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Abstract 

ABSTRACT 

This study investigates the crustal structure, and assesses the qualitative and quantitative impacts of 

crust-mantle dynamics on subsidence pattern, past and present-day thermal field and petroleum 

system evolution at the southern South African continental margin through the application of a 

multi-disciplinary and multi-scale geo-modelling procedure involving both conceptual and 

numerical approaches. The modelling procedure becomes particularly important as this margin 

documents a complex interaction of extension and strike-slip tectonics during its Mesozoic 

continental rifting processes. Located on the southern shelf of South Africa, the Western 

Bredasdorp Basin (WBB) constitutes the focus of this study and represents the western section of 

the larger Bredasdorp sub-basin, which is the westernmost of the southern offshore sub-basins. To 

understand the margin with respect to its present-day structure, isostatic state and thermal field, a 

combined approach of isostatic, 3D gravity and 3D thermal modelling was performed by integrating 

potential field, seismic and well data. Complimenting the resulting configuration and thermal field 

of the latter by measured present-day temperature, vitrinite reflectance and source potential data, 

basin-scale burial and thermal history and timing of source rock maturation, petroleum generation, 

expulsion, migration and accumulation were forwardly simulated using a 3D basin modelling 

technique. This hierarchical modelling workflow enables geologic assumptions and their associated 

uncertainties to be well constrained and better quantified, particularly in three dimensions. 

At present-day, the deep crust of the WBB is characterised by a tripartite density structure (i.e. pre-

rift metasediments underlain by upper and lower crustal domains) depicting a strong thinning that is 

restricted to a narrow E-W striking zone. The configuration of the radiogenic crystalline crust as 

well as the conductivity contrasts between the deep crust and the shallow sedimentary cover 

significantly control the present-day thermal field of the study area. In all respects, this present-day 

configuration reflects typical characteristics of basin evolution in a strike-slip setting. For instance, 

the orientations of the deep crust and fault-controlled basin-fill are spatially inconsistent, thereby 

indicating different extension kinematics typical of transtensional pull-apart mechanisms. As such, 

syn-rift subsidence is quite rapid and short-lived, and isostatic equilibrium is not achieved, 

particularly at the Moho level.  

Accompanied syn-rift rapid subsidence and a heat flow peak led to petroleum preservation in the 

basin since the Early Cretaceous. Two additional post-rift thermal anomalies related to the Late 

Cretaceous hotspot mechanism and Miocene margin uplift in Southern Africa succeeded the syn-rift 

control on maturation. This thermal maturity of the five mature source rocks culminated in four 
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main generation and three main accumulation phases which characterise the total petroleum systems 

of the WBB. The Campanian, Eocene and Miocene uplift scenarios episodically halted source 

maturation and caused tertiary migration of previously trapped petroleum. Petroleum loss related to 

the spill point of each trap configuration additionally occurs during the Late Cretaceous-Paleocene 

and Oligocene-Early Miocene. The timing and extent of migration dynamics are most sensitive to 

the geological scenario that combined faulting, intrusive seal bypass system and facies 

heterogeneity. In fact, for models that do not incorporate facies heterogeneity, predicted past and 

present-day seafloor leakage of petroleum is largely underestimated. This complex interplay of 

generation and migration mechanisms has significant implications for charging of petroleum 

accumulations by multiple source rocks. Due to early maturation and late stage tertiary migration, 

the syn-rift source rocks particularly Mid Hauterivian and Late Hauterivian source intervals 

significantly control the extent of petroleum accumulation and loss in the basin.  

Lastly, the modelled 3D crustal configuration and Mezosoic to Cenozoic thermal regime of the 

WBB dispute classic uniform lithospheric stretching for the southern South African continental 

margin. Rather, this PhD thesis confirms that differential thinning of the lithosphere related to a 

transtensional pull-apart mechanism is the most appropriate for accurately predicting the evolution 

of basin and petroleum systems of the margin. Also, the presented 3D models currently represent 

the most advanced insights, and thus have clear implications for assessing associated risks in basin 

and prospect evaluation of the margin as well as other similar continental margins around the world. 

