenic fluids. 

 

3.5.1.1. Shallow fluid sources 

Differential compaction and density inversion have been presented as formation 

mechanisms for giant hummocks and diapiric sediment structures in fine-grained low-

density sediments overlain by high-density sandier muds (Davies et al., 1999; Vogt, 1997). 

Differential loading and eventual seal failure of overlaying cemented sediments can lead to 

continuous fluid expulsion from under-compacted underlying interval, forming troughs in 

successively younger sediment layers. Davies et al. (1999) mention cases where the 

hummock crests are underlain by polygonal fault systems, leading to a diapiric formation 

process. Although an extensive fault network exists below the pockmarked horizon E-1, 

there is no evidence for intrusive or diapiric processes below the paleo-pockmarks to explain 
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their relatively high relief. Concave continuous reflections are present as pockmark infill, 

whereas convex internal reflections are present within underlying sediments that constitute 

the high relief "ridge" of the pockmarks. This may be an indication of the high relief in the 

upslope pockmarks resulting from a density inversion process on a pre-existing relief, for 

example pockmarks, similar to load casts formation processes described by Owen (2003).   

Biogenic methane production that could have led to massive fluid expulsion at the time of 

pockmark formation is not supported by any organic enrichment of the late Maastrichtian-

Paleocene interval. According to SOEKOR well reports, these sediments are generally light- 

grey colored clays, which is not indicative of high organic matter contents. 

 

3.5.1.2. Deep fluid sources 

Lower Aptian black shales are thought to be the main contributor to the gas and condensate 

produced from the Kudu and Ibhubesi fields (Bray et al. 1998; Petroleum Agency SA, 2003; 

van der Spuy, 2005). The reservoirs are stratigraphic traps in Barremian/lower Aptian aeolian 

sandstones, and Albian and Cenomanian fluvial channel-fill sandstones (Jungslager, 1999; 

Petroleum Agency SA, 2003; van der Spuy, 2005). The organic-rich shales with sapropelitic 

and terrigenous organic matter can reach a cumulative thickness of 30 - 90 m in the Orange 

Basin. Well data show a thermal maturity corresponding to the dry gas window in the 

Cretaceous depocenter (VRO > 1.5%, Petroleum Agency SA, 2003; Paton et al. 2007; 

Kuhlmann et al. 2011). Thermal maturity decreases to wet-gas and oil window maturity 

towards the west and southwest of the shelf break, in the area of the Cenozoic sediment 

wedge (van der Spuy, 2003; Paton et al. 2007; Kuhlmann et al. 2011). Their present-day 

maturity below the Cenozoic shelf-break of the northern Orange Basin is expected to be 

within the wet-gas to dry-gas range (van der Spuy, 2003, Kuhlmann et al., 2010, 2011). Some 

authors propose a main phase of hydrocarbon generation from this source rock during the 

Campanian due to rapid burial, and a second ongoing generation phase in the southern 

Orange Basin due to the progradation of the thick (more than 2000 m) Cenozoic wedge 

(Paton et al., 2007; Kuhlmann et al., 2011). Based on recent petroleum system modeling 

estimations by Kuhlmann et al. (2011) a similar trend can be assumed for the area of the 

paleo-pockmarked surface. In this area progradation of the late Maastrichtian wedge (1400 

ms TWT, ~ 700 m) started earlier than in the south and continued with the deposition of the 

uppermost Maastrichtian/Paleocene slope wedge (max. 435 ms TWT, ~370 m). This could 

cause a Maastrichtian/Paleocene phase of rapid burial, increasing the temperature leading 

to maturation and expulsion of hydrocarbons from the underlying source rock(s). 

A Cenomanian/Turonian aged organic-rich shale is another potential source rock and 

expected to change from a gas-prone facies on the proximal shelf to an oil-prone facies 

basinwards (Aldrich et al. 2003; van der Spuy, 2005). Basin modeling predicts this interval to 

be thermally immature within most of the southern Orange Basin, but increasing to oil-

window maturity in the western-central basin (Kuhlmann, et al. 2011). The main phase of 

petroleum generation is proposed to have occurred during the Cenomanian to Campanian 

period, followed by a minor generation phase during the late Cretaceous/early Cenozoic, 
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driven by rapid shelf progradation due to margin tilting, erosion and possibly increased heat-

flow due to volcanism. A similar process has been proposed by Kuhlmann et al. (2010, 2011) 

and Paton et al. (2007), for present-day gas leakage features observed in the southern basin, 

which would result from ongoing petroleum generation in the Cenozoic depocenters. 

 

Another deep fluid source may be the pore fluids within the late Maastrichtian claystones of 

the rapidly prograding slope sediments. In the area under investigation they can reach a 

thickness of up to 640 ms TWT (704 m). In general, clays have a very high porosity of 75 -90% 

at the time of deposition, although it decreases exponentially during burial and dewatering 

(Long et al., 2011; Velde, 1996). Their pore space is usually water-saturated and during the 

first 500 m of burial the porosity is reduced by up to 40% (Velde, 1996, Judd and Hovland, 

2007; Long et al., 2011). This process creates large quantities of water that need to be 

expelled either by diffuse migration through sediments or episodic flow (Velde, 1996). If 

these clays are rapidly buried, which is thought to be the case due to prograding shape of 

the slope wedge, disequilibrium compaction can lead to significant overpressure (Osborne 

and Swarbrick, 1997; Hustoft, et al., 2009; Long et al., 2011) and thus to sudden or episodic 

release of pore water.  

Mud diapirs, which are generally rooted in upper Cretaceous strata, are proof that episodic 

fluid flow occurred during the Neogene. Viola et al. (2005) propose a similar timing and 

argue that flower structures, resulting from neotectonic activity in southern Africa, and the 

location of late Cretaceous normal faults control the diapirs’ positions. This is a further 

indication, that paleo-fluid flow was directed along faults. Additionally, exploratory drilling in 

the study area encountered overpressure within lower Campanian claystones and also gas 

shows in sandstone layers, starting at depths below 1000 m to depths exceeding 4000 m. 

Hence, we propose that the paleo-fluids feeding the paleo-pockmark field consisted of pore 

fluids expelled from rapidly buried prograding slope sediments, and/or thermogenic 

hydrocarbons, predominantly gas, from the lower Aptian organic-rich shales. 

 

3.5.2. Controls on pockmark location and lineation trends  

Based on our observations, the NNE-SSW oriented paleo-pockmark arrangements correlate 

to the strikes of the late Cretaceous growth and listric normal faults. Figure 3-7 and Figure 

3-8 demonstrate that the paleo-pockmarks are located above large listric normal faults. They 

can therefore be classified as fault-strike pockmarks similar to the examples shown by 

Pilcher and Argent (2007) offshore Gabon. In contrast to what has been reported elsewhere 

(i.e. Gabon, Pilcher and Argent 2007), further attribute analysis of the Upper Cretaceous 

succession and the uppermost Maastrichtian-Paleocene prograding sediment wedge did not 

reveal any channel-structures that could be related to the linear trend of the paleo-

pockmarks.  

The highest relief and density of the paleo-pockmarks occurs above fractured and growth-

faulted late Cretaceous sediments where the Maastrichtian-Paleocene wedge thins out 

(Figure 3-9). This suggests that the highest fluid flux occurred in this particular area. Some 
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curvi-linear paleo-pockmark arrangements observed downslope further suggest that, in the 

absence of a fracture network, fluids flow along the large listric faults. Below the shelf-break 

where paleo-pockmark density decreases, upward fluid flow was inhibited due to the low-

permeability of the thicker fine-grained uppermost Maastrichtian/Paleocene sediment 

wedge. All these observations suggest that the location of the paleo-pockmarks is fault-

controlled. We propose that the bulk of the overpressured fluids migrated up-dip below the 

late Maastrichtian-Paleocene wedge within coarser-grained sediment layers until they 

encounter large listric faults or the flow-retarding overlying sediments pinch out. There, fluid 

pressures were high enough to penetrate the thinning flow barrier.  

Contrary to the fault strike, the pockmark lineament trends are consistently oriented NNE-

SSW and follow the southwestern dip direction of the paleo-slope with a characteristic knick-

point where the paleo-slope dip increases. We propose two hypotheses that can lead to this 

observation: (1) erosion through downslope currents and (2) the formation of pockmark 

gullies according to Pilcher and Argent (2007). 

The first hypothesis is supported by Uenzelmann-Neben et al. (2007)who studied Cenozoic 

sedimentation patterns around the South African margin based on seismic stratigraphy and 

inferred a Cenozoic oceanic circulation. They show that proto-Antarctic Bottomwater also 

flowed southwest along the northern Agulhas Ridge since the early Eocene and that the 

earliest erosional features attributed to this current are found in the southern Cape Basin.  

Thus the pockmark edges at the paleo shelf-break may have been eroded into NNE-SSW 

elongated features by downslope currents. Scouring by bottom currents systems has been 

reported to alter the initial circular to near-circular shape of pockmarks into elliptical 

pockmarks, where the ellipse's long axis corresponds to the current flow direction (e.g. the 

Danish and Norwegian North Sea and the South China Sea; (Bøe et al., 1998; Judd and 

Hovland, 2007; Sun et al., 2011) 

The second hypothesis for the pockmarks' NNE-SSW orientation is a formation process 

similar to the pockmark trains and gullies described by Pilcher and Argent (2007) in the slope 

offshore Gabon. They propose a process in which linear arrays of pockmarks result from 

gravity slumping on unstable slopes. This process can be summarized as follows: it starts 

with slumping at the seafloor on the slope; single pockmarks form through upward fluid flow 

from slump-/fault-truncated carrier beds; as the pockmarks grow in size and number they 

coalesce into trains following the dip direction of the slope (Pilcher and Argent, 2007). 
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Figure 3-9: 3D view of the paleo-pockmarked horizon in relation to fault and fracture patterns of underlying sediments (for 

location see fig. 5c). The horizontal seismic variance time-slice depicts discontinuities caused by large listric faults and 

fractures within the sediments of the Late Maastrichtian (green overlay) and listric faults in the non-fractured Paleocene 

sediment wedges (orange overlay). The TWT horizon slice of paleo-pockmark horizon E-1 is outlined in red. Note the 

higher relief and density of paleo-pockmarks on horizon E-1 above the chaotic structure of the Late 

Campanian/Maastrichtian prograding wedge. The L-Maastrichtian/ Paleocene wedge pinch-out (orange transparency) 

coincides with the downslope occurrence of pockmarks on horizon E-1. 
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3.5.3. Geologic process related to the early Eocene fluid flow event  

A model explaining the possible formation process of the identified paleo-pockmark field 

needs to account for both the fluid source and the process that led to a build-up of fluid 

overpressure and migration paths.  

The Miocene-aged mud volcanoes and the present-day seafloor pockmarks in the proximity 

to the paleo-pockmark field are evidences for recurring pore fluid over-pressures in the 

slope of the northern Orange Basin. Ben-Avraham et al. (2002) and Viola et al. (2005) 

showed that large listric faults control the location of the post- mid Miocene mud volcanoes. 

Thermogenic gas is proposed to have contributed to the overpressure that initiated mud 

volcanism. Viola et al. (2005) further suggest that the neotectonic activity related to the 

Miocene margin uplift could be responsible for mud volcano formation. This underlines the 

important roles of thermogenic gas and deep faults in the "plumbing system" of the 

northern Orange Basin. 

 

We propose that the early Eocene fluid escape event identified in this work resulted from a 

geologic process that started in the late Cretaceous and evolved as follows (Figure 3-10):  

 

Late Cretaceous margin uplift and progradation: 

The Santonian-Campanian margin uplift and tilting led to a destabilization of the slope 

creating large listric normal faults (Figure 3-10a, b). This initiated a phase of hydrocarbon 

generation from the Aptian source rocks (Paton et al., 2008; Kuhlmann et al., 2011). During 

the late Maastrichtian a fine-grained progradational sequence was deposited onto the slope 

(Figure 3-10c) and then overlain by a latest Maastrichtian/Paleocene clay-rich sedimentary 

wedge (Figure 3-10d). Their cumulative thickness at the paleo-slope can reach up to 1100 ms 

TWT (approx. 950 m). This sediment wedge is present only in the northern Orange Basin, 

because the main sediment supply during this time period was located at the present-day 

Orange River mouth (Dingle and Hendey, 1984). 

 

Rapid burial and disequilibrium compaction: 

The rapid deposition likely led to disequilibrium compaction of the clay-rich sediments and 

built-up of pore overpressure. Additionally, the rapid burial caused a Maastrichtian/early 

Cenozoic phase of source rock maturation in the paleo-pockmarked area. This assumption is 

supported by petroleum system modeling results (Kuhlmann et al., 2011). Therefore, 

thermogenic hydrocarbons were present at that time and would have played a decisive role 

in generating additional overpressure.  

 

Early Eocene pockmark formation: 

McMillan (2003) reports an Eocene margin uplift event and basinward subsidence of the 

continental shelf in the northern Orange Basin, where early Paleocene/Eocene igneous 

intrusions have been identified. This is supported by apatite (U-Th)/He measurements of 

deep inland boreholes (Dobson et al., 2011) which suggest a middle Eocene denudation 

onshore southwestern Africa. Together with the reported volcanism, these are clear 
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indications of tectonic activity during the time of paleo-pockmark formation. Hence, such 

basin-scale geologic processes can thus provide an external trigger for fluid flow from 

overpressured intervals during the early Eocene. Pore fluids and thermogenic gas then 

migrated up-dip below the Paleocene wedge and upward along the listric-fault planes 

creating pockmarks parallel to the fault strike.  

 

 

 
Figure 3-10: Conceptual model of the events leading to early 

Eocene fluid escape. (a) Progradation of Late Cretaceous 

sediments, (b) Late Cretaceous uplift, slope destabilization 

and gravity faulting of the shelf edge, (c) erosion on the 

shelf, rapid deposition and burial of Prograding slope wedge, 

(d) Paleocene wedge deposition, disequilibrium compaction 

of fine-grained sediments, and maturation of source rock 

generate overpressure, (e) overpressure leads to upward 

migration of pore fluids and gas below the Paleocene wedge 

and through the faulted shelf creating pockmarks along the 

shelf. 
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3.6. Conclusions 

Our analysis of 3D and 2D seismic reflection data sets revealed the presence of a distinct 

early Eocene seismic horizon displaying circular and elongated depressions covering 2800 

km2 along the slope in the Orange Basin, on the southwest African margin. We interpret 

these depressions as a paleo-pockmark field produced by the release of pore fluids and 

thermogenic gas. They appear both as single pockmarks and pockmark trains aligned 

predominantly NNE-SSW. The pockmark trains occur at the paleo-shelf break and follow the 

Eocene slope's dip direction. We show that the location of the pockmarks is controlled by 

the underlying listric faults system of the Eocene paleo-slope. 

The spatial and temporal occurrence of these paleo-pockmarks is associated to two episodes 

of fast sedimentation during late Maastrichtian to Paleocene in the northern Orange Basin, 

comprising a late Maastrichtian progradational slope wedge derived from fine-grained shelf-

eroded material and a latest Maastrichtian to Paleocene aged sediment wedge. We present 

a model where pore fluid overpressure was generated by compaction disequilibrium of late 

Maastrichtian sediments, , further enhanced by source rock maturation and thermogenic gas 

expulsion resulting from rapid slope sedimentation during late Maastrichtian to Paleocene. 

The Paleocene-Eocene transition is known for its series of hyperthermal events 

characterized by excursions of the carbon isotope curve. The early Eocene widespread event 

of fluid and thermogenic gas escape identified in this work can be an example of the type of 

carbon-release processes occurring in hydrocarbon-prone sedimentary basins during this 

time. 

The early Eocene paleo-pockmark field, the Miocene-aged mud volcanoes, and the present-

day seafloor pockmarks are evidence for reoccurring pore fluid over-pressures in the slope 

of the northern Orange Basin and should be considered as a potential geohazard. 
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4. Constraining Petroleum Generation and Migration in the Orange 

Basin, South Africa: A 3D basin modeling study 

 

The contents of this chapter were prepared for submission to the international peer-

reviewed journal “AAPG Bulletin” as follows: 

 

Hartwig, A., Anka, Z., di Primio, R., 2014, Constraining Petroleum Generation and Migration 

in the Orange Basin, South Africa: A 3D basin modeling study. AAPG Bulletin, submitted 

 

Abstract 

A 3D basin model of the Orange Basin, offshore southwestern Africa, was constructed based 

on a large 2D seismic reflection industry dataset calibrated to well data. Our calibrated heat 

flow and erosion histories suggest a maximum heatflow of 96 mW/m2 during early 

Cretaceous rifting and an exponential decrease to an average value of 52 mW/m2 for the 

present day. Two periods of increased heatflow, by up to 8 mW/m2, were identified during 

late Cretaceous/Paleocene and Mio-Pliocene in areas where the continental crust was 

affected by renewed lithospheric stretching, uplift and erosion.  

The main phase of primary generation from Cretaceous source rocks in the basin occurred 

during mid. Cretaceous and late Cretaceous/Paleocene burial. A second phase of petroleum 

generation mainly driven by heatflow lasted from the latest Cretaceous/Paleocene until the 

end of the Miocene-Pliocene uplift.  

The present-day active kitchen areas are located exclusively in the Cenozoic depocenters 

along the slope. In the northern Orange Basin, the lower Cretaceous source rocks are 

currently within the gas window, while Aptian and Cenomanian/Turonian (C/T) source rocks 

are within the oil window. In the southern Orange Basin all the Cretaceous source rocks are 

currently in the oil window.  

The migration model confirms that the main carriers of the Orange Basin are Barremian to 

lower Aptian sandstones of the transitional sequence and Albian-to-Cenomanian fluvial 

sandstones of the early drift sequence. Petroleum accumulations are dominated by gas and 

condensate.  

The greatest risk for reproducing Ibhubesi accumulations in the 3D model is the seal. Albian 

fluvial channels were only filled when their trapping efficiency was improved by introducing 

an Albian claystone seal into the model. Without this seal, smaller accumulations were 

exclusively formed in Cenomanian channels below the C/T source rock. Drainage area 

analysis of the petroleum accumulations in the Ibhubesi area indicates that stratigraphic 

traps were filled by early Cenozoic times, and that hydrocarbon losses due to spilling or 

leakage through the seal are greatest during times of margin uplift and erosion.  

 

Keywords: basin modeling, Ibhubesi, South Atlantic, petroleum system, Kudu, gas 

condensate 
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4.1. Introduction 

The Orange Basin (OB) is located offshore southwestern Africa (Fig. 1). On the shelf, the 

basin contains a thick Cretaceous rift-drift sequence and a thin Cenozoic cover, which 

develops into a series of prograding wedges at the shelf break (Weigelt and Uenzelmann-

Neben, 2004; Paton et al., 2008). Up to date, 38 exploration wells were drilled and led to the 

discovery of the Kudu and Ibhubesi gas fields proving the existence of a Deep Gas and an 

Albian Gas play, respectively (Petroleum Agency SA, 2012). The Deep Gas Play consists of gas 

generated from Barremian-to-Aptian-aged source rocks that are stratigraphically trapped in 

Barremian-aged aeolian sandstones, with proven reserves of 1.38 trillion cubic feet (tcf) in 

the Kudu field (~ 39.1 billion m3; Tullow Oil, 2007). The Albian Gas Play has Aptian-to-Albian-

sourced gas and condensate which is trapped in Albian and Cenomanian-aged fluvial channel 

sandstones. Well tests in the Ibhubesi field showed that individual compartments contain 

between 28 - 520 billion cubic feet (bcf) of gas and condensate (~0.79 - 14.73 billion m3) with 

total gas reserves of 1.15 tcf (32.56 billion m3, Berge et al., 2002). Further potential for 

hydrocarbon accumulations exists in syn-rift grabens and Cretaceous turbidites in the deep 

water Orange Basin (Petroleum Agency SA, 2012).  

Evidence of recent and present-day fluid and gas leakage processes, such as "sniffer" 

anomalies near the seafloor (Jungslager, 1999), seabed pockmarks and seismic chimneys 

(Ben-Avraham et al., 2002; Paton et al, 2007; Boyd et al., 2011; Kuhlmann et al., 2010), and 

also mud diapirs (Ben-Avraham et al., 2002; Viola, et al. 2005) have been identified on 2D 

seismic surveys in the Orange Basin. Pockmarks above the Ibhubesi field and in the slope of 

the Orange Basin (Hartwig et al., 2012a), as well as the frequent gas shows encountered 

during drilling in lower Cretaceous sediments suggest a recent phase of hydrocarbon 

generation and migration (Fig. 1). Nonetheless, the locations of the recent and/or active oil 

and gas kitchen as well as the hydrocarbon migration pathways remain unconstrained due 

to the limited amount of data that is available for the Cenozoic evolution of the basin. 

Previous modeling studies by Davies and van der Spuy (1992, 1D model,) of the Kudu wells, 

and of the southern Orange Basin by Paton et al. (2007, 2D model), Boyd et al. (2011, 2D 

model), and Kuhlmann et al. (2011, 3D petroleum system model,) address the timing of 

petroleum maturation and generation. All these studies indicate that the main phase of 

hydrocarbon generation and migration occurred during the late Cretaceous, which may have 

continued into the early Cenozoic in the Kudu area (Davies and Van der Spuy, 1992). Paton 

et al. (2007) and Kuhlmann et al. (2011) further proposed active petroleum generation in the 

Cenozoic depocenter of the deepwater southern Orange Basin. Kuhlmann et al. (2011) 

suggest long-distance migration from the present-day kitchen in the deepwater areas to 

explain hydrocarbon leakage sites in the near-shore basin.  

The 3D basin model presented in this contribution was developed not only to unify earlier 

modeling studies (e.g. Paton et al. 2007, Kuhlmann et al., 2011), but also to include more 

recent age constraints for the Cenozoic sequence (e.g. Weigelt and Uenzelmann-Neben, 

2004; Hartwig et al., 2012a) and results from a 3D crustal modeling study (Hirsch et al., 

2010) in order to refine the basin's burial and thermal history. New aspects of our study 
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include the larger extension of the 3D basin model, which covers the entire South African 

Orange Basin from Saldanha Bay in the south to the Namibian border in the north (Figure 

4-1) and includes the proximal rift-grabens and the distal Cenozoic deepwater depocenters. 

Furthermore, new compositional kinetic models, based on equivalents from DSDP site 361 in 

the Cape Basin from Hartwig et al., (2012b), were used to simulate source rock maturation 

and petroleum generation for the Cretaceous source rocks. The simulation of 3D 

hydrocarbon migration dynamics and filling history of the Ibhubesi area was refined using 

fault planes and conceptual channel maps derived from the seismic-data interpretation and 

the work of Brown et al. (1995).  
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Figure 4-1: Location of the Orange Basin offshore South Africa with a general overview of the study area, the seismic 

reflection dataset analyzed, and the 3D basin model coverage, superimposed on bathymetry. Locations of fluid and 

hydrocarbon leakage indicators are shown according to Boyd et al. (2011), Petroleum Agency SA (2012), and Hartwig et al. 

(2012a). 
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4.2. Geologic setting and petroleum system elements 

The Orange Basin is located on the southwest African continental passive margin. The basin 

fill consists of more than 8 km thick synrift and drift sequences related to the opening of the 

South Atlantic, which started in the late Jurassic (Gerrard and Smith 1982) (Figure 4-2). The 

margin evolution, basin structure, and sedimentary history are documented in previous 

works for both the Cretaceous (e.g. McMillan (2003), Séranne and Anka (2005), Paton et al. 

(2008), Hirsch et al. (2010), de Vera et al. (2010), Kuhlmann et al, (2010) and references 

therein) and the Cenozoic successions (Weigelt and Uenzelmann-Neben (2004), Wigley and 

Compton (2006)). 

 

Rifting was initiated during the middle to late Jurassic, at about 160 Ma. It resulted in the 

formation of north-northwest trending rift and half-grabens on continental crust subparallel 

to the present-day southwest African coast, such as the A-J half graben (Gerrard and Smith 

1982, Muntingh 1993; Broad et al., 2006). Syn-rift sediments are at least of Hauterivian age 

and were dated in the A-J half graben, but deeper sediments may be as old as Jurassic (see 

Fig. 1; Petroleum Agency SA, 2012). They consist of continental sandstones intercalated with 

lacustrine shales, conglomerates, and volcaniclastics (Broad et al., 2006). The initial opening 

of the South Atlantic and emplacement of oceanic crust began in the early Cretaceous 

(Blaich et al., 2009; Franke et al., 2010) and was accompanied by extensive volcanism 

forming a transitional crust with a thick seaward dipping reflector (SDR) wedge (Gladczenko 

et al., 1998). The unusually wide (up to 200 km) transitional crust underneath the Orange 

Basin depocenter displays gently westward dipping seismic reflectors. They are interpreted 

to consist of rapidly emplaced subaerial flood basalts (Bauer et al., 2000) that are 

intercalated with continental clastics at the SDR/flood basalt pinch-out along the continental 

crust (Gerrard and Smith, 1982; Dingle et al., 1983). The continent-ocean boundary and 

onset of true oceanic crust is located west of the SDRs and roughly coincides with the 

present-day base of slope.  
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Figure 4-2: General chronostratigraphy of the Orange Basin (left, modified from Hartwig et al., 2012a) and horizons defined 

in the 3D model input (right). Note that horizons, affected by erosion have modified top horizon ages due to the modeling 

setup of the modeling software. See text for details. 

 

The rift sequence is truncated by the break-up unconformity 6At1 (Muntingh and Brown, 

1993) of late Hauterivian to early Barremian age (McMillan, 2003) (Figure 4-2). Up to 2000 m 

of rift-to-drift transitional sequence, consisting of fluvial and marine sand- and siltstones, 

were deposited on a ramp-like margin during Barremian to early Aptian times. This sequence 

contains early Aptian aged organic-rich black shales from the first marine transgression.  

A middle Aptian-aged unconformity 13At1 marks the beginning of open oceanic conditions. 

It is overlain by transgressive organic-rich shales that were deposited under anoxic 

conditions (Herbin et al. 1987; Jungslager, 1999; van der Spuy, 2003). The mid-Albian to 

Cenomanian deposits consist of deltaic and fluvio-marine sediments with a cumulative 

thickness exceeding 3500 m (Gerrard and Smith, 1982; McMillan, 2003). At the top of this 

sequence, organic-rich shales of a marine condensed section have been reported (Aldrich et 

al. 2003; McMillan, 2003) and are associated with a Cenomanian/Turonian hiatus in the 

Orange Basin (15At1). This interval is overlain by an aggradational sequence of Coniacian to 

late Santonian/early Campanian age (Muntingh, 1993; McMillan, 2003; Paton et al., 2008). 

Late Cretaceous margin uplift, westward tilting (Gallagher, 1999; McMillan, 2003; Kounov et 

al., 2009) and subsequent erosion of the inner shelf (Wigley and Compton, 2006) led to the 
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deposition of Campanian-Maastrichtian progradational sequences onto an already unstable 

shelf (Broad et al., 2006). This resulted in intense normal faulting of the Cenomanian-

Campanian succession and the formation of growth- and roll-over structures along the 

northern slope of the basin (Gerrard and Smith, 1982; Brown et al., 1995, de Vera et al., 

2010). These structures are not seen in the southern Orange Basin (Paton et al., 2008). The 

end of Cretaceous sedimentation is marked by a late Maastrichtian - early Paleocene 

unconformity that truncates Albian and Cenomanian sediments on the inner shelf and 

Campanian to Maastrichtian sediments on the middle to outer shelf (Gerrard and Smith 

1982, Paton et al., 2008). Additionally, there is substantial evidence for late Cretaceous/early 

Cenozoic igneous activity on- and offshore the southwestern African margin (Phillips et al., 

2000; Verwoerd and de Beer, 2006; Moore et al., 2008). Ages of igneous intrusions along the 

Namaqualand coast and the southern Cape range from 77 to 59 Ma (Phillips et al., 2000; 

Verwoerd and de Beer, 2006; Moore et al., 2008) showing a trend of progressively younger 

volcanic activity towards the west coast (Dingle et al., 1983; Phillips et al., 2000). Moore et 

al. (2008) propose a second minor episode of Eocene-Oligocene alkaline volcanism for the 

Klinghardt province (30- 40 Ma) and Chameis Bay pipes (30 and 50 Ma) offshore southern 

Namibia (see Figure 4-1). 

In general, Cenozoic sediments form a thin cover (50 to 250 m) on the proximal domains of 

the continental shelf and an aggradational wedge along the steep slope, with thicknesses of 

up to 1000 m and 1700 m in the northern and southern Orange Basin, respectively. During 

the Paleogene the main sediment supply entered the Orange Basin in the vicinity of the 

present-day Olifants River (Dingle and Hendey, 1984), forming an up to 1500 m thick 

prograding sequence affected by growth-faults and toe-thrusts along the southern slope 

(Séranne and Anka, 2005; Paton et al., 2008; de Vera et al., 2010). 

The Paleogene – Neogene transition is marked by a regional erosional unconformity with 

characteristic submarine slides and slump scars (e.g.: unconformity SCB-B of Weigelt and 

Uenzelmann-Neben, 2004; Wigley and Compton, 2006). This event coincides with a phase of 

mid. Miocene tectonic uplift (Dingle et al., 1983; Partridge and Maud, 2000; Séranne and 

Anka, 2005). The erosion event removed most of the Paleogene and early Neogene deposits 

onshore the west coast (Partridge and Maud, 2000). The bulk of the Neogene Orange River 

discharge entered the basin in the area of the present-day Orange River mouth (de Wit, 

1999; Dingle and Hendey, 1984). Neogene deposits consist of shallow marine (Dingle, 1973; 

Partridge and Maud, 2000) biogenic sediments (e.g. Bolli et al., 1978a; Dingle et al., 1983; 

Wigley and Compton, 2006). Numerous large Pliocene slumps have been identified along the 

continental slope and may have been caused be renewed uplift and erosion during the 

Pliocene (Partridge et al., 2006; Dingle et al., 1983). Offshore Pliocene deposits form a 

scattered, very thin cover and are truncated by several erosional unconformities. Larger 

sediment accumulations are restricted to small deltas of the Orange and Olifants rivers 

(Dingle et al., 1983; Wigley and Compton, 2006). 
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4.2.1. Source rocks 

There are three source rock intervals within the Cretaceous synrift and drift sediments of the 

Orange Basin: 

An Hauterivian oil-prone lacustrine shale found in the synrift sediments of the isolated A-J 

Graben (Jungslager, 1999; Petroleum Agency SA, 2012). Jungslager (1999) suggests that 

similar organic-rich shale intervals may be present in other rift grabens along the continental 

margin. 

Barremian to early Albian aged black shales, which represent the main source rock interval, 

deposited in anoxic marine environments of the nascent South Atlantic (van der Spuy, 2003; 

Hartwig et al., 2012b and references therein). Anoxia was most severe during the first 

marine incursion lasting from Barremian to early Aptian times. This transitional sequence 

contains oil and gas prone organic-rich marine shales, proven to exist in the Kudu area, the 

southern distal Orange Basin, and at DSDP site 361 in the Cape Basin (Davies and van der 

Spuy, 1990; McMillan, 2003; van der Spuy, 2003). During the late Aptian and early Albian 

bottom water ventilation increased due to the widening of the South Atlantic. The early drift 

deposits contain intercalated wet-gas and gas-prone marine shales known from exploration 

wells and DSDP site 361 (Adekola et al., 2012; Akinlua et al., 2010; Hartwig et al., 2012b; van 

der Spuy, 2003 and references therein). 

A Cenomanian/Turonian-aged marine condensed section, which contains oil- and gas-prone 

organic-rich shales (Aldrich et al, 2003; Adekola et al., 2012). Similar time-equivalent source 

rocks deposited during the Oceanic Anoxic Event (OAE) are known to occur throughout the 

South Atlantic (Herbin et al., 1987; Bray et al., 1998; Burwood, 1999; Hartwig et al. 2012b) 

 

4.2.2. Reservoir and seal rocks 

Continental sandstones of the synrift sequence provide potential reservoirs for structural 

and stratigraphic traps in the rift grabens. In the A-J1 well, oil shows were encountered in 

sandstones interbedded with Hauterivian-aged lacustrine source rocks (Jungslager, 1999). 

Aeolian sandstones of the transitional phase, such as the Barremian sandstones of the Kudu 

gas field, may occur regionally in the northern Orange Basin (van der Spuy, 2003; Petroleum 

Agency SA, 2012). In the Kudu field, they form a stratigraphic trap at the featheredge of the 

SDR sequence, consisting of medium-grained aeolian and fine- to medium- grained fluvial 

sandstones intercalated with basalts and volcaniclastics (Wickens and McLachlan, 1990).  

The Albian and Cenomanian succession contains extensive (up to 1500m thick) fluvio-deltaic 

sandstones and incised-valley fill sandstones (McMillan, 2003), which account for the 

majority of gas shows in exploration wells located in the Cretaceous depocenter (such as the 

A-F, A-G, A-K wells, see Figure 4-1: PASA, 2012; Jungslager, 1999), although the sandstone 

reservoir quality is often reduced by silica and chlorite cementation (Fadipe et al., 2011). 

Potential traps are stratigraphic with low relief and sometimes fault-bounded. Up to date, 

the best reservoir properties and gas flow rates are found in Middle Albian to Cenomanian 

aged fluvial channel sandstones of the Ibhubesi gas/condensate field (Jungslager, 1999; 

Petroleum Agency SA, 2012). 
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Further reservoir potential may exist in sand-rich deepwater turbidite channel/lobe deposits 

of the Upper Cretaceous succession, either in the form of stratigraphic or structural traps in 

the extensional growth-fault and compressional toe-thrust domain of the slope (Jungslager, 

1999).  

Regional sealing rocks are generally Lower and Upper Cretaceous transgressive shales and a 

thick claystone sequence of middle Turonian to late Coniacian age (see Figure 4-2). 

 

 

4.3. 3D Model input and calibration 

4.3.1. Depth maps 

The 3D basin model comprises the offshore Orange Basin in water depths between 100-2850 

m from Alexander Bay and the Namibian border in the north to Saldanha Bay in the south 

and has a surface area of 95.600 km2 (Figure 4-1). The modeling software used for this study 

is the commercially available PetroMod 3D v.2011.1.1 package (Schlumberger). 

The model layers are defined by 17 depths maps with a grid resolution of 500 x 500 m 

derived from the seismic interpretation of an extensive 2D exploration seismic-reflection 

dataset. The seismic horizons were interpreted according to the sequence stratigraphic 

framework of Muntingh and Brown (1993) and Brown et al. (1995) for the late Jurassic and 

Cretaceous basin fill and according to Weigelt and Uenzelmann-Neben (2004) and Hartwig et 

al. (2012a) for the Cenozoic (Figure 4-2). The model’s lower boundary is defined by the rifted 

continental crust in the east and a transitional crust consisting of subaerial flood basalts and 

SDRs to the west. The ages of horizons, erosional unconformities, and depositional hiati are 

based on the biostratigraphy for the Orange Basin from McMillan (2003), which is in better 

agreement with the International Stratigraphic Chart of Ogg et al. (2008) than the 

chronostratigraphic ages provided by Broad et al. (2006). Each layer, as defined by the 

horizons, represents one continuous depositional event in the model. Several layers were 

split into sublayers to incorporate the variability of source rock intervals and the vertical 

lithologic changes within depositional sequences (Figure 4-3, Transect 1).  
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Figure 4-3: E-W transects and projected wells extracted from the 3D basin model depicting the present-day margin 

geometry and a simplified view of the layers assigned lithologies (for location see Fig. 1). Note that the thickness of the 

Cretaceous sequences increases from south to north, while the Cenozoic sequences’ thickness decreases in the same 

direction. 
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4.3.2. Faults 

Three fault families were identified on the seismic profiles: 

 

1) Listric extensional faults: along the shelf edge which offset the upper Cretaceous 

sequences with a décollement surface within the upper Albian shales in the north 

and upper Cretaceous and lower Cenozoic sequences in the south. 

 

2) Compressional faults: in the lower slope of the northern Orange Basin affecting 

upper Cretaceous sequences. 

 

3) Syn-rift graben-bounding normal faults: along the eastern basin margin that offset 

the Cretaceous sequences. 

 

The three fault families were incorporated into the model as gridded faults planes. They are 

based on the fault stick interpretation of 38 faults that represent the regional trends and are 

traceable over tens of kilometers on 2D and 3D seismic data. Fault kinematics was not 

modeled, as they were rather modeled as either open or closed permeability paths, in order 

to determine their role as potential fluid conduits for vertical migration or as trapping sites 

for hydrocarbons. Hence, faults were considered to be open during time periods of active 

fault movement identified from the seismic data (i.e. the late Cretaceous shelf collapse and 

Neogene reactivation). Conversely, they were defined as closed during periods of tectonic 

quiescence (i.e. no net movement of faults identified on seismic). This latter scenario will be 

addressed as the "initial model" in the discussion. For sensitivity analysis two additional 

models, with either open or closed faults for the entire simulation time span, were 

simulated and are discussed as "open scenario" and "closed scenario", respectively. 

 

4.3.3. Lithofacies definition 

Lithologies for each model layer were assigned using facies maps. The lithologic properties, 

such as density, porosity, permeability, heat conductivity, and radiogenic heat production 

are predefined based on the extensive lithology database of the used software. The 

sequences lateral facies variations are based on the lithologic descriptions from well reports 

and the literature (Dingle et al., 1983; Gerrard and Smith, 1982; McMillan, 2003; Weigelt and 

Uenzelmann-Neben, 2004; Wigley and Compton, 2006) (Figure 4-3). Four facies maps 

including conceptual channels were constructed for the mid. and upper Albian, Cenomanian, 

and Turonian layers in order to test their potential as carrier beds and stratigraphic traps 

(Figure 4-4). The maps of the Albian/ lower Cenomanian are based on the location of large 

incised valleys from the seismic interpretation, which have been in part reported also by 

Brown et al. (1995). Layers with varying siltstone, sandstone, and shale content separate the 

channel sublayers from each other.  
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Figure 4-4: Facies maps for the (a,b) mid. and upper Albian, 

(c,d) Cenomanian, and (e) Turonian layers including 

conceptual channels were constructed in order to test their 

potential as carrier beds and stratigraphic traps. The maps 

of the Albian/ lower Cenomanian are based on the location 

of large incised valleys from the seismic interpretation, also 

reported by Brown et al. (1995). 
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4.3.4. Source rock definition and petroleum generation kinetics 

The source rocks' thickness, initial Total Organic Carbon (TOC) and Hydrogen Index (HI) were 

defined based on the data from Adekola et al. (2012) Davies and van der Spuy (1990) 

Jungslager (1999) and van der Spuy (2003). A summary of the source rock definitions is given 

in Table 4-1. Petroleum generation kinetics were assigned from compositional kinetic 

models of Hartwig et al. (2012b) based on immature Aptian/Albian, and Cenomanian/ 

Turonian source rock samples from DSDP site 361. Bulk kinetic models were used during the 

thermal model calibration. Hydrocarbon migration was modeled using a four-component 

kinetic model with source rock tracking and secondary cracking (restricted to methane 

generation). The four components are: (1) C1 (dry gas), (2) C2-C5 (wet gas), (3) C6-C14 (light 

oil), and (4) C15+ (black oil). Thickness maps of the source rock intervals were generated 

according to the trend given by well intersections and implemented as individual layers 

parallel to the top horizon of the corresponding sequence. 

 
Table 4-1: Source rock description 

Source rock 
TOC  

[%] 

HI 

[mg/g] 

Kergogen 

Type 

Max. 

Thickness 

[m] 

Kinetic model 

Upper Hauterivian 

lacustrine synrift II 
10 750 Type I 100 

Alaskan Tasmanite Type I (Di 

Primio and Horsfield, 2006) 

Barremian - early 

Aptian 

marine/deltaic 

8 550 Type II/III 100 
Late Aptian Type II/III DSDP 361 

no. 15 (Hartwig et al., 2012b) 

Late Aptian - early 

Albian deltaic 
8 150 Type III 50 

Late Aptian Type III DSDP 361 no. 

19 (Hartwig et al., 2012b) 

Late Aptian - early 

Albian marine 
8 550 Type II 50 

Early Albian Type II DSDP 361 no. 

10 (Hartwig et al., 2012b) 

Cenomanian/Turon

ian Type II 
5 200 Type II 90 

Turonian Type II DSDP 530A no. 1 

(Hartwig et al., 2012b) 

Cenomanian/Turon

ian Type III/IV 
3 100 Type III/IV 90 

Tertiary Coal (Di Primio and 

Horsfield, 2006) 

 

4.3.4.1. Upper Hauterivian lacustrine synrift source rock (Synrift II) 

The synrift source rock of the A-J1 half-graben has been reported as a 60 m thick lacustrine 

shale with a TOC content of 10% and a Hydrogen Index (HI) of 600 mg HC/g TOC (Jungslager, 

1999). A SOEKOR report describes organic matter as a mixture of algal Type I and detrital 

Type III kerogen. The penetrated source rock interval is 60 to 140 m thick, with TOC up to 

12% and HIs varying between 500 and 1150 mg HC/g TOC. The extent and occurrence of syn-

rift source rocks in other grabens is largely unconstrained. The upper Hauterivian organic-
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rich shales of the A-J well correspond to high amplitude reflections on the seismic. Such 

reflectors are also imaged in other grabens and may be distinguished from similarly-imaged 

igneous material by means of magnetic surveys (Jungslager, 1999). Where drilled, the 

igneous graben fills have a relatively higher magnetic signature than the A-J half-graben. This 

assumption is supported by the existence of a synrift lacustrine source rock in the graben 

structure targeted by the A-F well (pers. commun. D. v.d. Spuy), that is also characterized by 

a low magnetic anomaly. Based on this observation, the hypothetical occurrence of synrift 

source rocks was used to construct facies maps of this interval (exemplarily shown Figure 

4-5a). This source rock was modeled with a maximum thickness of 100 m, 10% TOC, HI of 

750 mg HC/g TOC and the compositional kinetic model of a Type I kerogen from di Primio 

and Horsfield (2006). 

 

4.3.4.2. Barremian - lower Aptian marine/deltaic source rock  

This source rock interval has only been encountered in the distal wells of the southern (O-A1 

and A-C wells) and northern (Kudu wells) Orange Basin (Davies and van der Spuy, 1990; 

Jungslager, 1999; van der Spuy, 2003) where they contain predominately wet-gas prone 

organic matter with thin intercalations of oil-prone organic matter (Figure 4-5b). Drilled 

thicknesses are in the range of a few meters up to 40 m in the south and up to 100 m in the 

Kudu area, with a present-day TOC up to 4% and maximum HI of 200 mg HC/g TOC at 

vitrinite reflectance ranging from 0.9 - 2.0 % RO (Davies and van der Spuy, 1990; van der 

Spuy, 2003; Adekola et al., 2012). Hence, the original TOC might have been as high as 8% 

(van der Spuy, 2003). Therefore, the source rock was modeled with 8% TOC and a HI = 550 

mg HC/g TOC, using the kinetic model based on late Aptian Type II/III kerogen from DSDP 

site 361 measured by Hartwig et al. (2012b).  

 

4.3.4.3. Upper Aptian - lower Albian marine/deltaic source rock 

The upper Aptian/Albian organic-rich black shales have been sampled or identified using 

gamma-ray logs throughout the distal part of the Orange Basin. Their cumulative thickness 

generally varies between 40 and 90 m, but can reach up to 150 m (van der Spuy, 2003). They 

contain predominately gas-prone Type III kerogen with a present-day TOC of 2-3% and HI < 

200 mg HC/g TOC (Adekola et al. 2012). At DSDP site 361, the upper Aptian and lower Albian 

succession consists of 350 m of alternating siltstones and organic-rich black shales. The black 

shales have an estimated cumulative thickness of up to 200 m. Hartwig et al. (2012b) report 

that the majority of the black shale intervals contain gas-prone Type III kerogen with up to 

5% TOC and HI < 150 mg HC/g TOC. From the recovered cores in that site, only 40% of the 

black shales contain oil-prone Type II or Type II/III kerogen with up to 8% TOC and an HI 

ranging from 300 to 550 mg HC/ g TOC. The upper Aptian- lower Albian source rock interval 

was subdivided into three sublayers with a maximal cumulative thickness of 150 m. The 

kinetic model of an Aptian Type III kerogen from DSDP 361 with 8% TOC and an HI of 150 mg 

HC/g TOC was assigned to the basal sublayer, which is overlain by a siltstone sublayer (Figure 

4-5c and d). The uppermost third source rock sublayer was assigned a mixed Type II/III 
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kerogen kinetic model from DSDP 361 with 8% TOC and a HI of 550 mg HC/ g TOC in order to 

account for the presence of higher-quality marine organic matter in some black -shale 

horizons (Hartwig et al., 2012b). 

 

4.3.4.4. Cenomanian/Turonian (C/T) marine condensed section 

Several exploration wells encountered terrestrial organic-matter enriched claystones in the 

Cenomanian/Turonian marine condensed section with TOC contents generally below 2%. At 

DSDP site 361 the Turonian section contains a very poor Type III/IV kerogen as well (Hartwig 

et al., 2012b). However, in the A-F well in the northern Orange Basin the overall source rock 

quality seems to improve as it contains up to 5% TOC with HIs between 100 and 470 mg 

HC/g TOC, indicating oil-prone Type II kerogen (Adekola et al., 2012). Aldrich et al. (2003) 

and van der Spuy (2005) propose that a similar organic-matter quality may be expected in 

the distal Orange Basin (Figure 4-5e). Based on these observations, two different facies were 

assigned to this source rock: (1) a Type III/IV kerogen with 3% TOC and HI of 100 mg HC/g 

TOC using the kinetics of a Tertiary Coal from di Primio and Horsfield (2006) for the proximal 

and southern Orange Basin shelf and (2) a Type II kerogen kinetic model from the Turonian 

of DSDP site 530A of Hartwig et al. (2012a) with 5% TOC and HI of 200 mg HC/g TOC for the 

northern shelf and slope. 
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Figure 4-5: Facies maps of the source rock intervals: a) 

Synrift II layer; b) Barremian Aptian layer; c) 

Aptian/Albian Type III source rock layer; d) 

Aptian/Albian and Albian Type II source rock layer; e) 

Turonian/Cenomanian source rock layer. 
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4.3.5. Boundary conditions 

For thermal modeling the upper and lower boundary conditions are defined by the 

sediment-water interface temperatures (SWIT) and the basal heatflow (Hantschel and 

Kauerauf, 2009). The thermal calibration of the model was conducted in several steps. First, 

a basic paleo heat flow trend based on the thermal model of Hirsch et al. (2010) was 

assigned (Figure 4-6). This model was in part tested and validated with the 3D basin model 

of Kuhlmann et al. (2011) for the southern Orange Basin. Erosion magnitudes and maps 

were constructed (Figure 4-7) based on the seismic interpretation as discussed below. The 

thermal model was then calibrated against vitrinite reflectance (VR) and corrected borehole 

temperature data from 28 exploration wells in the study area. In a second and third step, 

lateral variations in erosion and basal heat flow were included to account for local 

differences in the VR trends. The local variations were in turn correlated with geologic 

events reported in the literature. 

 

 
Figure 4-6: Heat flow trend (black line) used in this study based on Hirsch et al. (2010) with a variable early Cenozoic heat 

flow "spike" (orange dashed line) for the southern study area due to volcanic activity. 
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Figure 4-7: Cumulative erosion of a) Late Cretaceous, b) Paleocene, and c) Mio-Pliocene layers. Note the Pliocene-aged 

slumping event in 4c. The total study area is outlined in grey dashed lines. 

 

4.3.5.1. Sediment-water interface temperature (SWIT) and paleobathymetry  

The SWIT was assigned with an automatic tool from the modeling software based on an 

average surface temperature history by Wygrala (1989). In combination with present-day 

latitude as input, this tool calculates the SWIT based on the paleo-water depth and the 

paleo-latitude (Hantschel and Kauerauf, 2009), thus providing a temperature constraint for 

the model top. 

Paleobathymetry maps were reconstructed for each time step from the shelf-break 

geometry observed in the seismic dataset and the regional sea-level trend reported in the 

literature (Dingle et al., 1983; McMillan, 2003; Wigley and Compton, 2006). Depositional 

environments of the southern Orange Basin were taken from Kuhlmann et al. (2011) and 

Paton et al. (2007) and extrapolated to the north of the basin. 