 

 

 

 

 

Keywords: Transtensional pull-apart, Differential thinning, Subsidence, Thermal field, Petroleum
   systems, Basin modelling, Southern South Atlantic
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Opsomming 

OPSOMMING 

Hierdie studie ondersoek die korsstruktuur en evalueer die kwalitatiewe en kwantitatiewe impakte 

van kors-mantel-dinamika op insinkingspatroon, die termiese veld en petroleumstels evolusie aan 

die suidelike Suid-Afrikaanse kontinentale grens, in die hede en die verlede, deur die toepassing van 

’n multidissiplinêre en multiskaal-geomodelleringsprosedure wat beide konseptuele en numeriese 

benaderings behels. Die modelleringsprosedure veral is belangrik aangesien hierdie kontinentale 

grens ’n komplekse interaksie van uitbreidings- en strekkingsparallelle tektoniek gedurende die 

Mesosoïese vastelandskeurprosesse daarvan dokumenteer. Omdat dit op die suidelike platvorm van 

Suid-Afrika geleë is, maak die Westelike Bredasdorp Kom (WBK) die fokus van hierdie studie uit, 

en verteenwoordig dit die westelike deel van die groter Bredasdrop-subkom, wat die verste wes is 

van die suidelike aflandige subkomme. Om die grens met betrekking tot sy huidige struktuur, 

isostatiese staat en termiese veld te verstaan, is ’n kombinasie benadering bestaande uit isostatiese, 

3D-gravitasie- en 3D- termiese modellering gebruik deur potensiëleveld-, seismiese en boorgatdata 

te integreer Ondersteunend totot die gevolglike konfigurasie en termiese veld van die laasgenoemde 

deur middel van hedendaagse temperatuur, soos gemeet, vitriniet-refleksiekoëffisiënt en bron-

potensiaal data, komskaal-begrawing en termiese geskiedenis en tydsberekening van 

brongesteentematurasie, is petroleumgenerasie, -uitwerping, -migrasie en -akkumulasie in die 

toekoms gesimuleer deur gebruik te maak van ’n 3D-kommodelleringstegniek. Hierdie hierargiese 

modelleringswerkvloei maak dit moontlik om geologiese aannames en hulle geassosieerde 

onsekerhede goed aan bande te lê en beter te kwantifiseer, veral in drie dimensies. 

In die hede word die diep kors van die WBK gekarakteriseer deur ’n drieledige digtheidstruktuur 

(met ander woorde voorrift-metasedimente onderlê deur bo- en benedekors domeine) wat dui op ’n 

baie wesenlike verdunning, beperk tot ’n dun O-W-strekkingsone. Die konfigurasie van die 

radiogeniese kristallyne kors, sowel as die konduktiwiteitskontraste tussen die diep kors en die vlak 

sedimentêre dekking, beheer grotendeels die hedendaagse termiese veld van die studiearea. Hierdie 

hedendaagse konfigurasie weerspieël in alle opsigte tipiese eienskappe van kom-evolusie in ’n 

skuifskeur omgewing. Byvoorbeeld, Die oriëntasies van die diep kors en verskuiwingbeheerde 

komsedimentasie byvoorbeeld is ruimtelik inkonsekwent en dui daardeur op verskillende 

ekstensiekinematika, tipies van transtensionale tensiemeganisme. As sulks, is sin-rift-versakking 

taamlik vinnig en kortstondig, en word isostatiese ekwilibrium nie by die Moho-vlak, in die 

besonder, bereik nie.  

Samehangende sin-rift vinnige versakking en hittevloeihoogtepunt het gelei tot petroleum behoud in 
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die kom sedert die vroeë Kryt. Twee bykomende post-rift termiese  anomalieë wat verband hou met 

die laat Kryt-“hotspot” meganisme en die Mioseense kontinentale grensopheffing in Suidelike 

Afrika het die sin-rift-beheer met maturasie opgevolg. Hierdie termiese maturiteit van die vyf 

gematureerde brongesteentes het in vier hoofgenerasie- en drie hoofakkumulasie fases, wat die 

totaliteit van die petroleumstelsels van die WBK karakteriseer, gekulmineer. Die Campaniese, 

Eoseense en Mioseense opheffings senarios het episodies bronmaturasie gestop en tersiêre migrasie 

van petroleum wat vroeër opgevang was veroorsaak. Addisioneel vind petroleumverlies gekoppel 

aan die spilpunt van elke opvanggebiedkonfigurasie tydens die laat Kryt-Paleoseen en Oligoseen-

vroeë Mioseen plaas. Die tydstelling en omvang van migrasiedinamika is die sensitiefste vir die 

geologiese scenario wat verskuiwing,  seëlomseilingstelsel en fasiesheterogeniteit kombineer. 

Trouens, vir modelle wat nie fasiesheterogeniteit inkorporeer nie, is voorspellings van vroeëre en 

huidige seebodemlekkasie van petroleum grotendeels onderskattings. Hierdie komplekse 

wisselwerking van generasie- en migrasiemeganismes het beduidende implikasies vir die laai van 

petroleumakkumulasies deur veelvoudige brongesteentes. Vanweë vroeë maturasie en laatstadium- 

tersiêre migrasie, oefen die sin-rift-brongesteentes, veral middel Hauterivium- en laat Hauterivium-

bronintervalle, beduidende beheer oor die omvang van petroleumakkumulasie en -verlies in die 

kom uit.  