 

4.3.5.2. Heat flow 

The best calibration with present-day surface heat flow values (Goutorbe et al., 2008) and 

borehole temperatures was achieved when assigning an average present-day basal heat flow 

of 52 mW/m2. Hirsch et al. (2010) provide a heat flow scenario that takes into account two 

departures from the uniform stretching model of McKenzie (1978). One departure is due to 

the emplacement of a high-velocity body during the synrift phase ("underplating"), which 

gives maximum heat flow values of 96 mW/m2 during the rift phase, and is up to 50 mW/m2 

higher than the background value from the uniform stretching model (Hirsch et al., 2010). A 

second departure represents two phases of crustal thinning that induced the late 

Cretaceous/Paleocene and Miocene uplift and erosion events. The heat flow during these 

times was increased slightly by up to 8 mW/m2 (Figure 4-6). The highest heat flow values 

were found to correlate with the areas of maximum erosion (Hirsch et al., 2010). The paleo 
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heat flow maps were then constructed based on a uniform stretching heat flow trend with 

the above-mentioned deviations (Figure 4-8).  

 

 

 
 

a 

 

 
 

b 

 

 
 

c 

 

 
d 

Figure 4-8: Basal heatflow maps for the (a) post-rift Cretaceous uplift, (b) Cenozoic volcanism, (c) Cenozoic uplift events, and 
(d) present-day. 

 

4.3.6. Erosion 

Our seismic interpretation is in agreement with previous studies of the Orange Basin 

(Brown  L. F. et al., 1995; Kuhlmann et al., 2010; Séranne and Anka, 2005), which show two 

major phases of erosion and/or sediment bypass, most likely related to lithospheric 

stretching (Hirsch et al., 2010). One of these episodes lasted from the Santonian to 

Paleocene and the second from the late Oligocene/early Miocene to Pliocene. The late 

Cretaceous and Miocene erosion phases had a significant impact on the thermal history of 
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the Orange Basin and therefore need to be included to explain the present-day observed 

sediment maturity (Hirsch et al., 2010; Kuhlmann et al., 2011). For this study, these two 

main phases have been sub-divided into several minor events according to their seismic 

record and are included in the modeling process.  

Gallagher and Brown (1999) and Raab et al. (2005) showed that the first phase of rapid 

denudation onshore South Africa began at about 83 Ma (latest Santonian) and lasted until 

60 Ma (early Paleocene). The onset coincides with an observed episode of slope collapse and 

shelf erosion (unconformity 17At1) followed by progradation of lower Campanian 

sediments. These events were modeled as the simultaneous erosion of the Santonian-

Coniacian and lower Campanian layers on the inner-to-middle shelf and concomitant 

deposition along the slope from 80 to 75 Ma. Eroded thickness ranges from 0 m on the outer 

and central shelf to 650 m on the inner shelf along the coast. During the late Maastrichtian 

to Paleocene (67 – 60 Ma) onshore denudation continued and was accompanied by a 

regional sea-level fall (Dingle et al., 1983) creating the prominent unconformity 22At1. 

Eroded thicknesses range from 0 m along the shelf break to 350 m for the greater part of the 

shelf. Our estimated maximal cumulative erosion of 1000 m during the late Cretaceous 

(Figure 4-7a) is in very good agreement with erosion magnitudes proposed by Paton et al. 

(2008) and Kuhlmann et al. (2011). Onshore erosion was significantly higher, Gallagher and 

Brown (1999) suggests up to 2 km for the Namibian and South African margin, which 

provided the sediment volumes that constitute the upper Cretaceous progradational 

sequences (Guillocheau et al., 2012; Rouby et al., 2009; Tinker et al., 2008a).  

 

The reconstructions of Neogene erosional events is less constrained due to the thin Cenozoic 

sedimentary cover on the shelf (< 250 m), but Cenozoic denudation is assumed to be less 

significant than the Cretaceous one (Kounov et al., 2009). In order to better constrain our 

seismic data-derived estimations of eroded thickness, we used present-day heights, above 

the sea level, of onshore Cenozoic outcrops. Onshore Paleocene/early Eocene outcrops near 

Buntfeldschuh are up to 160m above sea level and Miocene outcrops occur up to 90 m 

above present-day sea level as marine terraces along the Namaqualand coast (Dingle et al., 

1983; Partridge and Maud, 2000; Roberts et al., 2006). Based on this method, we 

reconstructed a Miocene (23 - 14 Ma) erosion event of up to 80 m of Paleogene sediments 

and a Pliocene (5 - 2 Ma) erosion event that removed up to 100 m of pre-Pliocene sediments 

on the middle and inner shelf. The eroded thickness of the Miocene and Pliocene events 

(Figure 4-7c) should be considered as minimum estimates as Corbett (1996, their Fig. 11) and 

Wigley and Compton (2006, their Fig. 1) suggest a minimum original thickness of 

approximately 200 and 160 m for Oligocene and Miocene sediments, respectively, in the 

outer shelf of the northern Orange Basin, which are missing on the inner shelf due to 

erosion. Additionally, cumulative Neogene erosion may have been as high as 540 m on the 

inner shelf (Hirsch et al., 2010). Finally, a depositional hiatus was assigned during the 

Quaternary (2 - 0 Ma, Figure 4-2) to reflect the very low sediment input. 
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4.3.7. Thermal calibration 

The above described heat flow and erosion scenarios give a good thermal calibration to 

present-day borehole temperatures and surface heat flow measurements of the entire 

Orange Basin, as well as a very good calibration of VR trends for the northern and central 

basin. The VR curves for southern wells still indicate a higher maturity than those predicted 

by the model. Hirsch et al. (2010) made a similar observation, and suggest higher amounts of 

erosion than can be reconstructed from seismic data alone.  

Such an erosion event may have occurred during the Paleocene. McMillan (2003) mentions a 

Paleocene phase of uplift for the Agulhas Arch, to the south of the study area. This may have 

been related to igneous activity, which has not been reported for the northern study area. 

There is ample evidence for on- and offshore igneous intrusions along the South African 

margin during that time period. Offshore examples are the Agulhas Arch and the A-C well 

areas in south of the Orange Basin and the Chameis Bay pipes offshore Namibia (Gerrard 

and Smith, 1982; Moore et al., 2008). Further, Gallagher and Brown (1999) mention a 

minimum denudation of 100 m near onshore alkaline pipes. Dobson et al. (2011) made a 

similar observation; they report a phase of Eocene onshore denudation in southern Namibia 

that may tentatively be associated to the emplacement of igneous intrusions, such as the 

Chameis Bay alkaline pipes. Based on these reports we assumed that additional erosion 

occurred in areas of early Cenozoic igneous activity. This allows reconstructing a Paleocene 

erosion event that provides a better thermal calibration for the southern basin. On average, 

an additional 350 m of erosion are required to calibrate the VR trends (Figure 4-7b). As a 

result, maximum Cenozoic erosion amounts to 540 m for the south, which is in good 

agreement with the values proposed by Hirsch et al. (2010) and Kuhlmann et al. (2011).  

This calibration with erosion events left two areas with VR trends higher than predicted by 

the model, namely the A-L and A-A well area and the A-C well area. In those cases, the 

difference in modeled versus observed maturity could not be explained by erosion alone. 

Gerrard & Smith (1982) and Dingle et al. (1983) have mentioned that igneous intrusions 

occurred in these two areas. A similar situation has been described for the Bredasdorp Basin 

to the south, where organic geochemical data and burial history models were used to show 

that local maturity anomalies result from an early Cenozoic hot-spot transit and 

hydrothermal charge due to large slumps (Davies, 1997). Local heat flow "spikes" of up to 70 

and 90 mW/m2 were assigned for the A-L/A-A and A-C igneous activity areas respectively, 

during the late Paleocene (58 Ma). This assumption gives the best thermal model calibration 

to the VR trends (Figure 4-9). Maturity studies of the Delaware Basin in west Texas, USA, 

have also demonstrated that igneous intrusions can cause a three-fold increase in heatflow 

resulting anomalously high source rock maturity on a very local scale (Barker and Pawlewicz, 

1987).  

The wells located along the slope of the Orange Basin show a "bump" in their VR trends for 

the late Santonian to early Maastrichtian when compared to underlying sediments. The 

values are consistently between 0.5 and 0.65% RO. This is likely due to the reworking of 

Turonian-Coniacian aged organic matter eroded from the shelf and onshore coastal margin. 
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Figure 4-9: Calibration of thermal model against vitrinite reflectance and temperature data at different well locations in 

the northern and southern sectors of the basin. 

 

4.3.8. Migration modeling 

Hydrocarbon migration was modeled using the Hybrid Method (Darcy flow and Flowpath - 

PetroMod 2011.1.1). Based on a pre-defined permeability threshold, usually 10-2mD at 30% 

porosity, the model's cells are treated as either a carrier (and reservoir, i.e. sandstone) or a 

low permeability facies (i.e. silt and shale) (Hantschel and Kauerauf, 2009). Darcy flow is 

calculated in low permeability layers where three-phase flow (water, oil, gas) is modeled at 

very small time intervals taking capillary pressure, buoyancy, and friction into account to 

provide a very accurate migration model. The Flowpath method (ray tracing) is used for flow 

in carrier rocks and assumes instant petroleum migration, which is mainly buoyancy 

controlled (Hantschel and Kauerauf, 2009). The Flowpath calculations define drainage areas 
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for every accumulation and quantify petroleum losses through the seal, along faults, and 

across spill points within the carrier system. 

On the other hand, The Invasion-Percolation (IP) method provides an alternative to the 

Darcy-based Hybrid method, because it significantly reduces calculation times for large basin 

models and therefore allows using a higher grid resolution. The IP approach is buoyancy 

driven and assumes instant flow during each time step until a capillary balance is reached 

(Hantschel and Kauerauf, 2009). In this approach, the generation and expulsion of petroleum 

from the source rock control the timing of migration. Migration pathways are calculated 

through a connectivity analysis of each cell in the model, based on absolute permeability 

and capillary entry pressure (Kroeger et al., 2009). The main advantage of IP over the Hybrid 

Method, however, is the use of one migration calculation method for the entire model, 

especially across cells with large permeability differences, which are found at the reservoir-

seal boundaries of incised channels in low-permeability rocks. The biggest drawback of IP in 

comparison to the Hybrid Method is the rough estimate for the timing of migration and that 

modeled migration pathways are not reproducible in detail. 

Both, the Hybrid and IP method use a simplified percolation calculation to simulate flow 

along faults and seal bypass at the top of an accumulation (Hantschel and Kauerauf, 2009). 

Petroleum migration was simulated several times taking into account the results of previous 

models to achieve an optimization of temperature and pressure calculations. 

 

 

4.4. Results & Discussion 

The studies of Paton et al. (2007) and Kuhlmann et al. (2011), in the southern Orange Basin, 

discussed the timing of generation for the Barremian to Aptian and Turonian source rocks in 

detail (the latter only in Kuhlmann et al., 2011). Additionally, both studies postulate a 

potential for present-day generation in the area of Cenozoic progradation in the deepwater 

Orange Basin. Since our 3D model supports their results concerning the timing of generation, 

we will focus our results and discussion on the potential present-day and recent kitchen 

areas, as well as the petroleum migration dynamics in the study area. 

 

4.4.1. Timing of generation and present-day maturity 

4.4.1.1. Synrift source rock 

The present-day oil window (0.6 - 1.3%VRO) for the synrift source rock ranges from 2000 to 

4000 m depth along the eastern basin margin (Figure 4-10a). Since the existence of a synrift 

source rock, except within the A-J half-graben, is not yet proven, the following results on the 

basin-wide timing of petroleum generation are purely theoretical. Generally, the onset of 

primary generation occurred by late Aptian times. The timing of peak oil generation (~50% 

transformation ration (TR)), on the other hand, is very variable depending on the rift-graben 

location relative to the early Cretaceous depocenter. In the most distal rift-grabens 50% and 

100% TR are reached during the late Albian and Cenomanian, respectively. In contrast, in the 
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proximal rift-grabens where the source rock is currently within the oil window, 50% TR starts 

to be reached during the Paleocene (Figure 4-10c), getting progressively younger with 

decreasing depth towards the coast. In the deepest part of the A-J half-graben, for example, 

peak primary petroleum generation was reached during the Miocene (Figure 4-10d). 
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Figure 4-10: Modeled present-day thermal maturity shown as vitrinite reflectance and (f–j) present-day 
transformation ratio (TR) maps of the defined source rocks. Synrift source rock characteristics (a, f) are shown 
only for potential synrift structures. The Aptian-Albian Type III kerogen source rock (c, h) has significantly lower 
TR than the lower Cretaceous Type II kerogens and thus a remaining primary hydrocarbon generation potential in 
the Cretaceous depocenter 
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Figure 4-11: 1D time extractions showing the evolution of vitrinite reflectance, transformation ratio for all potential 

source rocks at different locations and layer temperature and heat flow for selected source rock intervals. Present-day 

kitchen areas in the western deepwater part are controlled by Cenozoic burial and characterized by an ongoing l 

increasing TRs (a, f). In contrast, the recent kitchen areas along the eastern coastal margin with potential synrift source 

rocks (b, d) are predominately controlled by paleo-heat flow. Primary generation in the Cretaceous depocenter ended 

during the latest Cretaceous/ early Paleocene, which is represented by TRs of 100% at those times (c, e). 
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4.4.1.2. Barremian to early Albian aged source rocks 

In terms of present-day thermal maturity the Barremian to early Albian aged source rocks 

are overmature (>2.0% VRO) in the basin center and within the wet-gas/late oil window (1.0 - 

2.0 %VRO) below the shelf-break (Figure 4-10b). Maturities between 0.6 - 1.0% VRO, 

corresponding to the main phase of oil generation, are predicted for the distal deepwater 

area and in the southernmost Orange Basin. The onset of petroleum generation (10% TR at 

0.6% VRO) in the Cretaceous depocenter occurred during the late Albian to Cenomanian 

(Figure 4-11c). The main phase of oil generation (>50% TR at 0.8% VRO) from oil- and wet-gas 

prone marine Type II and mixed Type II/III kerogens started in the basin`s depocenter during 

the late Cenomanian (95Ma) and propagated westwards with the prograding Turonian-

Santonian sequences until 75 Ma. The end of primary petroleum generation (>95% TR at 

1.25% VRO) from the marine kerogen types was generally reached at the 

Maastrichtian/Paleocene transition. However, a potential for primary generation remains in 

areas where oil-window maturities exist, namely the areas of Cenozoic sediment 

progradation. There, modeled time-extractions suggest ongoing source rock maturation and 

hence petroleum generation since the late Cretaceous, though at significantly lower rates 

(Figure 4-11a, f)  

The terrestrially influenced Aptian Type III kerogen source rock shows a delay in its 

transformation trend due to a higher thermal stability of the organic matter (Hartwig et al. 

2012a). The main phase of petroleum generation (50%TR at 1.1% VRO) from this source rock 

in the basin center started in the early Campanian (Figure 4-11c) propagating westward with 

a delay of 15 - 20 Ma relative to the Type II and II/III source rocks. Thus, in the area 

corresponding to the present-day slope, peak petroleum generation (~50% TR) probably 

occurred during the Cretaceous-Paleocene transition (Figure 4-11e). Areas with present-day 

potential for primary generation are characterized by present-day TRs < 80% (Figure 4-10h). 

They are generally found at burial depths of less than 4500 m. Recent generation in the 

deepwater Orange Basin is burial-driven, while the last phase of generation in the 

Cretaceous depocenter on the shelf was heatflow-driven due to the Miocene uplift event 

(Figure 4-11b, c). The Type III kerogen source rock’s TR increased continuously by 5% from 

the Paleocene to the mid Miocene within the Cretaceous depocenter and is currently in the 

gas window. In the Cenozoic depocenters along the slope the source rock’s TR increased by 

up to 20% until present-day and is currently in the oil window (Figure 4-10g - i, Figure 4-11a, 

f). This differentiation between Type II and thermally more stable Type III kerogens source 

rock intervals was not included in the previous modeling studies of the Orange Basin. Hence, 

the areas with a potential for recent primary generation on the shelf were not considered.  

 

4.4.1.3. Cenomanian/Turonian (C/T) source rock 

At present-day the C/T source rock is thermally immature (< 0.6% VRO) in the proximal 

Orange Basin (Figure 4-10e). It is in the early-to-late oil window (0.6 - 1.3% VRO) near the 

present-day slope in centers of Cenozoic sedimentation. The onset of petroleum generation 

(10% TR) generally occurred during the Paleocene and Eocene (Figure 4-11). Significant TRs 
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above 50% are only reached in areas of the growth-faulted slope of the northern Orange 

Basin (Figure 4-10j). The recent and present-day kitchen areas for the C/T source rock are 

located in the Cenozoic depocenters, where the TR increased continuously by up to 20% 

since the Paleocene.  

 

4.4.2. Migration and Accumulation 

The primary aim of the migration modeling was to understand under which conditions the 

Ibhubesi gas field is reproduced in the 3D basin model. Secondary objectives were to 

investigate the role of channels and faults during hydrocarbon migration as well as the 

petroleum migration dynamics in the present-day kitchen areas. 

 

The majority of the Orange basin gas shows were encountered in the incised valley-fills and 

sand-rich Albian intervals (Jungslager, 1999) and in the transitional sequence directly below 

Aptian source rocks (Jungslager, 1999; Schmidt, 2004; SOEKOR internal reports). The 3D 

migration models (both Hybrid and IP) show that the highest petroleum saturations are 

consistently located in the transitional sequence and in the structural highs of the Albian and 

Cenomanian sandstones.  
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Figure 4-12: Modeled petroleum saturation, hydrocarbon accumulations, and migration vectors extracted from the 3D 

Hybrid migration basin model along a W-E transects (for location see Figure 4-1). Lateral migration occurs within Lower 

Cretaceous sand-rich sequences and channels, which are the main carrier systems. Note that the early Cretaceous source 

rocks act as seals for downward-expelled hydrocarbons, creating accumulations in the transitional sequence such as the 

Kudu field offshore Namibia. The Ibhubesi-type accumulations in Albian channel sandstones (Transect 1) were recreated by 

incorporating a shale-rich layer at mid-Albian level. Recent- and present-day generated hydrocarbons in the western 

deepwater areas migrate up-dip into roll-over structures and subtle anticlines. Vertical hydrocarbon migration occurs above 

structural closures and anticlines and at seafloor outcrops of lower Cretaceous sequences along the eastern margin, where 

“sniffer” anomalies have also been reported (see Figure 4-1). 
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The upper Barremian-lower Aptian sandstones of the transitional sequence are charged by 

downward-expelled petroleum generated from the lower Aptian source rocks, which also 

acts as a regional seal (Figure 4-12). Similar observations were also made by Schmidt (2004) 

on a 2D model of the Namibian margin across the Kudu gas field, where the main Barremian 

aeolian and coastal sandstone reservoirs are directly overlain by the early Aptian source rock 

(Jungslager, 1999; Schmidt, 2004; Wickens and McLachlan, 1990). Thus, our migration model 

supports the assumption that the transitional sequence provides a regional carrier for 

hydrocarbons, as proposed by Jungslager (1999). 

 

Upward-expelled petroleum generally migrates vertically through the Albian and 

Cenomanian sand-rich intervals until it reaches the (organic-rich) C/T condensed section and 

the thick Coniacian to Campanian aged claystones, as indicated by the migration vectors (Fig. 

9). These sequences provide an important regional seal on the shelf below which petroleum 

migrates laterally towards the coast. As soon as the sand and silt content of the upper 

Cretaceous increases, hydrocarbons migrate vertically and leak to the seafloor. Thus, the 

migration model reproduces leakage to the seafloor in areas of present-day "sniffer" 

anomalies (Figure 4-12b, compare with Figure 4-1) reported by Jungslager (1999) and 

Petroleum Agency SA (2012) and gas seeps and chimneys as described by Kuhlmann et al. 

(2010) and Boyd et al., (2011). The most widespread hydrocarbon loss occurs where the 

lower Cretaceous is truncated due to erosion, forming subcrops under Plio-Pleistocene 

sediment cover. Vertical migration up to the seafloor further occurs above subtle structural 

highs, especially along the medial hinge line in the proximal OB and above roll-over 

structures and along faults in the OB slope. There the hydrocarbon column heights are 

sufficient to overcome the capillary entry pressure of the regional seal. Such leakage 

processes may well be very similar to those that led to the formation of an extensive Eocene 

paleo-pockmark field in the northern OB slope (Hartwig et al., 2012a). 

 

The petroleum saturation of the Albian and Cenomanian intervals depict that the conceptual 

channels have higher saturations than the surrounding rocks. In conjunction with the 

migration vectors of the 2D transects (Figure 4-12) they allow to interpret the channels as 

potential carriers for up-dip migrating petroleum from the present-day kitchen areas.  

Our initial model also produced higher petroleum saturations within the Cenomanian 

channels than in the mid and top Albian channels. The Turonian channels, on the other 

hand, did not show any saturation higher than the surrounding claystones. 

However, the main mid Albian channel reservoirs of the Ibhubesi gas-condensate field 

(Jungslager, 1999) showed very low petroleum saturations (< 5%). The highest saturations, 

up to 40%, were found in the Cenomanian channels. Additionally, the model did not show 

any significant hydrocarbon accumulations in the channels. Jungslager (1999) mentions that 

the highest flow rates of the A-K1 well (initial Ibhubesi discovery well) were measured off-

structure in stratigraphically-trapped channel sandstones with high porosities up to 20%. 

Similar porosities averaging around 15% were reproduced within the channel sandstones of 
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our model. The surrounding sand-claystone lithologies of the model show average porosities 

between 5 and 8 %. The A-K1 well report and Fig. 8 of Jungslager (1999) mention claystones 

(partially organic-rich, SOEKOR unpublished) that are intercalated with the reservoir 

sandstones. Further, Fadipe et al. (2011) conducted a study on the effects of diagenesis and 

cementation processes in reservoir sandstones from the Ibhubesi field. They conclude that 

primary porosity is frequently reduced by silica cement and mechanical compaction. The 

intercalated shales and silica-cemented sandstones may thus act as a local seal, which was 

not included in the initial model definition. We improved the trapping efficiency by 

introducing a sandstone-free silty shale sublayer above the mid Albian channels with a 

maximum thickness of 40 m. Such claystone intervals occur as part of estuarine deposits in 

the early Cretaceous Orange delta. The ensuing migration model produced gas and 

condensate accumulations in the mid Albian channels and higher petroleum saturations in 

both mid and top Albian channels, than in the Cenomanian channels (Figure 4-13). This 

shows that the intercalated shales dramatically increase the trapping efficiency in the 

stratigraphically trapped Albian channel sands. The seal helps to direct migrating 

hydrocarbons into subtle structures. In absence of such a local seal, early Cretaceous-

sourced petroleum migrates vertically and is dispersed throughout the lower Cretaceous 

sediments.  

The synrift and basal transitional sediments in and above the rift grabens usually consist of 

conglomerates with intercalated volcaniclastics and continental or marine sandstones, 

respectively. With these lithologic definitions in the model, most of the petroleum expelled 

from the synrift source rock migrate up-dip towards the graben edge where it enters the 

sand-rich transitional sequence. From there it follows the previously outlined migration 

paths of Aptian/Albian-sourced petroleum. Again, the sealing capacity of synrift and early 

transitional sediments is crucial. The tested oil of the A-J graben was produced from 

sandstones that are intercalated with the source rock (Jungslager, 1999). Therefore, it is very 

likely that the lacustrine shales act both as source and seal. This situation is partially 

reproduced by the 3D model, which predicts that the synrift source rock of the A-J graben 

has present-day petroleum saturations of up to 7%. This may be interpreted as unexpelled 

petroleum. If a sealing lithology is assigned to the break-up unconformity above the A-J 

graben, low-API synrift-sourced petroleum accumulates in stratigraphic pinch-out traps at 

the graben flanks and in synrift truncation traps below the break-up unconformity.  

Both the Hybrid and the IP model predict petroleum accumulations in the Albian channels, in 

the transitional sequence along the rifted basement, and potentially in synrift pinch-outs. 

Additionally, the IP model also predicts accumulations in potential basin-floor fans of late 

Aptian to Cenomanian age and in late Cretaceous growth- and roll-over structures. 

Jungslager (1999) and van der Spuy (2003) have proposed these hypothetical plays before. 

The Hybrid model does not reproduce them because its accumulations are limited to the 

carrier beds, which have a higher permeability than the defined threshold value for 

Flowpath calculations (2.01 log mD at 30% porosity). Instead, they show up as areas with 

high petroleum saturations (Figure 4-14).  
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Figure 4-13: 3D view of modeled petroleum saturation within the conceptual Albian channels and deepwater sediments as 

calculated by the Hybrid method (blue tones denote high values). The vitrinite reflectance of the Aptian source rock layers 

is shown below the Albian channel layers. The recent and present-day deepwater kitchen areas charge the deepwater 

sediments as propose in Figure 4-12. 
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Figure 4-14: Hydrocarbon accumulations as predicted for the main carriers by a) the IP method and b) the Hybrid method 

(see text for details). Hybrid model accumulations generally have higher vapor contents than IP- model accumulations. The 

IP method generates liquid HC accumulations in sand-rich basinfloor fans in the western deepwater OB. These areas 

correlte to areas with higher petroleum saturations calculated by the Hybrid method (Figure 4-13) 

4.4.3. Petroleum system evolution 

The petroleum system charts of the Cretaceous and Cenozoic depocenters (Figure 4-15) 

summarize the Orange Basin’s evolution with respect to hydrocarbon generation.  

The charts provide a summary for the present-day shelf and slope, which is closely related to 

the Cretaceous and Cenozoic depocenters, respectively. 

The early Cretaceous source rocks are intercalated with Aptian to Albian aged clastic 

reservoir facies. Primary generation from marine source rocks started before a regional seal, 

consisting of upper Cretaceous clays, was consolidated. Therefore, a high risk exists for 

marine-sourced black oils not having been trapped. Seals for Albian and Cenomanian 

channels were consolidated by latest Cretaceous times, thus creating efficient stratigraphic 

traps, such as those found in the Ibhubesi field. This timing coincides with maximum burial 

and primary generation of condensate and gas from thermally more stable terrestrially 

influenced marine deltaic source rocks (Type III kerogen). The onset of secondary cracking 

reactions in marine source rocks generated additional gas during latest Cretaceous to early 

Cenozoic times. Latest Cretaceous/early Cenozoic and Miocene-Pliocene episodes of margin 

uplift, tilting, and erosion are the greatest risk for preservation of hydrocarbon 

accumulations in the proximal Cretaceous depocenter of the OB. 

Early Cretaceous basinfloor fans are the potential reservoir facies of the deepwater OB. They 

may create stratigraphic traps that are intercalated with Barremian to Aptian/Albian marine 
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and deltaic source rocks. Primary generation from marine Type II source rocks in the 

deepwater Orange Basin was burial-driven and began with the progradation of the northern 

OB shelf during the Cenomanian to Campanian. These thick claystone sequences provided a 

regional seal. Ensuing faulting and shelf collapse during latest Cretaceous margin uplift may 

have formed additional structural traps. Continuous sedimentation during the Cenozoic, 

albeit at lower rates than during the late Cretaceous, led to the onset of primary generation 

from the thermally more stable Aptian/Albian type III kerogens and the C/T marine source 

rock. Hydrocarbon generation is still going on at present-day. 

A change in the fluvial drainage pattern during the late Cretaceous to Paleogene caused a 

southward shift of the main depocenter from the vicinity of the present-day Orange River to 

the area of the Oliphants River (Dingle and Hendey, 1984). Thus influencing the onset of 

petroleum generation in the southern deepwater OB. Primary generation from lower 

Cretaceous marine source rocks started during the latest Cretaceous. The Cenozoic shelf 

progradation provided a thick claystone sequence that acts as a regional seal. Faulting and 

shelf collapse of this Cenozoic sequences generally did not affect potential early Cretaceous 

reservoir intervals. Renewed deepwater sediment input during the Neogene drives 

continuous hydrocarbon generation from Cretaceous source rocks to the present-day 
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Figure 4-15: Petroleum system elements chart for the Cretaceous depocenter and the deepwater Cenozoic wedge in the 

Orange Basin. 
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4.4.4. Ibhubesi filling history 

The filling history of the Ibhubesi field can be reconstructed from the Hybrid migration 

model under the assumption that the petroleum accumulations in the sandstone facies of 

the conceptual Albian channels are analogues to the Albian channel reservoirs of the 

Ibhubesi field. It should be kept in mind that the scale difference of the migration model 

reservoir cells (2000 x 2000 x ~250 m grid resolution, length x width x height) to the 

approximated maximum extent of an Ibhubesi reservoir (5000 x 500 x 25 m) and the 

uncertainties on source rock thickness and extent only allow a qualitative interpretation.  

The timing, relative amounts of accumulated and lost hydrocarbons, and individual source 

rock contributions are discussed first for the "open scenario" and then for the "initial model" 

for accumulations in the vicinity of Ibhubesi wells (Figure 4-16). The present-day petroleum 

in the reservoirs is predicted to occur as a vapor phase, sometimes with a small liquid leg, 

with an average API of 62° at surface conditions. The condensate from Ibhubesi well drill-

stem tests has an average API varying from 49 to 59° (Forest Exploration International 

internal report).  

The accumulations in the "open model" are purely stratigraphic traps in subtle anticlines. 

They formed during the early Cenomanian with the onset of hydrocarbon expulsion from 

marine Aptian and Albian source rocks. The first major episode of hydrocarbon loss occurs 

during the first phase of Santonian margin uplift and westward tilting. This is expressed by 

large amounts of liquid hydrocarbons lost due to spilling (Figure 4-17a, b). The final episode 

of late Cretaceous margin uplift drives a second episode of spilling and loss along faults. 

During this time the reservoirs received continuous recharge with liquid petroleum until the 

Paleocene, when primary generation from the marine source rocks ends. The late 

Cretaceous/Cenozoic transition also marks the onset of secondary cracking in Aptian-Albian 

marine source rocks and simultaneous primary generation of gas and condensate from the 

Aptian Type III source rock. During the Cenozoic, the overall liquid volume decreases until 

the present-day. The migration of gaseous hydrocarbons into the closures, on the other 

hand, increases and continues until the Pliocene, the main contributors being the Aptian 

Type III kerogen source rock and secondary cracking processes. The overall volume of the 

accumulations, however, stays more or less constant because the traps of our model are 

filled to spill since the early Cenozoic. Excess petroleum is spilled and migrates up-dip into 

other accumulations or is eventually lost along faults or as top or side outflow. The vapor 

amounts lost through the seal are minor, when compared to the other two mechanisms. The 

youngest episode of spilling coincides with the Miocene-Pliocene phase of erosion. Since the 

Pliocene, the shelf received very low sediment supply and therefore petroleum generation 

due to burial ended in the Ibhubesi area. Thus, spilling of hydrocarbons drastically decreases 

and leakage along faults becomes the main hydrocarbon loss risk, which is supported by the 

seismic chimneys and seafloor pockmarks interpreted on seismic surveys of the OB slope 

(Boyd et al., 2012; Hartwig et al., 2012a; Kuhlmann et al., 2010).  
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Figure 4-16: Predicted hydrocarbon accumulations in the Ibhubesi area from the (a) “open model” with open faults and (b) 

the “initial model” with variable fault properties. The blue outline marks drainage areas used for calculating hydrocarbon 

losses through time (Figure 4-17.) See text for details. 

 

The filling history trend for the Ibhubesi area of the "initial model" is very similar to the 

"open scenario". Nonetheless, the overall volume of hydrocarbons that flow through the 

drainage area in the "initial model" is larger by a factor of 1.5 and the relative amounts of 

accumulated petroleum are also larger due to the structural trapping at faults. The main 

difference between the two models lies in the dominant mechanism of hydrocarbon loss. 

Whereas spilling and leakage along faults are the dominant mechanisms in the "open 

scenario", losses through the seal dominate the "initial model", especially during phases of 

burial (Figure 4-17c, d). Closed faults create barriers for spilled hydrocarbons that migrate 

up-dip. As a result, the fluid pressure in fault-bounded accumulations exceeds the capillary 

entry pressure of the seal and hydrocarbons leave the carrier. The effects of margin uplift 

are well demonstrated in the sudden increase of reservoir spilling in the "initial model" as 

trap closure decreases through tilting.   
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Figure 4-17: Liquid and vapor hydrocarbon losses for the Ibhubesi area as calculated from the open fault scenario (“open 

model”) (a, b) and the initial scenario with open faults during tectonically active periods and closed faults for tectonically 

quiet periods (“initial model”) (c, d). In both models, the highest losses occur during phases of margin uplift. The Ibhubesi 

reservoirs are filled to spill since the early Cenozoic. If faults are closed (c, d), leakage occurs mainly through the seal. 

 

4.4.4.1. The role of faults during migration 

In the case of the Ibhubesi field it has been proposed that gas migrated from the source rock 

along faults into the reservoirs (Ben-Avraham et al., 2002). Seismic interpretation studies 

from the Orange Basin have also shown that indicators for past and present-day fluid and 

hydrocarbon leakage, such as mud volcanoes and pockmarks, are usually associated with 

deep-seated faults (e.g.: Ben-Avraham et al., 2002; Boyd et al., 2012; Hartwig et al., 2012a; 

Kuhlmann et al., 2010; Viola et al., 2005). In terms of the simple fault-property model used in 

this study, this implies that faults have to be defined as being open during times of leakage 

or reservoir charge, i.e. acting as fluid conduits. In the Hybrid and IP migration methods, flow 

along an open fault only occurs if the pressure exerted by the petroleum in the adjoining 

cells is higher than the capillary entry pressure of the fault (Hantschel and Kauerauf, 2009). 

 

A filling of sandstone reservoirs along the faults, as is proposed for the Ibhubesi field, could 

not be reconstructed with the "open scenario". Instead, the faults that cut across channels 

near the Ibhubesi field help to drain potential accumulations. In contrast to the "open 

scenario", the impermeable faults in the "initial model" and the "closed scenario" create 
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significantly more structural traps for up-dip migrating petroleum in the Albian and 

Cenomanian channels, which are eventually filled and leak through the seal. The simple fault 

definition of this model, however, is not sufficient to test a fault that acts both as seal for the 

reservoir and also as conduit for migrating petroleum from deeper source rocks. A more 

refined model using shale-gauge-ratios or fault-capillary pressure variability might be able to 

address more accurately the role of faults during reservoir filling.  

The studies of Berge et al. (2002, Fig. 2 and 6 therein) and Jungslager (1999, Fig. 7 therein) 

show that seismic amplitude anomalies related to gas-charged sands of the Ibhubesi field 

exist on both sides of a major fault, though not directly at the fault’s plane. Thus supporting 

the observation from seismic studies of the Orange Basin (e.g.: Ben-Avraham et al., 2002; 

Hartwig et al., 2012a) that clearly show the association of faults to hydrocarbon leakage 

indicators, such as pockmarks above the Ibhubesi area. Cartwright et al. (2007) described 

this type of seal-bypass system, although the actual process that leads to a focused flow at 

the fault remains controversial (Bjørlykke et al., 2005; Cartwright et al., 2007; Hantschel and 

Kauerauf, 2009). According to Clayton and Hay (1994) and Bjørlykke et al. (2005) the fault 

planes located below 1000 m depth or in subsiding basins are generally closed for fluid flow, 

either due to cementation along the shear zone or because of vertical stress much higher 

than the horizontal due to the high overburden pressure. However, faults may be open for 

fluid flow below 1000 m depth in compressional settings or if hydraulic overpressure keeps a 

fault open. Clayton and Hay (1994) propose that leakage at faults occurs due to capillary or 

fracture failure in the seal at the top of a fault-bound accumulation, rather than through the 

fault's shear zone. In this manner, hydrocarbons may leak vertically from one accumulation 

to the next structural trap along the fault until reaching the fault's end. At shallow depth, 

generally less than 1000 m, fault planes may act as fluid conduits again (Clayton and Hay, 

1994), which would explain the reported association of seafloor pockmarks with faults. This 

is the dominant seal-bypass mechanism in the "initial model". Furthermore, our models 

show that regardless of the three fault scenarios, the greatest hydrocarbon losses from 

reservoirs occurred during times of margin uplift, namely the late Cretaceous/Paleocene and 

the Miocene-Pliocene. These modeling results correlate well to the observed time intervals 

for past hydrocarbon leakage identified on seismic data, such as early Eocene paleo-

pockmarks and Miocene mud volcanoes in the northern OB (Ben-Avraham et al., 2002; Viola 

et al., 2005; Hartwig et al., 2012b), and Pliocene to recent pockmarks above the Ibhubesi 

field (Jungslager, 1999; Hartwig et al., 2012b).  

 

 

4.5. Conclusions 

An integrated basin-wide 3D model of the Orange Basin, offshore southwestern Africa, was 

constructed based on a large 2D exploration seismic dataset and calibrated to well data. Our 

calibration of the thermal model suggests a maximum heatflow of 96 mW/m2 during rifting 

and an exponential decrease to an average value of 52 mW/m2 for the present day, with two 

periods of increased heatflow by up to 8 mW/m2 in areas where the continental crust was 
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affected by renewed lithospheric stretching during late Cretaceous/Paleocene and Mio-

Pliocene. The cumulative maximum erosion during the two phases of lithospheric stretching 

and ensuing margin uplift are 1000 m and 540 m, respectively. Regions where vitrinite 

reflection trends indicate higher paleo-temperatures correspond to locations of reported 

early Cenozoic igneous activity. 

 

In the A-J graben, primary generation from the Hauterivian-aged synrift Type I source rock 

began in the Cretaceous and the present-day TR of 50% was reached during the Miocene. 

Application of the kinetic model of Hartwig et al. (2012b) demonstrates that the onset of 

primary generation from Aptian Type III-kerogen source rocks occurs with a delay of 20 Ma 

in comparison to early Cretaceous marine Type II and II/III kerogens source rocks. The main 

phase of primary generation from Barremian to Albian aged Type II and II/III and the Aptian 

Type III source rocks in the basin center occurred during the mid Cretaceous and the late 

Cretaceous/Paleocene, respectively. A second heatflow-controlled phase of petroleum 

generation from these source rocks lasted from the latest Cretaceous/Paleocene until the 

end of the Mio-Pliocene uplift.  

Regions with a present-day potential for primary generation from the Type III-kerogen 

source rock are found at burial depths of less than 4500 m, characterized by TRs of less than 

80%. 

The present-day kitchen areas are located in the Cenozoic depocenters along the slope (Fig. 

12, Deepwater / Cenozoic Wedge). In the northern areas of the basin, the lower Cretaceous 

Type II and II/III source rocks are currently within the gas window, Aptian Type III kerogen 

and Cenomanian/Turonian Type II/III kerogen source rocks are within the oil window. In the 

southern basin, both the lower Cretaceous and a potential C/T source rocks are currently in 

the oil window.  

 

The migration model confirms that the main carriers of the Orange Basin are Barremian to 

early Aptian sandstones of the transitional sequence and Albian to Cenomanian fluvial 

sandstones of the early drift sequence. Petroleum accumulations are dominated by gas and 

condensate. Secondary cracking reactions in early Cretaceous marine source rocks and 

primary gas/condensates from Aptian Type III source rocks were the main contributors to 

present-day accumulations along the eastern basin margin. 

The greatest risk for reproducing the Ibhubesi accumulations is the seal. Albian fluvial 

channels were only filled when their trapping efficiency was improved by introducing an 

Albian claystone seal into the model. In the absence of this Albian seal, smaller 

accumulations were exclusively formed in Cenomanian channels below the C/T source rock. 

Drainage area analysis of petroleum accumulations in the Ibhubesi area was conducted on 

two migration models with different fault properties. These models indicate that 

stratigraphic traps may have been filled to spill since the early Cenozoic and that 

hydrocarbon losses due to spilling ("open scenario") and leakage through the seal ("initial 

model" and "closed scenario") are highest during times of margin uplift and erosion.  
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5. Complementary results and interpretations on the hydrocarbon 

migration dynamics and the early South Atlantic margin evolution 

In the course of this study a vast amount of additional data were made available by Forest 

Exploration International Pty. Ltd. SA, the Petroleum Agency SA, and PetroSA in the form of 

reprocessed 2D deep-seismic reflection profiles optimized for imaging basement structures, 

as well as biomarker and isotope measurements conducted on hydrocarbons recovered 

from drill stem test and sidewall core extracts. The interpretations are presented in the 

following sub-chapters.  

Additionally, interpretations and findings on the seaward dipping reflector (SDR) 

morphology in the Orange Basin were done in collaboration with Hannes Koopmann from 

the Federal Institute for Geosciences and Natural Resources (Bundesanstalt für 

Geowissenschaften und Rohstoffe, BGR) who studies the continental margin evolution 

offshore South Africa for his PhD thesis. The results from this collaboration are published in 

Koopmann et al. (2014). 

Additional data is also available from mass balance calculations of the flow simulations 

conducted with the PetroMod 2011 software. These are interpreted and discussed within 

the framework of the MOM project, previously described in Chapter 3, in an attempt to put 

transient hydrocarbon leakage from sedimentary basins into a global climate perspective on 

a geologic time scale.  

 

5.1. Interpretation of light hydrocarbons and d13C stable isotope data from 

extracted rock samples and reservoir fluids from the Orange Basin 

Forest Oil Exploration conducted organic geochemical analysis on some of their wells. The 

data come from whole oil condensate samples collected from Ibhubesi well drill-stem tests 

(DST) of different reservoir compartments, extracted OM samples of cuttings and core from 

the proximal A-F1 shelf well and the distal shelf-break wells K-B1 and K-E1, and published 

data of the Kudu wells reported in Schmidt et al. (2004). 

The C27/C28/C29 iso-steranes were measured for the K-B1 and K-E1 wells located at the 

Cretaceous shelf-break. The ternary plot can give insights into the depositional facies (Hunt, 

1996; Peters et al., 2005). It indicates shallow marine to open marine conditions with mixed 

planktonic and land plant precursors for the K-B1 and K-E1 wells (Figure 5-1). The 

biomarkers of shale extracts from the Kudu wells and Aptian Bredasdorp basin source rocks 

that were examined by Davies and Van der Spuy (1993) plot into the same region. This 

indicates that the hydrocarbons found in the K-B1 and K-E1 wells were sourced from the 

Aptian marine type II/III source rock. 

 



5.1 Interpretation of light hydrocarbons and d13C stable isotope data from extracted rock samples 
and reservoir fluids from the Orange Basin 

 127 

 
 

Figure 5-1: Iso-sterane diagram for K-B1 and K-E1 well samples. 
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a 

 

b 

 
Figure 5-2: Maturity from d

13
C isotope measurements of Kudu, Ibhubesi reservoir fluids, and A-F1 well extract; a) d

13
C 

methane vs. d
13

C ethane; b) d
13

C ethane vs. d
13

C propane. 
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The d13C stable carbon isotope values of methane, ethane, and propane can be used to 

characterize hydrocarbon gases (Hunt, 1996; Laughrey and Baldassare, 1998; Schoell, 1983). 

The values may, however, be influenced by evaporative fractionation during migration or in 

the reservoir, the residence time in the reservoir, and multiple phases of petroleum charging 

of a reservoir, leading to an underestimation of maturity or mixing of gases from different 

sources (Laughrey and Baldassare, 1998; Schoell, 1983). 

The plots of methane against ethane and ethane against propane for the Ibhubesi and Kudu 

condensates indicate condensate to dry gas maturity of the source rock at the time of 

petroleum generation. The equivalent range of vitrinite reflectance would be 1.2 – 1.8 % VRO 

(Figure 5-2). The A-F1 well sample indicates a source that was in the late oil window, approx. 

1.0% RO, at the time of generation.  

Plotting d13C methane values against gas wetness (C1/ΣC1-4, Laughrey and Baldassre, 1998) 

indicates that the samples from the Ibhubesi field are condensate- and possibly oil-

associated (Figure 5-3). Laughrey and Baldassre (1998) mention that these types of gases 

may have formed during oil-generation or were associated with oils in reservoir but have 

since migrated to a new reservoir and retained their original isotope signature. Plotting the 

iso-butane/butane ratio versus gas wetness implies that the condensate may be derived 

from a mixed Type II/III kerogen. The Kudu condensate on the other hand may be 

characterized as thermal gas condensate (Figure 5-4). According to Laughrey and Baldassre 

(1998), this plot region describes condensate and gas generated or formed by secondary 

cracking at high maturities. The fate of the oil cannot be answered using these graphs. The 

results of Hartwig et al. (submitted; Chapter 4) suggest that any generated oil in the Ibhubesi 

area has undergone secondary cracking. This is supported by previous studies (e.g. Davies 

and van der Spuy, 1990; Schmidt, 2004). Thus, the condensate and dry gas from Kudu and 

Ibhubesi reservoir compartments are most likely a mixed product of secondary oil cracking 

and primary products of petroleum generation from a mixed gas-prone, predominately 

terrestrial source rock. Davies and van der Spuy (1990) note an absence of any bitumen in 

Kudu reservoirs side-wall cores. In the light of the modeling results (Chapter 4), this is 

interpreted as an indication for secondary cracking of unexpelled oil in the source rock 

rather than the reservoir. 
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Figure 5-3: Gas-type from d

13
C methane and gas wetness according to Laughrey and Baldassre (1998). 

 

 
Figure 5-4: Gas type derived from iso-butane/butane ratio vs. gas wetness according to Laughrey and Baldassre (1998). 
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The Thompson plot is based on an empirical relationship of heptane and iso-heptane ratios 

that correlate to source rock type and maturity (Peters et al., 2005; Thompson, 1983). The 

Ibhubesi samples follow the aromatic (type III kerogen) trend line closely (Figure 5-5). 

Schmidt (2004) made a similar observation about the Kudu condensate and postulated that 

the condensate migrated laterally from a more proximal terrestrial-influenced source facies 

into the Kudu reservoir. The above-mentioned maturity of the Ibhubesi condensate and A-F1 

well extract, as well as their aromaticity, make the Aptian type III organic-rich shale a very 

likely source rock for these hydrocarbons. According to the modeling results of Hartwig et al. 

(submitted Chapter 4) the Aptian source rocks had the corresponding maturity and 

remaining generation potential at those locations during its late stage of petroleum 

generation in the late Cretaceous to early Cenozoic. The studies and 1D burial models by 

Davies and van der Spuy (1990 and 1992) demonstrate the presence of an oil- and wet-gas 

prone early Aptian marine source rock and an older Barremian-Aptian gas-prone source rock 

that is absent south of the Kudu area. These authors postulate that the oil- and condensate 

was generated by the marine source rock during the late Cretaceous and early Cenozoic and 

migrated up-dip or was lost to the surface during the margin tilting tectonic phase. Any 

remaining petroleum and extractable organic matter in the marine source shales and tight 

siltstone layers would have undergone secondary cracking leading to the dry gas 

accumulations (Davies and Van der Spuy, 1992; Davies and van der Spuy, 1990; Schmidt, 

2004). This scenario is supported by my 3D modeling results (Chapter 4), which predict a 

drastic change from liquid to predominately gas-filled reservoirs during the Cretaceous-

Cenozoic transition. This is due to spilling and leakage of marine-sourced liquid petroleum 

during margin tilting, followed by secondary cracking of oil and recharge with light 

hydrocarbons and gas from the mixed marine-terrestrial source.  

 

 
Figure 5-5: Thompson diagram to help determine source and relative maturity of light hydrocarbons. 
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5.2.  Additional seismic interpretation results on synrift structures in the Orange 

Basin and new insights into the South Atlantic margin evolution and 

segmentation 

 

The Petroleum Agency SA and PetroSA reprocessed several 2D seismic surveys to enhance 

the imaging of basement and rift structures, at max. depths of 5000 ms TWT in the northern 

Orange Basin. The interpretations of the basement structures not only helped to define the 

extent of the rift grabens and an economic basement for basin modeling purposes, but also 

to identify basement structures that give new insights into the rift evolution of the South 

Atlantic margin. Up to date, the evolution of the rift system that developed during the early 

break-up of Gondwana is not well constrained. The results presented below help to tie 

observations that were made on the conjugate margin of South America to the South African 

margin. New findings on the SDR morphology along the Orange Basin went into the 

interpretations presented by Koopmann et al. (2012) and published by Koopmann et al. 