Laastens weerspreek die gemodelleerde 3D-korskonfigurasie en Mesosoïese-tot-Senosoïese- 

termiese regime van die WBK ’n klassieke uniforme litosferiese rekking vir die suidelike Suid-

Afrikaanse kontinentale grens. Inteendeel, hierdie PhD-proefskrif bevestig dat ’n differensiële 

verdunning van die litosfeer, gekoppel aan ’n transtensiemeganisme, die beste geskik is om ’n 

akkurate voorspelling oor die evolusie van kom- en petroleumstelsels van die kontinentale grens 

mee te maak. Verder, verteenwoordig die 3D-modelle, wat hier aangebied word, tans die mees 

gevorderde insigte, en het hierdie modelle dus duidelike implikasies vir die assessering van 

verwante risiko’s in kom- en petroleum teikene valuering van die kontinentale grens, so wel as van 

ander soortgelyke kontinentale grense regoor die wêreld. 

 

 

Sleutelwoorde: Transtesionale tensie, Differensiële verdunning, Versakking, Termiese veld, 
    Petroleumstelsels, Kommodellering, Suidelike Suid-Atlantiese   
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CHAPTER 1 

Introduction 

1.1 Introduction and motivation 

Sedimentary basins documenting signs of both crustal extension and strike-slip faulting (such as in 

the vicinity of large-scale fracture zones as the Agulhas Falkland Fracture Zone (AFFZ) (Fig. 1) are 

best known from intracontinental and continental margin environments (e.g. Madon and Watts, 

1998; Allen and Allen, 2005; Xie and Heller, 2009). Due to the complex tectonic and structural 

history of these basins (e.g. Crowell, 1974; Garfunkel, 1981; Aydin and Nur, 1982; Roussos and 

Lyssimachou, 1991; Ben-Avraham and Zoback, 1992; Allen and Allen, 2005; Morley et al., 2009; 

Allen et al., 2011), the geodynamics of basin evolution relating to the controlling mechanisms of 

basin-scale thermal and petroleum system histories are still poorly understood, and therefore often 

problematic to reconstruct.  

Located on the southern shelf of South Africa, the Western Bredasdorp Basin (WBB), i.e. the 

focus of this current study (Fig. 1), comprises Area C (an open acreage) and the western portion of 

the central Bredasdorp Basin (i.e. west Block 9) covering approximately 14,900 km2 with 

bathymetries ranging from ~60 m in the northwest to ~140 m in the southeast. The WBB belongs to 

a suite of ‘rift-transform-passive’ basin systems initiated in the Late Jurassic to Early Cretaceous 

when Africa rifted away from South America along the AFFZ (Ben-Avraham, et al., 1993 and 

1997; McMillan et al., 1997; Thomson, 1998; Broad et al. 2006). As such, the interplay of 

continental rifting, dextral strike-slip faulting and sedimentation processes has resulted in the 

development of ~7 km basin-fill in the study area. This succession is separated by major basin-wide 

unconformities (Brown et al., 1995; PASA, 2012), of which the Late Hauterivian unconformity 

defines a division of the entire sedimentary infill into syn-rift and post-rift sequences (Fig. 2). Prior 

to this study, the nature of the deep crustal structure, which is often a repository of significant 

information about the causal mechanisms of margin evolution, that underlies these basin-fill 

successions is not known. 

As a consequence, there exists no qualitative and quantitative assessment of the contribution 

of heat flow from the deep crust to source rock maturation and hydrocarbon generation in the 

Bredasdorp Basin. Despite the significance of syn-rift crustal thinning to the overall subsidence 

mechanism of the margin (Parsiegla et al., 2009; Sonibare et al., 2014), previous estimates (Davies 

1997a) largely underestimate the contribution of early syn-rift source rocks to the total petroleum  
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Fig. 1: Location of the study area. (a) Present-day regional geomorphological and tectonic structures of 

Southern African continental margin showing the study area. Bathymetry map derived from Amante & Eakins 

(2009) ETOPO1 dataset. (b) Structural overview of South African southern offshore sedimentary basins 

detailing major fault trends and model location within the Bredasdorp Basin; AFFZ – Agulhas-Falkland Fracture 

Zone. 

2 

(a) 

(b) 

Stellenbosch University  https://scholar.sun.ac.za



Introduction  

system of the WBB. The latter thus implies that the contribution of source rocks to the timing of 

hydrocarbon generation, migration, accumulation and natural gas leakage is still poorly constrained 

in the study area.  