(2014) that document new findings on SDR emplacement and margin segmentation along 

the South Atlantic margin. These results are outlined below.  

 

The geologic evolution of the continental margin basins along the South Atlantic can be 

subdivided into synrift, rift-to-drift transition, and drift phases that were related to the 

progressive opening of the South Atlantic (Beglinger et al., 2012; Davison, 1999; Marcano et 

al., 2013; Torsvik et al., 2009). 

The break-up of Gondwana was accompanied by Triassic to Jurassic intra-continental rifting, 

forming north-south trending grabens and half-grabens along the present-day southwest 

African margin (Coward et al., 1999; Gerrard and Smith, 1982; Karner and Driscoll, 1999). 

The conjugate Argentine margin, on the other hand, hosts east-west and northwest-

southeast trending rift structures (Autin et al., 2013; Loegering et al., 2013; Marcano et al., 

2013). This hints at a complex South Atlantic pre-rift evolution that involved NW-SE 

extension (Franke et al., 2006; Loegering et al., 2013) and the reactivation of Paleozoic 

basement structures on both sides of the incipient South Atlantic rift (Autin et al., 2013; 

Kounov et al., 2013).  

The South Atlantic can be divided into southern and central segments that are separated by 

the Rio Grande Rise – Walvis Ridge (e.g. Torsvik et al. 2009; Blaich et al., 2009; Marcano et 

al., 2013). The existence of an evaporite rift-to-drift transitional sequence characterizes the 

central segment (Hudec and Jackson, 2004; Séranne and Anka, 2005; Torsvik et al., 2009; 

Beglinger et al., 2012), of which there is not any evidence in the southern segment. The 

southern segment is characterized by the existence of a prominent SDR wedge (Bauer et al., 

2000; Franke et al., 2006; Gladczenko et al., 1997; Jackson et al., 2000) that can be 

subdivided into several sequences (Koopmann et al., 2012; Koopman et al., 2013 submitted), 

evidence for extensive volcanism along the margin during the final rift phase (Gladczenko et 

al., 1997). Onshore evidence are the large igneous province (LIP) of the Paraná-Etendeka 

flood basalts that erupted within a short time period 133-130 Ma and the accompanying 
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NW-SE and margin parallel trending dike swarms (Jackson et al., 2000; Torsvik et al., 2009). 

They can be linked to the Gough and Tristan da Cunha hotspots via their plume trails that 

formed the Rio Grande Rise – Walvis Ridge, respectively (Gladczenko et al., 1997; Jackson et 

al. 2000; Blaich et al., 2009; Torsvik et al., 2009). The presence of SDRs in the central 

segment has been inferred for the Brazilian margin, but they appear to be absent on the 

conjugate margin (Torsvik et al., 2009). 

5.2.1. New findings on the South Atlantic margin segmentation in the Orange Basin 

In an effort to define a base for the basin model an attempt was made to map the rift-onset 

unconformity. This interpretation contributed to the studies and publications of Maystrenko 

et al. (2013) and Koopmann et al. (2014) listed below: 

Maystrenko, Y.P., Scheck-Wenderoth, M., Hartwig, A., Anka, Z., Watts, A.B., Hirsch, K.K., 
Fishwick, S., 2013. Structural features of the Southwest African continental margin according 
to results of lithosphere-scale 3D gravity and thermal modelling. Tectonophysics 604, 104–

121. 

Koopmann, H., Franke, D., Schreckenberger, B., Schulz, H., Hartwig, A., Stollhofen, H., di 
Primio, R., 2013. Segmentation and volcano-tectonic characteristics along the SW African 

continental margin, South Atlantic, as derived from multichannel seismic and potential field 
data. Marine and Petroleum Geology 50, 22-39. 

 

 

The location of synrift graben and half-graben structures of the metamorphic basement 

were mapped and reported in previous studies (e.g. Gerrard and Smith 1982; Dingle et al. 

1983). They trend north-northwest and are subparallel to the present-day coastline (Broad 

et al., 2006; Gerrard and Smith, 1982; Muntingh, 1993). Gerrard and Smith (1982) named 

the rift-onset unconformity horizon “T”, which forms the basal reflector of the synrift graben 

and can be correlated E-W from the coastline to the medial hinge line (sometimes called the 

Inner High) on 2D exploration seismic data. West of the medial hinge, the rift-onset 

unconformity dips steeply and is usually not well imaged on exploration seismic. Horizon T 

forms a westward-thickening synrift wedge with the overlying break-up unconformity. 

Gerrard and Smith (1982) and Dingle et al. (1983) mention that the rift-onset unconformity 

rises up towards the Outer High, where the synrift package appears to thin and pinch-out 

westwards. Wherever horizon “T” could be identified on 2D and 3D exploration seismic, it 

was mapped for this study and used as economic basement for the basin model along the 

eastern margin. There it represents the rifted metamorphic basement of the continental 

crust.  

 

The initial opening of the South Atlantic was accompanied by extensive volcanism forming a 

transitional crust west of the medial hinge line with a thick SDR wedge to the west 

(Gladczenko et al., 1998) of the Orange Basin. The unusually wide (up to 200 km) transitional 

crust underneath the basin depocenter displays gently westward dipping seismic reflectors. 
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They are interpreted to consist of rapidly emplaced subaerial flood basalts (Bauer et al., 

2000) that pinch-out along the continental crust (Gerrard and Smith, 1982; Dingle et al., 

1983). Within the framework of this thesis’ basement interpretation, the SDR morphology 

was mapped in detail (Figure 5-6). These findings are reported in Koopmann et al. (2012) 

and Koopmann et al. (2013). They identified at least four subsequent phases of SDR wedge 

emplacement during rifting. The undulating morphology of the SDR boundaries is 

interpreted as variations in extruding magma volumes and differences in post-rift margin 

subsidence (Koopmann et al., 2014). The observations on SDR morphology and occurrence 

further helped to characterize the margin segmentation and allow new insights into the 

South Atlantic rift evolution. Based on this Koopmann et al. (2012) and Koopmann et al. 

(2013) identified four greater margin segments from the Agulhas-Falkland Fracture Zone in 

the south to the Walvis Ridge in the north. Their greater segment I is magma poor and 

stretches from the Agulhas-Falkland Fracture Zone to offshore Cape Town. In contrast, their 

greater segment II, which coincides with the north-south extent of the Orange Basin 

depocenter and hosts extensive SDR sequences, is indicative of voluminous volcanism during 

rifting. Similar observations are reported for the conjugate Argentinian margin by Franke et 

al. (2010).  
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Figure 5-6: Oblique view of the Orange Basin margin showing the SDR interpretation with its distinct concave-down 
morphology. The different wedges are signified by different colors and can be correlated along the margin. The offshore 

end marks the limit of seismic coverage. The SDR order is best visualized by the northernmost seismic interpretation along 
the South African-Namibian border. Note the undulating morphology of individual SDR boundaries, which is a result of 

differential subsidence and variations in magma volumes.  

 

A new and very distinct observation is the left lateral offset and apparent north dipping of 

the SDRs in the northern Orange Basin. This challenges the current simple SDR emplacement 

model, in which SDR flows are orthogonal to the spreading axis and subjected to 

homogeneous subsidence (Koopmann et al., 2013). The SDR offset occurs along an ancient 

fault zone that may be linked to the Gariep Fold Belt (Koopmann et al., 2013). This zone of 

weakness is also in the vicinity of the early Eocene pockmark field, the Miocene mud 
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volcanoes and a very prominent slump west of Childs Bank (Dingle, 1980), which is visible on 

bathymetry maps (Figure 3-5a) and of possible Pliocene age. 

Greater segment II correlates well with the findings of Maystrenko et al. (2013). Their 3D 

crustal model captures the extent of a high-density crustal body below the SDR wedges and 

the Cretaceous-Cenozoic depocenters from the southern Orange Basin to the Walvis Ridge. 

The presence of this high-density and high-velocity body was also proposed by previous 2D 

modeling studies (Bauer et al., 2000; Gladczenko et al., 1998; Hirsch et al., 2009). These high-

density crustal bodies are often associated to mafic magmatic material that was emplaced 

during rifting, also referred to as underplating (Maystrenko et al., 2013; Hirsch et al., 2009; 

Bauer et al., 2000). The preliminary SDR and refraction seismic interpretations of Koopmann 

et al. (2013), as well as the available modeling results of Maystrenko et al. (2013) at the time 

of the 3D basin model construction, were used to approximate the location of the continent-

ocean boundary, i.e. the occurrence of true oceanic crust. 

 

5.2.2. Synrift basement structures in the Orange Basin 

This 2D seismic interpretation of the basement revealed NW-SE trending basement 

structures on the rift-onset unconformity, west of the medial hinge line. Especially in the 

south these structures can be mapped up to 60 km west of the medial hinge line where 

subaerial flood basalts and post-rift sediment cover are comparatively thin (Figure 5-7). The 

NW-SE trending basement structures are interpreted to be closely related, or even a 

continuation of Paleozoic zones of weakness of the Cape Fold Belt.  

Tankard et al. (2009) mention Paleozoic (Ordovician) NW-trending rift structures and pull-

apart basins in the Saldanha area of the Cape Fold Belt. These are related to the Cango and 

Worcester fault zones that are inferred to have formed by dextral movement along the Pan-

African fold belt. This phenomenon can also be observed on the conjugate margin (Tankard 

et al., 2009). Thus it is inferred that Paleozoic NW-trending rift structures are present in the 

metamorphic basement of the offshore Orange Basin as well. 

The Namibian margin may be taken as an analogue for this. There, Gladczenko et al. (1998) 

reported pre-Jurassic rift basins that occur below the Cretaceous rift deposits. The authors 

suggest, that these structures are directly linked to the Damara Fold Belt and its lineaments, 

which can also be traced beneath the northern Orange Basin (Bauer et al. 2000) 

Similar structural trends are observed on the conjugate South Atlantic margin in the Salado 

and Colorado Basin, Argentina, and are interpreted to result from N-S extension along the 

Paleozoic basement fabric (Autin et al., 2013; Dingle, 1980; Loegering et al., 2013). Loegering 

et al. (2013) and Autin et al., (2013) clearly identified NW-SE trending fault zones that 

control the location of early synrift depocenters.  

Several authors (e.g. Franke et al., 2006, Tankard et al., 2009; Autin et al., 2013) have 

proposed dextral movement during the early phase of Gondwana rifting, which causes 

dextral movement during the break-up of Gondwana and a reactivation of NW trending fault 

zones in the Paleozoic basement. 
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Since the Colorado and Orange Basin are conjugate margins and were likely subjected to the 

same tectonic stresses, there must be a common origin of these structures. The 

metamorphic basement of the Orange Basin was already subjected to extensional tectonics 

during the late Jurassic synrift I phase (Broad et al., 2006; Light et al., 1993), when the 

Outeniqua Basin of southern Africa and the Malvinas and Falkland Basin of South America 

had already begun to open (Macdonald et al., 2003). In fact, this allows connecting the NW-

SE structures of the Outeniqua Basin along the Cape Fold Belt with the NW-SE basement 

structures mapped in the Orange Basin and the NW-SE trending Eastern and Central synrift 

segments of the Colorado Basin as defined by Autin et al. (2013).  

Further investigations are needed to confirm, whether these NW-SE trending structures 

played any role in the formation and location of the Inner and Outer basement highs of the 

Orange Basin. 

 

 

a 

 

 

b 

Figure 5-7: TWT on acoustic basement. The interpretation shows the location of coast parallel synrift graben in the 

metamorphic basement and a NW trending basement high in central study area, interpreted as a remnant of the early rift 

phase. Similar trending basement structures also occur along the conjugate margin. (a) Basement features that were 

identified across several 2D seismic lines. (b) Interpolated top of economic basement map. This map was gridded using all 

basement reflections, even if they were not identified on the next 2D seismic line.  
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5.3.  A new approach to the evaluation of paleo- and present-day hydrocarbon 

leakage dynamics using 3D basin models  

 

5.3.1. Hydrocarbon loss calculations  

 
The author refrains from making any quantitative analysis of hydrocarbon leakage using the 

basin modeling results, because the source rock richness and distribution is not well enough 

constrained for the Orange Basin. The modeling results are based on the bulk source rock 

and basin evolution inputs of the basin modeling study described in Chapters 2 and 4, and 

are interpreted in the framework of Chapters 3 and 4.  

Two aspects regarding the hydrocarbon migration and leakage dynamics need to be 

evaluated. First, how does the timing of the main phase of hydrocarbon generation compare 

with top-outflow rates? Secondly, when did the main phases of hydrocarbon accumulation 

in reservoirs occur versus the main phases of hydrocarbon leakage? A great part of this has 

already been addressed in Chapter 4. At this point the results from five different 

hydrocarbon flow simulations will be compared using PetroMod 2011 calculations for 

hydrocarbons accumulated in reservoir and model top-outflow. It is assumed that top-

outflow captures thermogenic hydrocarbon leakage at the sediment-surface interface at all 

scales for each modeled time-step. 

The five different flow simulations come from three models that used the Hybrid method 

(Darcy + Flowpath) simulation for an open, closed, and initial (variable timing of open and 

closed) fault scenario, and two models simulated with the Invasion Percolation method (IP) 

for the open and initial fault scenario. The initial fault model is most likely the closest 

representation of the geologic behavior of the faults in the Orange Basin. The fault property 

assumptions are based on the results of seismic interpretation and a review of the literature 

on the margin evolution and the timing of tectonic activity. The open and closed scenarios 

represent end-members in the role of faults during migration, which were discussed in 

Chapter 4. 

For the Hybrid models, the main phases of accumulation in reservoirs are (1) the early late 

Cretaceous, which corresponds to the main phase of petroleum generation in the 

Cretaceous OB depocenter, and (2) the latest Cretaceous/Paleocene, an episode of shelf 

erosion and margin tilting that resulted in burial and source rock maturation along and 

beyond the shelf edge (Figure 5-8). The second phase of hydrocarbon accumulation in 

reservoirs is not as pronounced in the IP models, resulting in a net-loss from reservoirs 

(Figure 5-8). The main phases of top-outflow in the open and closed fault Hybrid models 

occur (i) during the early Cretaceous when a regional seal was not yet in place, (ii) during the 

late Cretaceous faulting and shelf collapse, when vertical migration paths are added to the 

model, and (iii) during the latest Cretaceous/Paleocene margin tilting and erosion. In the 

closed-fault Hybrid model top-outflow occurs predominately during margin tilting. The initial 

variable-fault Hybrid model, of course, captures the top-outflow losses due to both faulting 

and margin tilting during the late Cretaceous and early Cenozoic. Defining ages for fault 
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activity, allowing them to act as fluid conduits during certain tectonic phases, introduces 

another variable to the timing of losses. 

The open and initial variable-fault IP models show a slightly different picture. Outflow at the 

top is greatest during periods of hydrocarbon generation and during fault activation in the 

early late Cretaceous and latest Cretaceous/Paleocene. This apparent synchronization of 

hydrocarbon generation and immediate loss are due to the assumption of instantaneous 

hydrocarbon migration during each time-step in IP flow modeling. The early Cretaceous top-

outflow event appears to be relatively smaller. 

In all but the initial Hybrid model, hydrocarbon accumulation and top-outflow are generally 

synchronized due to either the end-member Hybrid scenario or the IP simplification. Thus 

the timing of hydrocarbon generation and tilting of carrier beds are the main control on the 

timing of leakage in these model scenarios. 

It follows that the relative timing of hydrocarbon leakage can only be investigated with the 

initial variable-fault Hybrid model, as described in Chapter 4. The two main phases of 

reservoir charging correspond to the two main phases of petroleum generation (Figure 5-8). 

These are (1) the Cenomanian-Santonian phase of petroleum generation in the Cretaceous 

depocenter and (2) during the latest Cretaceous/Paleocene phase of petroleum generation 

along the shelf and the deepwater Orange Basin. Loss at the sediment-surface interface 

(top-outflow) is delayed until the next important tectonic event. The largest increases in top-

outflow occur during the early Albian and the early Eocene. The late Cretaceous top-outflow 

event is only the third important event in this model. Interestingly, the early Eocene event is 

concomitant with a major fluid flow and paleo-leakage event reported by Hartwig et al. 

(2012a, Chapter 3). This early Eocene paleo-pockmark field at the shelf-break of the 

northern OB has been interpreted as a result of thermogenic gas and over-pressured pore 

fluids being expelled to the surface along faults. Thus, the model lends further support to 

these interpretations. The Paleocene-Eocene is also a time of active tectonics in the basin, 

characterised by fault reactivation, on- and offshore volcanism, and a shift in sedimentation 

patterns from the northern to the southern Orange Basin as mentioned in Chapters 3 and 4. 

 



5. Complementary results and interpretations on the hydrocarbon migration dynamics and the early 
South Atlantic margin evolution 

 140 

 
Figure 5-8: Estimated Hydrocarbon top-outflow and accumulation rates for each time step of the Hybrid (Hy) and Invasion 

Percolation (IP) models using various fault property scenarios. 

 

 

5.3.2. Paleo and present-day hydrocarbon leakage as calibration tools for 3D basin 

models 

 

3D basin models are used to make predictions on subsurface accumulations and thus, 

indirectly simulate hydrocarbon losses as well. Hence, past and present-day fluid flow 

features, their surface and subsurface expressions, especially if resulting from thermogenic 

hydrocarbon leakage, can be used for model calibration. In fact, the study of surface seeps 

should be used for all flow simulation studies. Such data should be readily available since 

seep studies are a traditional exploration tool that reduces the exploration risk (Hunt, 1996; 

Judd and Hovland, 2007). The present-day seafloor fluid flow features shown by Hartwig et 

al. (2012a, Chapter 3) were compared to the flow modeling results presented in Chapter 4 

and discussed therein. At basin scale, the areas of observed and modeled hydrocarbon 

leakage correlate well to one another. This is an indication that hydrocarbon migration 

dynamics at this scale can be adequately addressed for the Orange Basin with the present 

3D basin model. Also previous petroleum system modeling studies were able to reproduce 

these present-day fluid flow and potential hydrocarbon leakage sites of the Orange Basin by 

means of 2D and 3D basin models (Boyd et al., 2012; Kuhlmann et al., 2010; Paton et al., 

2007). 
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The use of paleo-fluid flow features is largely constrained by the scale and data quality, 

which document the event. Several authors (Andresen and Huuse, 2011; Andresen, 2012; 

Anka et al., 2013; Gay et al., 2006a; Imbert and Ho, 2012) have demonstrated that it is 

possible to constrain such paleo-leakage to a mechanism and time period. Using 2D basin 

modeling techniques Naeth et al. (2005) and Anka et al. (2013) have also been able to 

correlate fluid flow features with the structural elements of the basin and the predicted 

migration pathways from modeling. In this study, an attempt is made to use both present-

day and paleo-leakage sites to test the validity of a thermogenic hydrocarbon-sourced fluid 

flow for past and present-day events using a 3D basin model. The 3D modeling approach 

provides a 3-dimensional full-physics solution for hydrocarbon migration. This allows the 

modeler to constrain the source, timing, direction, and magnitude of hydrocarbon migration 

in the context of the basin evolution. To the author’s knowledge the modeling of and 

calibration to interpreted paleo-leakage events using 3D basin modeling techniques has not 

been attempted to date. 

For instance, it is assumed that a causal relationship exists between the early Eocene 

pockmark field interpreted from seismic (presented in Chapter 3) and the modeled early 

Eocene hydrocarbon-loss event (presented in Chapter 4 and section 6.1.). On one hand, 

Hartwig et al. (2012a, Chapter 3) argue that the exact paleo-fluid flow triggering mechanism 

is not completely understood, but may be related to tectonic uplift and an active 

hydrocarbon kitchen at that time. The initial variable-fault Hybrid model further indicates 

that fault reactivation played a decisive role in the hydrocarbon migration dynamics of the 

Orange Basin. Under these circumstances, hydrocarbon leakage is predicted to occur during 

the early Eocene and roughly in the same location where the paleo pockmark field is 

observed. However, since the relative timing of basin events in the 3D basin model depends 

on the input ages and fault property definitions, there is a risk of circular logic. Nonetheless, 

all model scenarios (Hybrid and IP, -open, -closed, -initial) indicate that the latest 

Cretaceous-Paleocene transition was a phase of active petroleum generation accompanied 

by secondary cracking reactions, and all models reproduced a major Paleocene-Eocene 

hydrocarbon loss event independent of fault properties (Figure 5-8). Therefore, as a result of 

this study, a relationship between the location of the latest Cretaceous/Paleocene active 

kitchen and the Paleocene/early Eocene leakage site can be established.  

The initial variable-fault Hybrid model seems to capture the basin evolution and relative 

timing of tectonic events better than any of the other four models. Since 4-component 

kinetic models were used in this study, the model’s top-outflow rates can be further 

subdivided into oil and gas phases (Figure 5-9). This indicates that gas (C1-C5 components) 

was the dominant phase of leaking hydrocarbons. Overall, this lends further support to three 

of the assumptions made in Chapter 3: (1) hydrocarbons were actively generated prior to 

the leakage event, (2) the involved leaking fluids contained thermogenic gas, and (3) tectonic 

activity either in the form of margin tilting or fault reactivation influenced the timing of the 

leakage event and acted as a focusing mechanism. Other paleo-leakage events, such as the 

Miocene mud volcanoes (Ben-Avraham et al. 2002; Viola et al., 2005), which occur in the 

same area as the early Eocene paleo-pockmark field, are clearly related to the large fault 
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system (Viola et al., 2005; Boyd et al., 2012). The modeled time steps for the Miocene, 

however, do not display any large leakage events during this time. This may result from the 

low temporal resolution for that time period. It could also be argued that the Miocene mud 

volcanoes were created through a different mechanism other than petroleum generation-

related overpressure, and hence it would not show up on the mass balance calculations of 

the models. However, the current study cannot resolve this issue. The most recent episode 

of hydrocarbon leakage, interpreted to have taken place during the Pliocene and present-

day, is represented in the open and initial variable fault Hybrid model (compare with 

Chapter 3 and 4). This episode led to the formation of pockmarks that were identified on 3D 

exploration seismic of the present-day seafloor (see Chapter 3). 

Nevertheless, similar paleo-fluid flow events will have to be investigated in basin settings 

with less geologic uncertainties than in the Orange Basin. This could help to confirm the 

reliability of 3D basin model calculations regarding paleo hydrocarbon leakage events.  

 

 
Figure 5-9: Oil (green) vs. gas (red) top-outflow rates from the initial variable-fault property Hybrid model. Oil outflow 

rates are highest before the regional seal is consolidated, whilst the highest gas outflow rates are reached during the early 

Eocene after the onset of secondary cracking (compare with Figure 4-15). 
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5.3.3. The Paleocene-early Eocene paleo-leakage event in the Orange Basin from a 

global paleo-climate perspective 

 

Kroeger and Funnell (2012) mention two possible mechanisms that could have led to an 

increased rate of hydrocarbon generation in sedimentary basins during the late Cretaceous-

early Cenozoic transition: (1) an increase of sedimentation rates during the late Cretaceous-

Paleocene that led to higher hydrocarbon generation rates as reported by Klemme and 

Ulmishek (1991), and (2) the synchronization of hydrocarbon generation across basins due 

to higher Paleocene-Eocene sediment surface temperatures. Following the discussion of the 

modeling results presented in the previous section, hydrocarbon generation and leakage 

phases during the Cretaceous and Paleocene/Eocene in the Orange Basin, respectively, were 

linked to sedimentation rates and tectonic activity. If higher Paleocene-Eocene surface 

temperatures (e.g. Kroeger and Funnell, 2012; Svensen et al., 2004; Zeebe et al., 2009) were 

taken into account, the overall modeled amount of generated hydrocarbons is expected to 

increase accordingly. This scenario would have the largest effect on the source rocks of the 

lower slope and deep-water Orange Basin, which were going through the early-to-late oil 

window during that time (see chapter 4). 

A follow-up study should investigate in more detail the effect of an increased surface 

temperature on hydrocarbon generation and leakage rates in the Orange Basin. This could 

be accompanied by end-member testing of source rock richness. The current model 

configuration assumes a relatively rich suite of source rocks with an initial HI of 550 mg/g 

and an initial TOC of 8%. These values are based on core measurements of Hartwig et al. 

(2012b) and literature data (Davies and Van der Spuy, 1992; Jungslager, 1999; Schmidt, 

2004). 

In order to evaluate the significance of the identified Paleocene-Eocene leakage event from 

a global climate perspective, the top-outflow rates from the open fault IP and the initial 

variable fault Hybrid model were calculated. The basic assumptions are: (1) the source rock 

descriptions of both models represent a rich end-member scenario; (2) the open fault IP 

model is an end-member leakage scenario, as it produced the highest leakage rates of any 

model; (3) the initial variable fault Hybrid model is the best representation of timing of 

geologic events; and (4) the top-outflow represent an average value for both macro and 

micro, cumulative seepage rates. As mentioned above, there are two major leakage events, 

(i) an early Upper Cretaceous event due to an absence of a regional seal and (ii) the 

Paleocene-Eocene leakage due to margin tilting possibly accompanied by fault reactivation. 

The open fault IP model yields leakage rates of 1.87 x 10-2 teragram/year (Tg/yr; = 18.7 

gigatons/million years (Gt/Ma)) and 1.28 x 10-2 Tg/yr (= 12.8 Gt/Ma) for the early Upper 

Cretaceous and Paleocene-Eocene events, respectively. The initial variable fault Hybrid 

model yields 7.4 x 10-3 Tg/yr (= 7.4 Gt/Ma) and 6.7 x 10-3 Tg/yr (= 6.7 Gt/Ma) respectively.  

The above values do not take oxidization or solution processes into account that occur 

within the first few hundred meters of the water column and in the shallow subsurface. 

Thus, the actual contribution of methane from the subsurface to the atmosphere is likely 

lower (Kroeger et al., 2011). In comparison, the calculated annual peak leakage rates for the 
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Orange Basin fall within the 10-2 to 10-3 Tg/yr leakage rate range calculated for the Western 

Canada Sedimentary Basin (WCSB) and the Central Graben (CG) of the North Sea (Berbesi et 

al., 2014). 

In order to put the leakage rates into a global perspective, it is assumed that methane is the 

main component of the leaked hydrocarbons. Thus, the average peak leakage rates for 

thermogenic methane from the Orange Basin, the WCSB, and the CG are about five 

magnitudes lower than the present-day annual methane exchange rates of 500-600 Tg/yr 

(Etiope, 2009; Judd and Hovland, 2007; Kroeger et al., 2011; O’Connor et al., 2010; 

Westbrook et al., 2009). They are also four magnitudes lower than the current estimates for 

cumulative annual leakage from submarine seeps in the order of 20 Tg/yr (Judd and 

Hovland, 2007; Etiope, 2009). Large uncertainties are associated to such estimates, thus the 

values for annual global onshore and offshore methane leakage rates vary between 40 – 60 

Tg/yr (Etiope, 2009; Etiope et al., 2009; Kroeger et al., 2011; Milkov, 2004). The values 

reported by Etiope (2009) are primarily based on flux measurements at macro seep sites 

(mud volcanoes, active pockmarks, etc.), which may cause a bias towards high values, 

whereas the basin model calculations represent average values for macro and micro 

seepage across an entire basin. Since the peak leakage rates for the OB, WCSB, and CG are 

also associated to periods of peak generation, it seems unlikely that it could affect global 

climate. In either case, the leakage rates of thermogenic hydrocarbons from sedimentary 

basins are minor on a global scale, when compared to greenhouse gas emissions from 

wetlands (92 – 237 Tg/yr,), and anthropogenic sources (75 – 110 Tg/yr, Judd and Hovland, 

2007; Kroeger et al., 2011; O’Connor et al., 2010). A focusing mechanism for migrating 

thermogenic methane is required to achieve the higher leakage rates, as suggested by 

Berbesi et al. (2013). Effective focusing of migration has been shown to occur along faults 

(Cartwright et al., 2007; Etiope, 2009; Hartwig et al., 2012a; Hunt, 1996; Judd and Hovland, 

2007; Løseth et al., 2009; Ostanin et al., 2012; Westbrook et al., 2009). 

One aspect that is generally not considered in petroleum system flow simulations is a meta-

stable methane repository, such as methane hydrate occurrence. Methane hydrate 

accumulations contain biogenic and thermogenic gas (Majorowicz et al., 2012; Milkov, 

2004), which was generated and bound over long periods of time. Due to their ability to 

store and suddenly release significant volumes of gas accumulated through transient 

leakage, methane hydrates appear to be more significant on a paleo- and present-day global 

climate perspective than the transient leakage from sedimentary basins discussed above 

(Berbesi et al., 2014; Buffett and Archer, 2004; Dickens et al., 1997, 1995; Kroeger et al., 

2011). Westbrook et al. (2009) estimate, that warming by 1°C during the recent years, may 

have led to the release of 20 Tg/yr of methane in the Svalbard area alone. Davy et al. (2010) 

estimated that the sudden destabilization of methane hydrates during glacial-interglacial 

transitions may have led to the formation of giant gas escape features with diameters of up 

to several kilometers. One such feature could potentially release up to 7 Tg of methane at 

once (Davy et al., 2010). Similarly, Imbert et al. (2012) reported Paleocen-Eocene-aged 

“fossil hydrate pockmarks” offshore northwestern Australia. Imbert et al. (2012) propose a 

thermogenic origin for the methane and discuss their interpretation in the context of 
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potential climatic feedback mechanism during the PETM. This emphasizes the importance of 

taking methane hydrate formation, dissociation, and focused fluid flow into account when 

investigating potential feedback mechanisms between thermogenic gas leakage from 

sedimentary basins and global climate change (Berbesi et al., 2014; Imbert and Ho, 2012; 

Kroeger et al., 2011; Majorowicz et al., 2012). 

Future studies should investigate peak and average hydrocarbon leakage rates across 

different basins settings, in order to estimate the amount of time it takes to build up a 

climatically significant amount of methane hydrate, globally or regionally, similar to the 

studies by Kroeger and Funnel (2012) and Berbesi et al. (2013). Further, a comparison of 

these masses with potentially catastrophic dissociation rates of such reservoirs is required. A 

significant amount would be in the order of 1500 – 4000 Gt of biogenic and thermogenic 

carbon (Bowen, 2013; Dunkley Jones et al., 2010; Kroeger et al., 2011; Zeebe et al., 2009) 

needed to explain the d13C carbon isotopic excursion observed during the PETM. A starting 

point would be to identify sedimentary basins that experienced peak hydrocarbon 

generation during the latest Cretaceous-early Cenozoic transition and show evidence of 

Cenozoic paleo-leakage events such as the Orange Basin (Hartwig et al., 2012a), or offshore 

Australia (Imbert and Ho, 2012; Kroeger and Funnell, 2012). 3D basin modeling studies can 

help calculating average leakage rates prior, during, and after such events. If enough data on 

the area of leakage is available, hypothetical methane hydrate build-up rates and volumes 

can be calculated to put each basin into a global perspective. Given enough temporal 

(chronostratigraphic) resolution of seismic data, it may even be possible to locate regions 

that exhibit a quasi-simultaneous occurrence of paleo-leakage features across several basins. 
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6. Integration & Summary  

The aim of this study was to characterize the hydrocarbon migration dynamics in the Orange 

Basin through time and to investigate its potential impact on global climate on a geologic 

time scale. One of the major challenges of this study was to identify the location of the 

recent and active hydrocarbon kitchen in the basin and to compare the petroleum migration 

modeling results to known occurrences of hydrocarbon leakage in the basin.  

 

6.1. Interpretation of the relative timing of paleo-fluid flow events using a refined 
Cenozoic chronostratigraphy 

 

The basin scale seismic interpretation study was conducted to refine the chronostratigraphic 

interpretation for the Cenozoic sediments from the shelf break to the deepwater Orange 

Basin and correlating them with onshore events. This was achieved through integration of 

the current chronostratigraphic interpretation of the Orange Basin shelf and literature 

regarding the Cenozoic onshore margin evolution with interpretations from the IODP drilling 

program using 2D and 3D exploration seismic data sets. 

The interpretation captures some of the major tectonic events of the Cenozoic. These are 

the major margin tilting events during the late Cretaceous and Mio-Pliocene, and subtle 

uplifting during the Paleogene, which may tentatively be correlated to an episode of early 

Cenozoic on- and offshore volcanism. The chronostratigraphic framework was applied to 

constrain the relative age of paleo-fluid flow features that were interpreted on seismic 

during this and previous studies. 

Thus, a distinct seismic horizon with circular depressions was identified on the 3D and 2D 

seismic reflection data sets and assigned an early Eocene age. These depressions are 

interpreted as paleo-pockmarks. This is the first time that paleo-leakage features are 

identified in the Orange Basin. The paleo-pockmarks cover an area of more than 2800 km2 

along the slope of the northern Orange Basin and appear both as single pockmarks and 

predominantly NNE-SSW aligned pockmark trains. The pockmark trains occur at the paleo-

shelf break and follow the Eocene paleo-slope's dip direction. Their location is controlled by 

the underlying listric faults system of the Eocene paleo-slope. It is proposed here that the 

spatial and temporal occurrence of these paleo-pockmarks is associated to two episodes of 

fast sedimentation during late Maastrichtian to Paleocene in the northern Orange Basin. It 

was hypothesized, that the formation was a result of pore fluid overpressure due to 

disequilibrium compaction during burial, which was further enhanced by maturation of the 

source rock and thermogenic gas expulsion. The full physics 3D basin model and the 

evaluation of the top-outflow rates lend additional support to the latter part of this 

hypothesis.  

Studying the role of the faults as active fluid conduits, however, proved to be difficult. The 

3D seismic attribute analysis was able to highlight the fault-to-pockmark correlation 

regarding their location. Furthermore, the modeling results imply a flow rate enhancing 
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effect of the faults. But due to the low sedimentation rates during the early Cenozoic, 

extensive shelf erosion, and frequent fault reactivation, the actual fluid pathways could not 

be identified on seismic. This leaves an uncertainty with respect to the role of overpressure 

as initiating mechanism for fluid flow. It is possible that an unidentified non-overpressure 

related factor contributed to the pockmark formation, such as the lithologic composition. On 

the other hand, the Miocene mud volcanoes seem to be rooted above the Turonian shale 

sequence and occur along the same faults as the early Eocene pockmark field. This 

observation provides credibility for the proposed overpressure occurrence during the early 

Eocene. The early Eocene paleo-pockmark field, the Miocene-aged mud volcanoes, and the 

present-day seafloor pockmarks are evidence for reoccurring pore fluid over-pressures in the 

slope of the northern Orange Basin and should be considered as a potential geohazard. 

 

6.2. Basement structures along the South African continental margin 
 

The new findings regarding NW-SE structural trends of the basement are perhaps not so 

significant from a petroleum exploration point of view, but they shed new light on the early 

rift evolution during the break-up of Gondwana. It is proposed, that they are a continuations 

of Paleozoic structures of the Pan African Fold Belt, similar to those found offshore the 

Damara Fold Belt in Namibia and on the conjugate South American margin in the Colorado 

and Salado Basins. These findings in the Orange Basin lend additional support to the theory, 

that early rifting during the break up of Gondwana resulted in reactivation and dextral 

movement along Paleozoic zones of structural weakness.  

Similar prominent basement-controlled offsets were discovered within the SDR sequence of 

the Orange Basin. The seismic basement interpretation, on SDR wedge morphology in 

specific, further contributed interpretations to studies that led to new insights on the 

characteristics of the margin segmentation and SDR emplacement, as well as the crustal 

structure along the South African margin.  

 

6.3. Source rock characteristics of Cretaceous organic-rich black shales and 
mudstones from the South Atlantic margin 

 

The geologic and tectonic evolution of the nascent South Atlantic during the early to late 

Cretaceous exerted a strong control on source rock richness. The source rock 

characterization study of the DSDP wells 361, 530A, and 364, demonstrates how the bulk 

properties, such as richness and quality of the Cretaceous black shales and mudstones, 

improve northward along the South Atlantic margin. This is depicted in the bulk kinetic 

models and petroleum type prediction from artificial maturation experiments conducted on 

the thermally immature black shale and mudstone samples. 

The kerogen type improves from a (sometimes sulfur-enriched) terrestrially influenced Type 

II and Type III in the Cape Basin to a predominately Type II to Type IIS north of the Walvis 

Ridge and in the Angola Basin. The investigated Turonian aged black shale from the Cape 
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Basin is a poor Type III/IV source rock. At DSDP sites 364 and 530A the Turonian to Coniacian 

black shales have a very good oil-prone marine source rock potential with high HI and TOC 

contents. The organofacies trends correlate well with the evolution of the South Atlantic. 

This depicts the generally more favorable conditions for organic matter preservation in the 

restricted carbonate-rich and periodically silled oceanic basins north of the Walvis Ridge-Rio 

Grande Rise, when compared to the siliciclastic-rich Cape Basin. The Cape Basin generally 

experienced shorter periods of oxygen deficiency during the Cretaceous, mainly due to 

better bottom-water ventilation and connection to the open Oceans after the Falkland 

Plateau had cleared the tip of the South African continent by the mid Cretaceous. 

The bulk kinetic models show, that major differences in activation energy distribution are 

caused by variations in the organic matter type. The organic sulfur content has a minor 

effect in reducing kerogen stability, except in Type IIS kerogen.  

The Cretaceous source rocks of the southwest African margin generate mainly low GOR 

black oils of paraffinic-naphthenic-aromatic petroleum types with some potential for high 

sulfur heavy oils in the Angola Basin. The offshore Kwanza Basin contains black shales with a 

potential for wax-rich petroleum with high GOR at high maturity. The terrestrially influenced 

Aptian and Albian black shale intervals exhibit a potential for gas and condensate generation 

at high maturities. 

To the best of our knowledge, this study provides the first compositional kinetic description 

for Cretaceous source rocks from the southwest African margin. 

Previous research emphasized on the richness of the oil-prone source rocks in the Cape 

Basin. In fact, this study suggests, that the greater portion of the Aptian and Albian source 

rock samples of the Cape Basin contain a mixed Type II/III kerogen and an abundance of 

terrestrial organic matter, thus being more gas- and condensate-prone. The results on the 

d13C isotope data from drill stem tests and extracted samples of the northern Orange Basin, 

presented in Chapter 5 suggest a significant contribution of gas and condensate sourced 

form terrestrial organic matter to present day reservoirs. This observation motivated the 

incorporation of various source rock intervals into the basin model. 

 

6.4. Modeling hydrocarbon migration dynamics in the Orange Basin 
 

The 3D model of the Orange Basin was constructed based on a large 2D exploration seismic 

dataset and calibrated to well data. Our calibration of the thermal model suggests a 

heatflow of 96 mW/m2 during rifting and an exponential decrease to average values of 52 

mW/m2 for the present day, with two periods of increased heatflow by up to 8 mW/m2. The 

increased heat flow was applied to areas where the continental crust was affected by 

renewed lithospheric stretching during late Cretaceous/Paleocene and Mio-Pliocene. The 

cumulative maximum erosion during the two phases of lithospheric stretching and ensuing 

margin uplift are 1000 m and 540 m, respectively. Regions where vitrinite reflection trends 

indicate higher paleo-temperatures correspond to locations of reported early Cenozoic 

igneous activity. 
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In the A-J graben, primary generation from the Hauterivian-aged synrift Type I source rock 

began in the Cretaceous and the present-day TR of 50% was reached during the Miocene.  

Application of the kinetic models from Chapter 2 demonstrates that the onset of primary 

generation from Aptian Type III-kerogen source rocks occurs with a delay of 20 Ma in 

comparison to early Cretaceous marine Type II and II/III source rocks. The main phase of 

primary generation from Barremian to Albian aged Type II and II/III and the Aptian Type III 

source rocks in the basin center occurred during the mid-Cretaceous and the late 

Cretaceous/Paleocene, respectively. A second heatflow-controlled phase of petroleum 

generation from these source rocks lasted from the latest Cretaceous/Paleocene until the 

end of the Mio-Pliocene uplift.  

Regions with a present-day potential for primary condensate and wet gas generation from 

the Type III kerogen-rich source rock are found at burial depths of less than 4500 m, 

characterized by TRs of less than 80%. 

The present-day kitchen areas are located in the Cenozoic depocenters along the slope. In 

the northern areas of the basin, the lower Cretaceous Type II and II/III source rocks are 

currently in the gas window, Aptian Type III kerogen and Cenomanian/Turonian Type II/III 

kerogen source rocks are in the oil window. In the southern basin, both the lower 

Cretaceous and a potential C/T source rock are currently in the oil window.  

The migration model confirms that the main carriers of the Orange Basin are Barremian to 

early Aptian sandstones of the transitional sequence and Albian to Cenomanian fluvial 

sandstones of the early drift sequence. Petroleum accumulations are dominated by gas and 

condensate. Secondary cracking reactions in early Cretaceous marine source rocks and 

primary gas/condensates from Aptian Type III source rocks were the main contributors to 

present-day accumulations along the eastern basin margin. The d13C isotope data is in 

agreement with these findings. 

The greatest control for reproducing the Ibhubesi accumulations is the seal. Albian fluvial 

channels were only filled when their trapping efficiency was improved by introducing an 

Albian claystone seal into the model. In the absence of this Albian seal, smaller 

accumulations were exclusively formed in Cenomanian channels below the C/T source rock. 

Drainage area analysis of petroleum accumulations in the Ibhubesi area was conducted on 

two migration models with different fault properties. These models indicate that 

stratigraphic traps may have been filled to spill since the early Cenozoic and that 

hydrocarbon losses due to spilling ("open scenario") and leakage through the seal ("initial 

model" and "closed scenario") are highest during times of margin uplift and erosion. 

 

6.5. Hydrocarbon leakage on a geologic time scale 
 

A comparative evaluation of hydrocarbon leakage using calculated top outflow rates was 

conducted on five model iterations with varying flow models and fault properties. In general, 

hydrocarbon leakage to the surface was greatest following the main phases of petroleum 

generation. At the time when the early Cretaceous source rocks enter the early oil window, 

the Upper Cretaceous regional seals where not yet deposited. This causes the first major 
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surface leakage event. After the regional seals are consolidated, an intermediate phase of 

surface leakage occured following the late Cretaceous margin tilting event and slope 

collapse (faulting). A second major phase of surface leakage occured during the Paleocene to 

early Eocene. This is a time period of active tectonics, signified by fault reactivation, on- and 

offshore volcanism, and a shift in sedimentation patterns from the northern to the southern 

Orange Basin. The active hydrocarbon kitchen was also located along the shelf during this 

time, due to the rapid progradation of the late Cretaceous shelf. The migration models 

further confirm that gaseous and light hydrocarbons were the main components of the 

migrating petroleum during early Cenozoic. All these factors support the seismic 

interpretation of the early Eocene paleo pockmark field. The Paleocene-Eocene transition is 

known for its series of hyper-thermal events characterized by excursions of the carbon 

isotope curve. The early Eocene widespread event of fluid and thermogenic gas escape 

identified in this work can be an example of the type of carbon-release processes occurring 

in hydrocarbon-prone sedimentary basins during this time.  

The modeling results emphasize the correlation of hydrocarbon leakage phases to the 

tectonic evolution of the margin. They further demonstrate that paleo and present-day 

hydrocarbon leakage can be adequately reproduced with a 3D basin model. This supports 

the value of the 3D modeling approach for the study of paleo- and present day hydrocarbon 

leakage.  

On a global scale, the modeled transient hydrocarbon leakage amounts of 10-2 to 10-3 Tg/yr 

during peak out-flow events compares well to those of other sedimentary basins. These 

magnitudes are marginal when compared to other present-day methane contributors to the 

atmosphere, such as wetlands and anthropogenic sources.  
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7. Outlook 

To date, the Orange Basin is still underexplored with only one commercially producing field, 

the Kudu gas-condensate field. The diverse datasets available for this study are not 

consistently available throughout the basin. Most of the available data were collected for 

either specific prospects or with a low-sample density across the margin. Nevertheless they 

allowed exploring different approaches to solve the questions at hand. This integrated 

approach is the way forward for future studies. 

A systematic coring or sampling of Cenozoic aged sediments down to the Cretaceous-

Cenozoic unconformity at the shelf break along the margin and the slope would help tying 

IODP drilling results to thin Cenozoic cover on the shelf. In addition, d13C isotope 

measurements could help gain insights into climatic conditions before and after the 

proposed Eocene leakage event. This type of study could also be tied to the acquisition of 

shallow seismic to image the upper 500 m of the sediments. Such higher frequency seismic is 

better at imaging gas and fluid leakage features in the shallow sub surface than exploration 

seismic that is optimized for deep targets. Ideally, such a seismic study would also target the 

mud volcanoes in the northern Orange Basin. In combination with a seep and subsurface 

sampling study this could help constrain the origin and ages of the structures, as well as their 

time periods of activity. 

A continuous effort to conduct biomarker and isotope studies on extract samples and 

seafloor seeps of the Orange Basin would help unravel the migration dynamics in the basin, 

as well as provide constraints on source rock maturity and contributions to reservoir fluids. 

All of the above can be used to reduce uncertainties and add calibration points to the basin 

modeling study. The basin model can be refined with bulk density and porosity data derived 

from core-calibrated well log models of Orange Basin exploration wells. This can help reduce 

the uncertainties for the 3D pressure and temperature calculations, which are very 

important for migration simulations, as well as provide better constraints on sublayer 

lithologies. 

The investigations on the crustal structure, break-up kinematics, and synrift volcanisms were 

not the focus of this study. Therefore further investigations are necessary to confirm these 

findings and the acquisition of additional seismic data and collaboration with other 

disciplines that are specified for this purpose should be considered. This type of 

collaboration proved to be fruitful in the course of this study. An onshore-offshore 

correlation study on the age, origin, and direction of movement of the dominating basement 

lineaments from the southern Orange Basin across the Cape Fold Belt and into the 

Outeniqua Basin could serve as a reconnaissance study to unravel the early rift evolution of 

southern Africa. The literature contains a wealth of information on outcrop studies 

conducted in the Cape Fold Belt, but few of these studies have made an attempt to tie their 

findings on the Triassic-Jurassic onshore evolution to recent offshore seismic interpretations. 
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The next attempts to study hydrocarbon leakage on a geologic time scale using basin 

modeling techniques should focus on basin settings where maximum burial occurred during 

the recent past (for example the Neogene) or in basins with an active oil kitchen. That would 

reduce the effect of geologic uncertainties for migration simulations for the recent past. 

Ideally, that study area has known paleo and/or active leakage sites that have been studied 

and mapped. One problem with many surface hydrocarbon seep studies is that the 

hydrocarbon source is unknown, or rather not accounted for in the study. Therefore 

biomarker and isotope studies should be included to distinguish thermogenic from biogenic 

gas, and to identify the main contributing source rock. The key lies in calibrating the 

predicted top outflow rates to flux measurements at the surface. Thus linking surface seeps 

to their source, and evaluating surface rates to generation-, expulsion-, and migration rates.  