Exacerbating the already complicated rift to transform geo-tectonic processes in the basin are 

the variedly hypothesised Mesozoic-Cenozoic phases of mantle dynamics at different temporal and 

spatial scales in Southern Africa (e.g. Duncan, 1981; Martin, 1987; Reid et al., 1990; Nyblade and 

Robinson, 1994; Hartnady and Partridge, 1995; Davies, 1997a and 1997b; Thomson, 1999; Gohl 

and Uenzelmann, 2001; Nyblade, 2003; Broad et al., 2006; de Wit, 2007; Kounov et al., 2007; 

Tinker et al., 2008). The attendant hotspot mechanism, thermal disequilibrium, magmatism and 

erosion of these complex mantle dynamics particularly during the post-rift phase still remain a 

subject of scientific discussion especially in terms of their effects on the past and present-day 

geothermal field distribution as well as the hydrocarbon potential of the basin.  

To date, offshore sub-basins of South Africa are greatly underexplored, and the success rates 

of exploration campaigns that date as far back as 1970’s can only be measured in terms of the 

resulting large volume of exploration data (Fig. 3) which are now available for research purposes 

and the identification of the Bredasdorp and Pletmos Basins (Fig. 1b) as the most prospective 

petroleum provinces (PASA, 2012). Most previous studies that utilised these datasets for assessing 

the hydrocarbon potential and prospectivity of these basins remain largely unpublished, and where 

published comprehensive studies exist, the modelling approaches largely rely on 1D basin 

modelling techniques (Davies, 1997a and 1997b). Therefore, the influence of three-dimensional 

response of basin configuration, burial and thermal histories on the evolution of petroleum system is 

not well established. 

Furthermore, as extensively documented for continental margins and sedimentary basins 

around the world (e.g. Heggland, 1998; Gluyas and Swarbrick, 2004; Cartwright et al., 2007; Gay et 

al., 2007; Løseth et al., 2009; Anka et al., 2012; Talukder, 2012), numerous hydrocarbon leakage 

features have been observed in the Bredasdorp Basin from seismic profiles e.g. as gas chimneys and 

intrusive bypass system, and from a Sniffer Survey as wet-gas and dry-gas anomalies (Davies, 

1997a; Roux, 2007 and this study). Apart from being an important oil prospecting tool for assessing 

the prospectivity of a basin in terms of associated risks and uncertainties, this natural seepage of 

thermogenic and biogenic gases via focussed fluid-flow system from sedimentary successions is 

generally regarded as an important contributor to the changing chemistry of the Earth’s ocean and 

atmosphere system through time (Judd, 2003; Anka et al., 2012; Hovland et al., 2012; Talukder, 

2012 and references therein). In the southern offshore of South Africa (Fig. 1) no previous 
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evaluation of the timing and extent of these seepage features and the possible effects of their 

underlying driving mechanisms on the dynamics of hydrocarbon evolution have been conducted.  

* Davies (1997a), Mc Millan et al. (1997), Broad et al. (2006), Roux (2007), PASA (2012) and this study

 

 

Fig. 2: Sequence chronostratigraphic chart of the Bredasdorp Basin showing tectono-stratigraphic stages and events, major 

unconformities, generalised lithofacies distribution and petroleum system elements for the modelled sedimentary units. 

Geologic time-scale after Walker & Geissman (2009).
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From the above stated background, it is obvious that more advanced and well-constrained 

geodynamic models of the basin are sine qua non to bridging the existing gaps between causal 

mechanisms of basin evolution and the hydrocarbon potential of the southern South African 

margin’s tectonic setting. To that end, this study employed a multi-disciplinary three-dimensional 

modelling approach that involved both conceptual and numerical approaches. 

Although numerical forward modelling of lithosphere-scale structures (e.g. Madon and Watts; 

1998; Kimbell et al., 2004; Hirsch et al., 2007; Maystrenko and Scheck-Wenderoth, 2009) and 

spatial and temporal basin-scale geothermal fields (e.g. Yükler et al., 1979; Tissot and Welte, 1984; 

Ungerer et al., 1990; Hermanrud, 1993; Poelchau et al., 1997; Bayer et al., 1997; Yalçin et al., 

1997; Hantschel and Kauerauf, 2009; Maystrenko et al., 2013) has been extensively applied to 

Fig. 3: Bathymetric map of the modelled WBB detailing the integrated dataset for this study and the 

approximate boundary of the AGA and IFA shallow basement highs. Bathymetry is constructed from 

ETOPO1 global relief model (Amante and Eakins, 2009) and seismic profiles. AGA - Agulhas Arch; IFA – 