A basin model top outflow calibration to known surface leakage rates should include a 

sensitivity study that focuses on the model resolution versus the mass balance calculations 

utilizing an area of interest (AOI) model. Hydrocarbon leakage is generally a local 

phenomenon, a result of several geologic factors that may vary considerably across a few 

kilometers. Hence leakage rates can vary considerably from site to site. This is not well 

represented in the top-outflow rate calculations. One way to address this would be with a 

high-resolution AOI model, set up as a model-in-model configuration for the leakage site 

that it is being calibrated to. This would allow using basin-scale source rock generation, 

expulsion, and migration inputs, as well as varying the resolution of the AOI from the basin 

scale (500 x 500m) to that of 3D seismic (25 x 25 m) or even higher. At that resolution, single 

large pockmark occurrences can be addressed. The goal being to simulate sudden focused 

fluid flow, rather than transient leakage. Such an approach could establish an optimum 

range in model resolution for migration and hydrocarbon leakage modeling, using Hybrid 

(Darcy and Flowpath) or IP methods. To take this one step further, methane hydrate 

formation and dissociation kinetics could be introduced into an AOI model. This is to test 

whether sufficient amounts of thermogenic gas are available in a specific basin setting to 

form clathrates, which, if destabilized, may result in a sudden release of large amounts of 

methane into the hydro- and atmosphere. To my knowledge, simulating such an event has 

not been tested in a basin model. 
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Abbreviations 

°C degree Celsius 

°K degree Kelvin 
12C Carbon-12 stable isotope 
13C Carbon-13 stable isotope 

1D one-dimensional 

2D two-dimensional 

3D three-dimensional 

A [s-1] pre-exponential factor for Arrenhius equation 

API° 
oil density at 15°C as defined by the American Petroleum Institute: 

 𝐴𝑃𝐼° = (
141.5

𝑜𝑖𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
)  −  131.5  

bcf billion cubic feet 

Bo oil formaiton factor 

BSR bottom simulating reflector 

C/T Cennomanian/Turonian 

CH4 methane 

CLD chain length distribution 

cm centimeter 

CO2 carbon dioxide 

d13C delta Carbon 13 stable istotope ratio, 𝑑13𝐶 = (
(

13𝐶

12𝐶
)

𝑠𝑎𝑚𝑝𝑙𝑒

(
13𝐶

12𝐶
)

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

− 1) ∗ 1000‰ 

DSDP Deep Sea Drilling Project 

e.g. exempli gratia = for example 

Ea activation energy 

g gram 

GC gas-chromatography 

GOR gas-oil-ratio 

Gt gigaton 

HI hydrogen index HI = (S2/TOC)*100% 

IODP International Ocean Drilling Project 

IP Invasion Percolation 

k reaction rate constant 

km kilometer 

km2 square kilometer 

LIP large igneous province 

m meter 

m2 square meter 

m3 cubic meter 

Ma million years ago 

mD milidarcy 
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mg miligram 

min minute 

mm milimeter 

MPa mega Pascal 

ms milisecond 

MSSV micro-scaled sealed vessel 

mW miliwatt 

My million years 

OAE2 oceanic anoxic event 2 

OB Orange Basin 

OI oxygen index OI= (S3/TOC)*100% 

OM organic matter 

P-N-A paraffinic-naphtenic-aromatic 

PETM Paleocene-Eocene Thermal Maxiumum 

Psat saturation pressure 

PVT pressure volume temperature 

Py-GC pyrolysis-gas chromatography 

S1 amount of free hydrocarbons measured during Rock Eval pyrolysis  

S2 amount of generated hydrocarbons measured during Rock Eval pyrolysis 

S3 amount of carbon dioxide measured during Rock Eval pyrolysis  

SDR seaward dipping reflector 

Sm3 standard cubic meter at 15.6°C and 101.325 kilo Pascal 

SWIT sediment-water interface temperature 

tcf trillion cubic feet 

Tg teragram 

Tmax S2 peak temperature measured in °C during Rock Eval pyrolysis 

TOC total organic carbon weight % 

TR transformation ratio 

TVD true vertical depth 

TWT two-way travel time 

VR vitrinite reflectance 

VRO vitrinite reflectance in oil 

yr year 
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Appendix 

DSDP sample compilation and laboratory results 
 

G007867 DSDP sample info and GFZ Rock-Eval data 

No sample picture 
 

Sample info G007867 
Location Walvis Ridge 
Leg 75 
Site 530 
Hole A 
Core 95 
Section 5 
Top [cm] 9.0 
Bot [cm] 10.0 
Depth [mbsf] 1014.09 
S1 (mg/g) 0.16 
S2 (mg/g) 0.58 
S3 (mg/g) 1.5 
Tmax (°C) 407 
PP (mg/g) 0.74 
PI (wt ratio) 0.22 
HI (mg HC/g TOC) 64 
OI (mg CO2/g TOC) 165 
TOC (%)* 0.91 
Chrono-stratigraphic Age lower Turonian ? 
Lithology (from DSDP reports) green claystone, black shale 

Open Pyrolysis GC 

No measurements for open pyroysis, bulk kinetics, and compositional kinetics were 
conducted on this sample. 

 
*: TOC from Leco 
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G007868 DSDP sample info and GFZ Rock-Eval data 

No sample picture 
 

Sample info G007868 
Location Walvis Ridge 
Leg 75 
Site 530 
Hole A 
Core 95 
Section CC 
Top [cm] 41.0 
Bot [cm] 42.0 
Depth [mbsf] 1014.41 
S1 (mg/g) 1.87 
S2 (mg/g) 96.67 
S3 (mg/g) 11.53 
Tmax (°C) 407 
PP (mg/g) 98.54 
PI (wt ratio) 0.02 
HI (mg HC/g TOC) 721 
OI (mg CO2/g TOC) 86 
TOC (%)* 13.4 
Chrono-stratigraphic Age lower Turonian ? 
Lithology (from DSDP reports) green claystone, black shale 

Open Pyrolysis GC 

 
 

Bulk kinetics 
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GC at 10% transformation ratio 

 
GC at 30% transformation ratio 

 
GC at 50% transformation ratio 

 
GC at 70% transformation ratio 

 
GC at 90% transformation ratio 
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G007869 DSDP sample info and GFZ Rock-Eval data 

No sample picture 
 

Sample info G007869 
Location Walvis Ridge 
Leg 75 
Site 530 
Hole A 
Core 97 
Section 4 
Top [cm] 27.0 
Bot [cm] 28.0 
Depth [mbsf] 1030.77 
S1 (mg/g) 0.67 
S2 (mg/g) 53.63 
S3 (mg/g) 6.1 
Tmax (°C) 410 
PP (mg/g) 54.3 
PI (wt ratio) 0.01 
HI (mg HC/g TOC) 506 
OI (mg CO2/g TOC) 58 
TOC (%)* 10.6 
Chrono-stratigraphic Age Albian 
Lithology (from DSDP reports) claystone, black shale 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements compositional kinetics were conducted on this sample. 

 

Bulk kinetics 
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G007870 DSDP sample info and GFZ Rock-Eval data 

No sample picture 
 

Sample info G007870 
Location Walvis Ridge 
Leg 75 
Site 530 
Hole A 
Core 97 
Section 4 
Top [cm] 79.0 
Bot [cm] 80.0 
Depth [mbsf] 1031.29 
S1 (mg/g) 0.21 
S2 (mg/g) 13.51 
S3 (mg/g) 2.12 
Tmax (°C) 415 
PP (mg/g) 13.72 
PI (wt ratio) 0.02 
HI (mg HC/g TOC) 225 
OI (mg CO2/g TOC) 35 
TOC (%)* 6.01 
Chrono-stratigraphic Age Albian 
Lithology (from DSDP reports) claystone, black shale 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for bulk kinetics and compositional kinetics were conducted on this 
sample. 
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G007871 DSDP sample info and GFZ Rock-Eval data 

No sample picture 
 

Sample info G007871 
Location Walvis Ridge 
Leg 75 
Site 530 
Hole A 
Core 98 
Section 3 
Top [cm] 55.0 
Bot [cm] 56.0 
Depth [mbsf] 1038.55 
S1 (mg/g) 0.25 
S2 (mg/g) 12.79 
S3 (mg/g) 2.98 
Tmax (°C) 411 
PP (mg/g) 13.04 
PI (wt ratio) 0.02 
HI (mg HC/g TOC) 196 
OI (mg CO2/g TOC) 46 
TOC (%)* 6.51 
Chrono-stratigraphic Age Albian 

Lithology (from DSDP reports) 
claystone, mudstone, black 
shale 

Open Pyrolysis GC 

 
No measurements for compositional kinetics were conducted on this sample. 

 

Bulk kinetics 
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G007872 DSDP sample info and GFZ Rock-Eval data 

No sample picture 
 

Sample info G007872 
Location Walvis Ridge 
Leg 75 
Site 530 
Hole A 
Core 101 
Section 5 
Top [cm] 55.0 
Bot [cm] 56.0 
Depth [mbsf] 1068.55 
S1 (mg/g) 0.04 
S2 (mg/g) 0.27 
S3 (mg/g) 0.85 
Tmax (°C) 417 
PP (mg/g) 0.31 
PI (wt ratio) 0.13 
HI (mg HC/g TOC) 59 
OI (mg CO2/g TOC) 187 
TOC (%)* 0.45 
Chrono-stratigraphic Age Albian 

Lithology (from DSDP reports) 
mudstone, marlstone, black 
shale 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for bulk kinetics and compositional kinetics were conducted on this 
sample. 
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G007873 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007873 
Location Walvis Ridge 
Leg 75 
Site 530 
Hole A 
Core 104 
Section 3 
Top [cm] 9.0 
Bot [cm] 10.0 
Depth [mbsf] 1088.09 
S1 (mg/g) 0.09 
S2 (mg/g) 4.49 
S3 (mg/g) 1.45 
Tmax (°C) 428 
PP (mg/g) 4.58 
PI (wt ratio) 0.02 
HI (mg HC/g TOC) 175 
OI (mg CO2/g TOC) 57 
TOC (%)* 2.56 
Chrono-stratigraphic Age Albian 

Lithology (from DSDP 
reports) 

grey siltstone, black 
shale, green limestone 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for compositional kinetics were conducted on this sample. 

 

Bulk kinetics 
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G007874 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007874 
Location Walvis Ridge 
Leg 75 
Site 530 
Hole A 
Core 104 
Section 3 
Top [cm] 99.0 
Bot [cm]  100.0 
Depth [mbsf] 1088.99 
S1 (mg/g) 0.15 
S2 (mg/g) 7.44 
S3 (mg/g) 1.69 
Tmax (°C) 413 
PP (mg/g) 7.59 
PI (wt ratio) 0.02 
HI (mg HC/g TOC) 144 
OI (mg CO2/g TOC) 33 
TOC (%)* 5.15 
Chrono-stratigraphic Age Albian 

Lithology (from DSDP 
reports) 

grey siltstone, black 
shale, green limestone 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for bulk kinetics and compositional kinetics were conducted on this 
sample. 
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G007875 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007875 
Location Walvis Ridge 
Leg 75 
Site 530 
Hole A 
Core 105 
Section 3 
Top [cm] 85.0 
Bot [cm] 86.0 
Depth [mbsf] 1097.85 
S1 (mg/g) 0.49 
S2 (mg/g) 27.52 
S3 (mg/g) 2.11 
Tmax (°C) 405 
PP (mg/g) 28.01 
PI (wt ratio) 0.02 
HI (mg HC/g TOC) 385 
OI (mg CO2/g TOC) 30 
TOC (%)* 7.14 
Chrono-stratigraphic Age Albian 

Lithology (from DSDP 
reports) 

siltstone, limestone, 
black shale 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for bulk kinetics and compositional kinetics were conducted on this 
sample. 
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G007876 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007876 
Location Walvis Ridge 
Leg 75 
Site 530 
Hole A 
Core 105 
Section 3 
Top [cm]  126.0 
Bot [cm]  127.0 
Depth [mbsf] 1098.26 
S1 (mg/g) 0.14 
S2 (mg/g) 7.81 
S3 (mg/g) 1.34 
Tmax (°C) 409 
PP (mg/g) 7.95 
PI (wt ratio) 0.02 
HI (mg HC/g TOC) 180 
OI (mg CO2/g TOC) 31 
TOC (%)* 4.33 
Chrono-stratigraphic Age Albian 

Lithology (from DSDP 
reports) 

siltstone, limestone, 
black shale 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for bulk kinetics and compositional kinetics were conducted on this 
sample. 
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G007877 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007877 
Location Orange Basin 
Leg 40 
Site 361 
Hole -- 
Core 24 
Section 2 
Top [cm] 98.0 
Bot [cm] 99.0 
Depth [mbsf] 812.98 
S1 (mg/g) 0.08 
S2 (mg/g) 0.37 
S3 (mg/g) 1.03 
Tmax (°C) 417 
PP (mg/g) 0.45 
PI (wt ratio) 0.18 
HI (mg HC/g TOC) 23 
OI (mg CO2/g TOC) 65 
TOC (%)* 1.58 
Chrono-stratigraphic Age Turonian 

Lithology (from DSDP 
reports) 

shale 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for bulk kinetics and compositional kinetics were conducted on this 
sample. 
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G007878 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007878 
Location Orange Basin 
Leg 40 
Site 361 
Hole -- 
Core 28 
Section 5 
Top [cm] 75.0 
Bot [cm] 76.0 
Depth [mbsf] 1007.25 
S1 (mg/g) 1.22 
S2 (mg/g) 39.91 
S3 (mg/g) 2.29 
Tmax (°C) 406 
PP (mg/g) 41.13 
PI (wt ratio) 0.03 
HI (mg HC/g TOC) 510 
OI (mg CO2/g TOC) 29 
TOC (%)* 7.82 
Chrono-stratigraphic Age lower Albian 

Lithology (from DSDP 
reports) 

shale, carbonaceous 

Open Pyrolysis GC 

 
 

Bulk kinetics 
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GC at 10% transformation ratio 

 
GC at 30% transformation ratio 

 
GC at 50% transformation ratio 

 
GC at 70% transformation ratio 

 
GC at 90% transformation ratio 
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G007879 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007879 
Location Orange Basin 
Leg 40 
Site 361 
Hole -- 
Core 28 
Section 5 
Top [cm]  137.0 
Bot [cm]  138.0 
Depth [mbsf] 1007.87 
S1 (mg/g) 0.67 
S2 (mg/g) 18.68 
S3 (mg/g) 1.49 
Tmax (°C) 405 
PP (mg/g) 19.35 
PI (wt ratio) 0.03 
HI (mg HC/g TOC) 365 
OI (mg CO2/g TOC) 29 
TOC (%)* 5.12 
Chrono-stratigraphic Age lower Albian 

Lithology (from DSDP 
reports) 

shale, carbonaceous 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for compositional kinetics were conducted on this sample. 

 

Bulk kinetics 
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G007880 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007880 
Location Orange Basin 
Leg 40 
Site 361 
Hole -- 
Core 29 
Section 2 
Top [cm] 50.0 
Bot [cm] 51.0 
Depth [mbsf] 1031.00 
S1 (mg/g) 0.17 
S2 (mg/g) 2.56 
S3 (mg/g) 1.79 
Tmax (°C) 414 
PP (mg/g) 2.73 
PI (wt ratio) 0.06 
HI (mg HC/g TOC) 63 
OI (mg CO2/g TOC) 44 
TOC (%)* 4.09 
Chrono-stratigraphic Age lower Albian 

Lithology (from DSDP 
reports) 

shale, carbonaceous 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for bulk kinetics and compositional kinetics were conducted on this 
sample. 
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G007881 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007881 
Location Orange Basin 
Leg 40 
Site 361 
Hole -- 
Core 29 
Section 2 
Top [cm]  112.0 
Bot [cm]  113.0 
Depth [mbsf] 1031.62 
S1 (mg/g) 0.16 
S2 (mg/g) 3.19 
S3 (mg/g) 1.37 
Tmax (°C) 416 
PP (mg/g) 3.35 
PI (wt ratio) 0.05 
HI (mg HC/g TOC) 83 
OI (mg CO2/g TOC) 36 
TOC (%)* 3.84 
Chrono-stratigraphic Age lower Albian 

Lithology (from DSDP 
reports) 

shale, carbonaceous 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for bulk kinetics and compositional kinetics were conducted on this 
sample. 
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G007882 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007882 
Location Orange Basin 
Leg 40 
Site 361 
Hole -- 
Core 32 
Section 6 
Top [cm] 36.0 
Bot [cm] 37.0 
Depth [mbsf] 1066.86 
S1 (mg/g) 0.16 
S2 (mg/g) 3.45 
S3 (mg/g) 1.39 
Tmax (°C) 416 
PP (mg/g) 3.61 
PI (wt ratio) 0.04 
HI (mg HC/g TOC) 67 
OI (mg CO2/g TOC) 27 
TOC (%)* 5.14 
Chrono-stratigraphic Age upper Aptian 

Lithology (from DSDP 
reports) 

mudstone 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for bulk kinetics and compositional kinetics were conducted on this 
sample. 
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G007883 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007883 
Location Orange Basin 
Leg 40 
Site 361 
Hole -- 
Core 33 
Section 3 
Top [cm] 50.0 
Bot [cm] 51.0 
Depth [mbsf] 1070.5 
S1 (mg/g) 0.88 
S2 (mg/g) 45.06 
S3 (mg/g) 3.57 
Tmax (°C) 419 
PP (mg/g) 45.94 
PI (wt ratio) 0.02 
HI (mg HC/g TOC) 554 
OI (mg CO2/g TOC) 44 
TOC (%)* 8.13 
Chrono-stratigraphic Age Aptian 

Lithology (from DSDP 
reports) 

shale 

Open Pyrolysis GC 

 
 

Bulk kinetics 
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GC at 10% transformation ratio 

 
GC at 30% transformation ratio 

 
GC at 50% transformation ratio 

 
GC at 70% transformation ratio 

 
GC at 90% transformation ratio 
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G007884 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007884 
Location Orange Basin 
Leg 40 
Site 361 
Hole -- 
Core 36 
Section 2 
Top [cm] 67.0 
Bot [cm] 68.0 
Depth [mbsf] 1097.67 
S1 (mg/g) 0.19 
S2 (mg/g) 1.76 
S3 (mg/g) 1.59 
Tmax (°C) 414 
PP (mg/g) 1.95 
PI (wt ratio) 0.1 
HI (mg HC/g TOC) 37 
OI (mg CO2/g TOC) 33 
TOC (%)* 4.8 
Chrono-stratigraphic Age Aptian 

Lithology (from DSDP 
reports) 

shale, carbonaceous 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for bulk kinetics and compositional kinetics were conducted on this 
sample. 
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G007885 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007885 
Location Orange Basin 
Leg 40 
Site 361 
Hole -- 
Core 37 
Section 1 
Top [cm] 75.0 
Bot [cm] 76.0 
Depth [mbsf] 1105.75 
S1 (mg/g) 1.11 
S2 (mg/g) 21.83 
S3 (mg/g) 4.68 
Tmax (°C) 412 
PP (mg/g) 22.94 
PI (wt ratio) 0.05 
HI (mg HC/g TOC) 315 
OI (mg CO2/g TOC) 68 
TOC (%)* 6.92 
Chrono-stratigraphic Age Aptian 

Lithology (from DSDP 
reports) 

shale 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for compositional kinetics were conducted on this sample. 

 

Bulk kinetics 
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G007886 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007886 
Location Orange Basin 
Leg 40 
Site 361 
Hole -- 
Core 37 
Section 1 
Top [cm]  140.0 
Bot [cm]  141.0 
Depth [mbsf] 1106.4 
S1 (mg/g) 0.29 
S2 (mg/g) 2.33 
S3 (mg/g) 2.31 
Tmax (°C) 409 
PP (mg/g) 2.62 
PI (wt ratio) 0.11 
HI (mg HC/g TOC) 37 
OI (mg CO2/g TOC) 36 
TOC (%)* 6.35 
Chrono-stratigraphic Age Aptian 

Lithology (from DSDP 
reports) 

shale 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for bulk kinetics and compositional kinetics were conducted on this 
sample. 
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G007887 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007887 
Location Orange Basin 
Leg 40 
Site 361 
Hole -- 
Core 40 
Section 4 
Top [cm]  126.0 
Bot [cm]  127.0 
Depth [mbsf] 1148.76 
S1 (mg/g) 0.83 
S2 (mg/g) 5.06 
S3 (mg/g) 2.24 
Tmax (°C) 401 
PP (mg/g) 5.89 
PI (wt ratio) 0.14 
HI (mg HC/g TOC) 97 
OI (mg CO2/g TOC) 43 
TOC (%)* 5.22 
Chrono-stratigraphic 
Age 

Aptian 

Lithology (from DSDP 
reports) 

shale 

Open Pyrolysis GC 

 
 

Bulk kinetics 
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G007888 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007888 
Location Orange Basin 
Leg 40 
Site 361 
Hole -- 
Core 47 
Section 1 
Top [cm]  136.0 
Bot [cm]  137.0 
Depth [mbsf] 1267.86 
S1 (mg/g) 0.19 0.19 
S2 (mg/g) 1.09 1.21 
S3 (mg/g) 1.19 1.43 
Tmax (°C) 411 414 
PP (mg/g) 1.28 1.4 
PI (wt ratio) 0.15 0.14 
HI (mg HC/g TOC) 28 31 
OI (mg CO2/g TOC) 30 36 
TOC (%)* 3.93 3.93 
Chrono-stratigraphic Age Aptian 

Lithology (from DSDP 
reports) 

shale, carbonaceous, 
sandy 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for bulk kinetics and compositional kinetics were conducted on this 
sample. 
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G007889 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007889 
Location Angola Basin 
Leg 40 
Site 364 
Hole * 
Core 21 
Section 4 
Top [cm] 133.0 
Bot [cm] 134.0 
Depth [mbsf] 602.48 
S1 (mg/g) 0.89 0.89 
S2 (mg/g) 46.32 48.95 
S3 (mg/g) 6.9 6.99 
Tmax (°C) 409 409 
PP (mg/g) 47.21 49.84 
PI (wt ratio) 0.02 0.02 
HI (mg HC/g TOC) 459 485 
OI (mg CO2/g TOC) 68 69 
TOC (%)* 10.1 10.1 
Chrono-stratigraphic Age upper Coniacian 

Lithology (from DSDP 
reports) 

marly chalk and 
mudstone 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for bulk kinetics and compositional kinetics were conducted on this 
sample. 
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G007890 DSDP sample info and GFZ Rock-Eval data 

 

Sample info Angola Basin 
Location 40 
Leg 364 
Site * 
Hole 23 
Core 1 
Section  137.0 
Top [cm]  138.0 
Bot [cm] 645.37 
Depth [mbsf] 3.45 
S1 (mg/g) 112.38 
S2 (mg/g) 8.98 
S3 (mg/g) 407 
Tmax (°C) 115.83 
PP (mg/g) 0.03 
PI (wt ratio) 764 
HI (mg HC/g TOC) 61 
OI (mg CO2/g TOC) 14.7 
TOC (%)* low. Con. - up. Turon. 
Chrono-stratigraphic Age marly chalk 

Lithology (from DSDP 
reports) 

Angola Basin 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for bulk kinetics and compositional kinetics were conducted on this 
sample. 

 
Core image showing organic-rich marly chalk interbedded between white marls. 
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G007891 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007891 
Location Angola Basin 
Leg 40 
Site 364 
Hole * 
Core 23 
Section 3 
Top [cm] 128 
Bot [cm] 129 
Depth [mbsf] 648.28 
S1 (mg/g) 1.32 
S2 (mg/g) 92.24 
S3 (mg/g) 7.62 
Tmax (°C) 413 
PP (mg/g) 93.56 
PI (wt ratio) 0.01 
HI (mg HC/g TOC) 769 
OI (mg CO2/g TOC) 64 
TOC (%)* 12 
Chrono-stratigraphic Age low. Con. - up. Turon. 

Lithology (from DSDP 
reports) 

marly chalk 

Open Pyrolysis GC 

 
 

Bulk kinetics 
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GC at 10% transformation ratio 

 
GC at 30% transformation ratio 

 
GC at 50% transformation ratio 

 
GC at 70% transformation ratio 

 
GC at 90% transformation ratio 
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G007892 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007892 
Location Angola Basin 
Leg 40 
Site 364 
Hole * 
Core 24 
Section 1 
Top [cm] 52 
Bot [cm] 53 
Depth [mbsf] 673.02 
S1 (mg/g) 1.75 
S2 (mg/g) 58.36 
S3 (mg/g) 6.61 
Tmax (°C) 401 
PP (mg/g) 60.11 
PI (wt ratio) 0.03 
HI (mg HC/g TOC) 526 
OI (mg CO2/g TOC) 60 
TOC (%)* 11.1 
Chrono-stratigraphic Age upper Albian 

Lithology (from DSDP 
reports) 

calcareous mudstone 
and black sapropelic 
shale 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for bulk kinetics and compositional kinetics were conducted on this 
sample. 

 
 
*: TOC from Leco 
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G007893 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007893 
Location Angola Basin 
Leg 40 
Site 364 
Hole * 
Core 39 
Section 2 
Top [cm] 97 
Bot [cm] 98 
Depth [mbsf] 969.47 
S1 (mg/g) 0.81 
S2 (mg/g) 37.67 
S3 (mg/g) 2.93 
Tmax (°C) 407 
PP (mg/g) 38.48 
PI (wt ratio) 0.02 
HI (mg HC/g TOC) 442 
OI (mg CO2/g TOC) 34 
TOC (%)* 8.52 
Chrono-stratigraphic Age middle Albian 

Lithology (from DSDP 
reports) 

marly limestone and 
black shale, minor 
sapropelic 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for compositional kinetics were conducted on this sample. 

 

Bulk kinetics 
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G007894 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007894 
Location Angola Basin 
Leg 40 
Site 364 
Hole * 
Core 42 
Section 2 
Top [cm] 11 
Bot [cm] 12 
Depth [mbsf] 1025.61 
S1 (mg/g) 3.6 
S2 (mg/g) 147.24 
S3 (mg/g) 6.88 
Tmax (°C) 415 
PP (mg/g) 150.84 
PI (wt ratio) 0.02 
HI (mg HC/g TOC) 398 
OI (mg CO2/g TOC) 19 
TOC (%)* 37 
Chrono-stratigraphic Age lower Albian 

Lithology (from DSDP 
reports) 

marly dolomitic 
limestone, alternating 
black shale 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for bulk kinetics and compositional kinetics were conducted on this 
sample. 
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G007895 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007895 
Location Angola Basin 
Leg 40 
Site 364 
Hole * 
Core 44 
Section 2 
Top [cm] 113 
Bot [cm] 114 
Depth [mbsf] 1045.63 
S1 (mg/g) 2.13 
S2 (mg/g) 117.13 
S3 (mg/g) 3.74 
Tmax (°C) 409 
PP (mg/g) 119.26 
PI (wt ratio) 0.02 
HI (mg HC/g TOC) 377 
OI (mg CO2/g TOC) 12 
TOC (%)* 31.1 
Chrono-stratigraphic Age Albian / Aptian 

Lithology (from DSDP 
reports) 

dolomitic limestone, 
alternating black shale 

Open Pyrolysis GC 

 
 

Bulk kinetics 
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GC at 10% transformation ratio 

 
GC at 30% transformation ratio 

 
GC at 50% transformation ratio 

 
GC at 70% transformation ratio 

 
GC at 90% transformation ratio 
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G007896 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007896 
Location Angola Basin 
Leg 40 
Site 364 
Hole * 
Core 44 
Section 2 
Top [cm] 142 
Bot [cm] 143 
Depth [mbsf] 1045.92 
S1 (mg/g) 1 
S2 (mg/g) 45.97 
S3 (mg/g) 2.72 
Tmax (°C) 401 
PP (mg/g) 46.97 
PI (wt ratio) 0.02 
HI (mg HC/g TOC) 476 
OI (mg CO2/g TOC) 28 
TOC (%)* 9.66 
Chrono-stratigraphic Age Albian / Aptian 

Lithology (from DSDP 
reports) 

dolomitic limestone, 
alternating black shale 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for bulk kinetics and compositional kinetics were conducted on this 
sample. 
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G007897 DSDP sample info and GFZ Rock-Eval data 

 

Sample info G007897 
Location Angola Basin 
Leg 40 
Site 364 
Hole * 
Core 45 
Section 1 
Top [cm] 87 
Bot [cm] 88 
Depth [mbsf] 1062.87 
S1 (mg/g) 1.57 
S2 (mg/g) 66.99 
S3 (mg/g) 2.36 
Tmax (°C) 408 
PP (mg/g) 68.56 
PI (wt ratio) 0.02 
HI (mg HC/g TOC) 663 
OI (mg CO2/g TOC) 23 
TOC (%)* 10.1 
Chrono-stratigraphic Age Albian / Aptian 

Lithology (from DSDP 
reports) 

dolomitic limestone, 
alternating black shale 

Open Pyrolysis GC 

Open pyrolysis GC not available. 
 
No measurements for bulk kinetics and compositional kinetics were conducted on this 
sample. 
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Available well data for seismic interpretation and basin model calibration 
Orange Basin wells Calibration data Additional 

data 

Well 
name 

X [m] 
WGS84, 

UTM 
32S 

Y [m] 
WGS84, 

UTM 32S 

KB [m] TD [m] Vitrinite 
refl. 

Bottom 
hole 

temp. 

Surface 
heatflow 

(Gouturbe 
et al., 
2008) 

Check shots 
for seismic 

depth 
conversion 

Well tops 
for 

seismic 
interp. 

d13C 
isotope & 
biomarker 

analysis 

A-AA1 656252 6618059 21.50 3325.00    X X  

A-AA2 662914 6618643 23.00 3179.40    X X  

A-A1 682923 6544478 29.90 3805.00 X X  X X  

A-C1 677623 6401625 25.90 4139.00 X X  X X  

A-C2 671570 6421267 25.90 3613.00 X X X X X  

A-C3 668375 6397670 25.90 4150.00 X X X X X  

A-D1 678771 6641672 26.00 3722.84 X X X X X  

A-E1 624828 6692843 25.00 4475.00    X X  

A-F1 616498 6766520 25.00 4396.00 X  X X X X 

A-G1 632267 6578828 25.15 4106.12 X X  X X  

A-H1 581132 6628753 26.00 3884.72 X  X X X  

A-I1 631290 6534527 25.00 4250.00 X X X X X  

A-J1 707706 6612453 25.00 3700.00 X   X X  

A-K1 652651 6584947 25.15 3684.73 X X  X X X 

A-K2 654059 6583320 25.00 3780.00 X    X  

A-L1 666842 6535656 25.00 3271.00 X X  X X  

A-N1 667675 6377845 25.00 3750.00  X  X X  

A-O1 613503 6797116 25.00 4605.00 X   X X  

A-U1 642764 6497643 25.00 3427.00 X X  X X  

A-V1 651150 6588266 23.00 3721.31     X  

A-W1 645792 6594308 25.00 3699.00     X  

A-X1 660490 6626084 21.50 3278.00  X  X X X 

A-X2 656270 6626423 21.50 2455.00  X   X  

A-Y1 657881 6586196 25.00 3412.00     X X 

Ba-A1 746879 6471324 25.90 1698.00  X   X  

Ba-A2 754024 6466544 29.50 2494.00  X   X  

K-A1 597161 6591237 26.00 4821.31    X X  

K-A2 596415 6588297 25.15 5830.10   X X X  

K-A3 601708 6591778 26.00 4677.00   X X X  

K-B1 542788 6602330 26.00 4075.03 X X  X X X 

K-D1 626596 6488537 26.00 4699.00 X X X X X  

K-E1 541514 6611042 26.00 4132.03 X  X X X X 

K-F1 596082 6539477 22.00 3800.00 X X  X X  

K-H1 588028 6565654 25.00 4268.00 X X  X X  

O-A1 669942 6329326 25.90 1931.00     X  

P-A1 709286 6380912 25.00 3272.00 X X  X X  

P-F1 725203 6374078 26.00 1492.00 X X X X X  
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Bulk kinetic parameters 
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2- and 4-Component compositional kinetic models 
Sample G007868 

2-Component  4-Component 

 
Gas Oil 

  
C1 C2-5 C6-14 C15+ 

40 kcal/mol 0.001 0.010 
 

40 kcal/mol 0.000 0.001 0.003 0.006 

41 kcal/mol 0.014 0.193 
 

41 kcal/mol 0.006 0.012 0.068 0.114 

42 kcal/mol 0.015 0.212 
 

42 kcal/mol 0.006 0.013 0.075 0.125 

43 kcal/mol 0.029 0.404 
 

43 kcal/mol 0.012 0.026 0.143 0.239 

44 kcal/mol 0.039 0.539 
 

44 kcal/mol 0.016 0.034 0.191 0.319 

45 kcal/mol 0.063 0.876 
 

45 kcal/mol 0.026 0.056 0.310 0.518 

46 kcal/mol 0.102 1.415 
 

46 kcal/mol 0.043 0.090 0.501 0.837 

47 kcal/mol 0.160 2.215 
 

47 kcal/mol 0.067 0.140 0.783 1.310 

48 kcal/mol 0.244 3.370 
 

48 kcal/mol 0.102 0.214 1.192 1.993 

49 kcal/mol 0.309 4.265 
 

49 kcal/mol 0.129 0.271 1.508 2.523 

50 kcal/mol 0.623 7.316 
 

50 kcal/mol 0.288 0.569 2.550 4.313 

51 kcal/mol 1.009 11.837 
 

51 kcal/mol 0.467 0.921 4.125 6.977 

52 kcal/mol 2.302 22.152 
 

52 kcal/mol 0.963 1.818 7.866 13.263 

53 kcal/mol 3.193 12.764 
 

53 kcal/mol 0.713 1.338 4.991 9.148 

54 kcal/mol 2.821 6.078 
 

54 kcal/mol 1.419 1.316 2.774 3.881 

55 kcal/mol 2.731 5.883 
 

55 kcal/mol 1.374 1.274 2.685 3.757 

56 kcal/mol 0.820 1.767 
 

56 kcal/mol 0.413 0.383 0.806 1.128 

57 kcal/mol 0.640 1.379 
 

57 kcal/mol 0.322 0.299 0.629 0.880 

58 kcal/mol 0.195 0.421 
 

58 kcal/mol 0.098 0.091 0.192 0.269 

59 kcal/mol 0.201 0.434 
 

59 kcal/mol 0.101 0.094 0.198 0.277 

60 kcal/mol 0.039 0.084 
 

60 kcal/mol 0.020 0.018 0.038 0.054 

61 kcal/mol 0.135 0.291 
 

61 kcal/mol 0.068 0.063 0.133 0.186 

62 kcal/mol 0.000 0.000 
 

62 kcal/mol 0.000 0.000 0.000 0.000 

63 kcal/mol 0.000 0.000 
 

63 kcal/mol 0.000 0.000 0.000 0.000 

64 kcal/mol 0.129 0.278 
 

64 kcal/mol 0.065 0.060 0.127 0.178 
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Sample G007878 

2-Component  4-Component 

 
Gas Oil 

  
C1 C2-5 C6-14 C15+ 

40 kcal/mol 0.024 0.276 
 

40 kcal/mol 0.007 0.017 0.111 0.164 

41 kcal/mol 0.026 0.294 
 

41 kcal/mol 0.007 0.019 0.119 0.175 

42 kcal/mol 0.050 0.570 
 

42 kcal/mol 0.014 0.036 0.230 0.340 

43 kcal/mol 0.062 0.708 
 

43 kcal/mol 0.017 0.045 0.286 0.422 

44 kcal/mol 0.078 0.892 
 

44 kcal/mol 0.022 0.056 0.360 0.532 

45 kcal/mol 0.104 1.186 
 

45 kcal/mol 0.029 0.075 0.479 0.707 

46 kcal/mol 0.150 1.720 
 

46 kcal/mol 0.042 0.108 0.695 1.025 

47 kcal/mol 0.290 3.320 
 

47 kcal/mol 0.081 0.209 1.342 1.978 

48 kcal/mol 0.423 4.837 
 

48 kcal/mol 0.119 0.304 1.955 2.883 

49 kcal/mol 0.739 8.151 
 

49 kcal/mol 0.228 0.511 2.991 5.160 

50 kcal/mol 1.007 11.103 
 

50 kcal/mol 0.311 0.696 4.074 7.029 

51 kcal/mol 1.872 19.758 
 

51 kcal/mol 0.564 1.308 6.664 13.093 

52 kcal/mol 1.601 13.759 
 

52 kcal/mol 0.506 1.095 5.613 8.146 

53 kcal/mol 2.628 13.132 
 

53 kcal/mol 0.891 1.738 7.112 6.020 

54 kcal/mol 1.364 6.816 
 

54 kcal/mol 0.462 0.902 3.691 3.125 

55 kcal/mol 0.230 1.150 
 

55 kcal/mol 0.078 0.152 0.623 0.527 

56 kcal/mol 0.192 0.958 
 

56 kcal/mol 0.065 0.127 0.519 0.439 

57 kcal/mol 0.000 0.000 
 

57 kcal/mol 0.000 0.000 0.000 0.000 

58 kcal/mol 0.010 0.050 
 

58 kcal/mol 0.003 0.007 0.027 0.023 

59 kcal/mol 0.022 0.108 
 

59 kcal/mol 0.007 0.014 0.059 0.050 

60 kcal/mol 0.013 0.067 
 

60 kcal/mol 0.005 0.009 0.036 0.031 

61 kcal/mol 0.000 0.000 
 

61 kcal/mol 0.000 0.000 0.000 0.000 

62 kcal/mol 0.000 0.000 
 

62 kcal/mol 0.000 0.000 0.000 0.000 

63 kcal/mol 0.000 0.000 
 

63 kcal/mol 0.000 0.000 0.000 0.000 

64 kcal/mol 0.043 0.217 
 

64 kcal/mol 0.015 0.029 0.117 0.099 
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Sample G007883 

2-Component 
 

4-Component 

 
Gas Oil 

  
C1 C2-5 C6-14 C15+ 

41 kcal/mol 0.010 0.090 
 

41 kcal/mol 0.003 0.007 0.032 0.058 

42 kcal/mol 0.015 0.135 
 

42 kcal/mol 0.005 0.010 0.048 0.088 

43 kcal/mol 0.020 0.180 
 

43 kcal/mol 0.006 0.013 0.064 0.117 

44 kcal/mol 0.031 0.289 
 

44 kcal/mol 0.010 0.021 0.102 0.187 

45 kcal/mol 0.051 0.469 
 

45 kcal/mol 0.016 0.035 0.166 0.304 

46 kcal/mol 0.075 0.695 
 

46 kcal/mol 0.024 0.051 0.245 0.450 

47 kcal/mol 0.118 1.092 
 

47 kcal/mol 0.038 0.080 0.385 0.707 

48 kcal/mol 0.161 1.489 
 

48 kcal/mol 0.051 0.110 0.526 0.963 

49 kcal/mol 0.319 2.951 
 

49 kcal/mol 0.102 0.217 1.042 1.909 

50 kcal/mol 0.495 4.585 
 

50 kcal/mol 0.158 0.338 1.618 2.966 

51 kcal/mol 0.824 6.916 
 

51 kcal/mol 0.270 0.554 2.397 4.519 

52 kcal/mol 1.349 11.321 
 

52 kcal/mol 0.443 0.907 3.923 7.397 

53 kcal/mol 2.161 16.069 
 

53 kcal/mol 0.727 1.435 5.671 10.398 

54 kcal/mol 2.216 14.534 
 

54 kcal/mol 0.769 1.447 5.137 9.396 

55 kcal/mol 2.562 11.998 
 

55 kcal/mol 0.938 1.624 5.176 6.822 

56 kcal/mol 1.524 7.136 
 

56 kcal/mol 0.558 0.966 3.079 4.058 

57 kcal/mol 0.554 2.596 
 

57 kcal/mol 0.203 0.351 1.120 1.476 

58 kcal/mol 0.428 2.002 
 

58 kcal/mol 0.157 0.271 0.864 1.139 

59 kcal/mol 0.185 0.865 
 

59 kcal/mol 0.068 0.117 0.373 0.492 

60 kcal/mol 0.114 0.536 
 

60 kcal/mol 0.042 0.072 0.231 0.305 

61 kcal/mol 0.014 0.066 
 

61 kcal/mol 0.005 0.009 0.028 0.037 

62 kcal/mol 0.074 0.346 
 

62 kcal/mol 0.027 0.047 0.149 0.197 

63 kcal/mol 0.000 0.000 
 

63 kcal/mol 0.000 0.000 0.000 0.000 

64 kcal/mol 0.000 0.000 
 

64 kcal/mol 0.000 0.000 0.000 0.000 

65 kcal/mol 0.063 0.297 
 

65 kcal/mol 0.023 0.040 0.128 0.169 
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Sample G007887 

2-Component 
 

4-Component 

 
Gas Oil 

  
C1 C2-5 C6-14 C15+ 

47 kcal/mol 0.091 0.749 
 

47 kcal/mol 0.026 0.065 0.424 0.325 

48 kcal/mol 0.012 0.098 
 

48 kcal/mol 0.003 0.009 0.056 0.043 

49 kcal/mol 0.163 1.337 
 

49 kcal/mol 0.046 0.117 0.758 0.580 

50 kcal/mol 0.127 1.043 
 

50 kcal/mol 0.036 0.091 0.591 0.452 

51 kcal/mol 0.159 1.311 
 

51 kcal/mol 0.045 0.114 0.743 0.568 

52 kcal/mol 0.046 0.374 
 

52 kcal/mol 0.013 0.033 0.212 0.162 

53 kcal/mol 0.113 0.927 
 

53 kcal/mol 0.032 0.081 0.525 0.402 

54 kcal/mol 0.296 2.434 
 

54 kcal/mol 0.083 0.213 1.379 1.055 

55 kcal/mol 0.456 3.754 
 

55 kcal/mol 0.128 0.328 2.127 1.627 

56 kcal/mol 0.765 6.295 
 

56 kcal/mol 0.215 0.550 3.567 2.728 

57 kcal/mol 1.284 10.566 
 

57 kcal/mol 0.361 0.923 5.987 4.579 

58 kcal/mol 2.969 14.581 
 

58 kcal/mol 0.935 2.035 8.962 5.618 

59 kcal/mol 4.833 15.117 
 

59 kcal/mol 1.718 3.115 9.422 5.695 

60 kcal/mol 5.766 12.234 
 

60 kcal/mol 2.358 3.408 7.184 5.049 

61 kcal/mol 2.777 5.893 
 

61 kcal/mol 1.136 1.642 3.461 2.432 

62 kcal/mol 0.536 0.404 
 

62 kcal/mol 0.357 0.179 0.191 0.214 

63 kcal/mol 0.787 0.593 
 

63 kcal/mol 0.523 0.263 0.280 0.314 

64 kcal/mol 0.000 0.000 
 

64 kcal/mol 0.000 0.000 0.000 0.000 

65 kcal/mol 0.262 0.198 
 

65 kcal/mol 0.174 0.088 0.093 0.105 

66 kcal/mol 0.000 0.000 
 

66 kcal/mol 0.000 0.000 0.000 0.000 

67 kcal/mol 0.108 0.082 
 

67 kcal/mol 0.072 0.036 0.039 0.043 

68 kcal/mol 0.080 0.060 
 

68 kcal/mol 0.053 0.027 0.028 0.032 

69 kcal/mol 0.000 0.000 
 

69 kcal/mol 0.000 0.000 0.000 0.000 

70 kcal/mol 0.000 0.000 
 

70 kcal/mol 0.000 0.000 0.000 0.000 

71 kcal/mol 0.182 0.138 
 

71 kcal/mol 0.121 0.061 0.065 0.073 
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Sample G007891 

2-Component 
 

4-Component 

 
Gas Oil 

  
C1 C2-5 C6-14 C15+ 

45 kcal/mol 0.130 0.970 
 

45 kcal/mol 0.036 0.094 0.417 0.553 

46 kcal/mol 0.000 0.000 
 

46 kcal/mol 0.000 0.000 0.000 0.000 

47 kcal/mol 0.238 1.772 
 

47 kcal/mol 0.066 0.172 0.762 1.010 

48 kcal/mol 0.234 1.736 
 

48 kcal/mol 0.065 0.169 0.747 0.990 

49 kcal/mol 0.427 3.173 
 

49 kcal/mol 0.118 0.309 1.365 1.808 

50 kcal/mol 0.555 4.125 
 

50 kcal/mol 0.154 0.401 1.774 2.351 

51 kcal/mol 0.643 4.777 
 

51 kcal/mol 0.178 0.465 2.055 2.722 

52 kcal/mol 0.730 5.920 
 

52 kcal/mol 0.218 0.512 2.429 3.491 

53 kcal/mol 0.888 7.202 
 

53 kcal/mol 0.265 0.622 2.955 4.247 

54 kcal/mol 0.890 7.700 
 

54 kcal/mol 0.277 0.613 2.368 5.331 

55 kcal/mol 1.235 10.685 
 

55 kcal/mol 0.385 0.851 3.286 7.398 

56 kcal/mol 1.478 10.272 
 

56 kcal/mol 0.477 1.001 3.853 6.419 

57 kcal/mol 1.463 10.167 
 

57 kcal/mol 0.473 0.991 3.813 6.354 

58 kcal/mol 1.844 7.976 
 

58 kcal/mol 0.658 1.187 3.815 4.160 

59 kcal/mol 1.110 4.800 
 

59 kcal/mol 0.396 0.714 2.296 2.504 

60 kcal/mol 0.528 2.282 
 

60 kcal/mol 0.188 0.340 1.092 1.190 

61 kcal/mol 0.370 1.600 
 

61 kcal/mol 0.132 0.238 0.765 0.835 

62 kcal/mol 0.139 0.601 
 

62 kcal/mol 0.050 0.089 0.288 0.313 

63 kcal/mol 0.086 0.374 
 

63 kcal/mol 0.031 0.056 0.179 0.195 

64 kcal/mol 0.047 0.203 
 

64 kcal/mol 0.017 0.030 0.097 0.106 

65 kcal/mol 0.047 0.203 
 

65 kcal/mol 0.017 0.030 0.097 0.106 

66 kcal/mol 0.000 0.000 
 

66 kcal/mol 0.000 0.000 0.000 0.000 

67 kcal/mol 0.049 0.211 
 

67 kcal/mol 0.017 0.031 0.101 0.110 

68 kcal/mol 0.023 0.097 
 

68 kcal/mol 0.008 0.014 0.047 0.051 
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Sample G007895 

2-Component  4-Component 

 
Gas Oil 

  
C1 C2-5 C6-14 C15+ 

40 kcal/mol 0.021 0.249 
 

40 kcal/mol 0.006 0.015 0.085 0.163 

41 kcal/mol 0.016 0.184 
 

41 kcal/mol 0.005 0.011 0.063 0.121 

42 kcal/mol 0.030 0.350 
 

42 kcal/mol 0.009 0.021 0.120 0.230 

43 kcal/mol 0.079 0.911 
 

43 kcal/mol 0.023 0.056 0.313 0.598 

44 kcal/mol 0.063 0.727 
 

44 kcal/mol 0.018 0.045 0.250 0.477 

45 kcal/mol 0.265 3.075 
 

45 kcal/mol 0.076 0.189 1.058 2.018 

46 kcal/mol 0.098 1.142 
 

46 kcal/mol 0.028 0.070 0.393 0.749 

47 kcal/mol 0.447 5.183 
 

47 kcal/mol 0.129 0.318 1.783 3.401 

48 kcal/mol 0.485 5.635 
 

48 kcal/mol 0.140 0.345 1.938 3.697 

49 kcal/mol 0.936 12.534 
 

49 kcal/mol 0.275 0.661 4.040 8.494 

50 kcal/mol 1.032 12.868 
 

50 kcal/mol 0.310 0.721 4.079 8.790 

51 kcal/mol 1.743 18.547 
 

51 kcal/mol 0.541 1.202 5.948 12.600 

52 kcal/mol 1.691 11.849 
 

52 kcal/mol 0.556 1.135 4.509 7.341 

53 kcal/mol 0.877 6.143 
 

53 kcal/mol 0.288 0.588 2.338 3.806 

54 kcal/mol 0.827 5.793 
 

54 kcal/mol 0.272 0.555 2.204 3.589 

55 kcal/mol 0.277 1.943 
 

55 kcal/mol 0.091 0.186 0.739 1.204 

56 kcal/mol 0.245 1.715 
 

56 kcal/mol 0.080 0.164 0.653 1.063 

57 kcal/mol 0.077 0.543 
 

57 kcal/mol 0.025 0.052 0.206 0.336 

58 kcal/mol 0.075 0.525 
 

58 kcal/mol 0.025 0.050 0.200 0.325 

59 kcal/mol 0.002 0.018 
 

59 kcal/mol 0.001 0.002 0.007 0.011 

60 kcal/mol 0.054 0.376 
 

60 kcal/mol 0.018 0.036 0.143 0.233 

61 kcal/mol 0.000 0.000 
 

61 kcal/mol 0.000 0.000 0.000 0.000 

62 kcal/mol 0.000 0.000 
 

62 kcal/mol 0.000 0.000 0.000 0.000 

63 kcal/mol 0.000 0.000 
 

63 kcal/mol 0.000 0.000 0.000 0.000 

64 kcal/mol 0.044 0.306 
 

64 kcal/mol 0.014 0.029 0.117 0.190 
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14-Component compositional kinetic model 
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