Infanta Arch; m.a.s.l. – metre above sea-level. 
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basin-scale tectonic, structural, thermal and hydrocarbon evolution, a persistently great challenge is 

to reasonably integrate all available data, parameterise the modelling domain and then assign 

appropriate boundary conditions (geologic assumptions) in a manner that validation of the model 

outputs is reliably possible at all scales and at every step in the modelling cycle. In this study, all 

available multi-disciplinary (geological, geophysical and geochemical) and multi-scale datasets 

consisting of potential field data (measured gravity field), 1200 km length of 2D seismic reflection 

profiles, well data and cores were novelly integrated (Figs. 3 and 4). In this case, each stage in the 

modelling cycle provides the necessary well-constrained boundary conditions for the next 

modelling stage (Fig. 4). Firstly, the first-order, data-based configuration of the WBB was 

reconstructed at a crustal scale using a combined isostatic and 3D gravity modelling. The resulting 

gravity-constrained 3D structural model thereafter provides the base for 3D thermal and petroleum 

system modelling of the basin (Fig. 4).  

Lastly, the modelling approach used in this study allows process-oriented analyses and 

interpretations of the predicted 3D geodynamic models of the WBB. As such, the study aims (see 

below), which centre around the underlying dynamics of basin and petroleum system evolution of 

the Bredasdorp Basin, could be robustly and insightfully addressed in a manner that goes beyond 

the resolution of the integrated datasets. 

1.2 Thesis aims 

The overall goal of this PhD thesis is to assess the present-day shallow and deep crustal structures 

of the Western Bredasdorp Basin, and evaluate the controlling mechanisms that govern the 

dynamics of basin and petroleum system evolution. As such, the following constitutes the aims of 

this study: 

• To reconstruct the geometry and density distribution of the Upper Jurassic - Cenozoic

sedimentary infill and the underlying deep crust.

• To further our understanding of the possible mechanisms that have controlled basin

evolution through improved knowledge of the Moho topography and the first-order

relationship between shallow and deep crusts.

• To determine the spatial distribution of present-day geothermal field in relation to the

interplay of shallow sedimentary and deep crustal influences.

• To utilise the boundary conditions offered by the present-day crustal structures and 3D

geothermal field to reconstruct the timing and extent of burial and thermal histories.
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• To determine the influence of deep heat flow, subsidence mechanism and sedimentation rate

on the distribution of source rock maturity trends and critical moments both in time and

space.

• To determine the impacts of faulting activity, intrusive bypass system and facies

heterogeneity on the timing, extent and dynamics of migration paths.

• To evaluate the contribution of source rocks to the accumulated and lost hydrocarbons both

in relation to the controls on migration paths as well as the established burial and thermal

histories.

• To delimit the possible risk factors associated with assessing the total petroleum system and

prospectivity of the basin.

1.3 Methods 

To achieve the above stated aims, an integrated 3-phase modelling workflow was employed (Fig. 

4). While the first phase entails the 3D crust-scale modelling of the WBB (Chapter 2), the second 

and third phases bother respectively on the 3D modelling of present and past geothermal field 

(Chapter 3) and the 3D modelling of petroleum systems (Chapter 4).  

 Central to all three phases is the establishment of basin-scale tectono-stratigraphic framework, 

which was carried out through interpretations of major stratigraphic horizons (key basin-wide 

unconformities as established by Brown et al. (1995)) and faults from 1200 km length of 2D 

seismic reflction profiles in two-way-travel time (TWT). These stratigraphic horizons (from the 

seafloor to top of crystalline basement) and faults were domain-converted into depths by 

performing velocity modelling that used the time-depth relations of checkshot data, sonic log and 

formation tops (in metres) of 38 wells.  

3D scattered data points of all horizons together with fault traces (as non-vertical faults) were 

interpolated to obtain regular grids of depth structure maps. The respective thickness distribution of 

each stratigraphic layer was calculated by subtracting the depth of successive horizons. Where 

necessary particularly for the thermal evolution (Chapter 3) and petroleum system modelling 

(Chapter 4), stratigraphic horizons were further refined via additional seismic interpretations and 

well-correlation of gamma ray logs to delineate vertical lithological boundaries as well as to 

incorporate lateral lithofacies variations. 

Determination of the dominant lithofacies for each modelled unit is based on the core analysis 

(Apendix A) and shaliness (i.e. volume of shale) estimation from available gamma ray (GR) logs  as 

well as lithologic information from McMillan et al. (1997), Roux (2007) and PASA (2012). For this 
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study, the classic gamma ray cut-off of 0-75 and 75-150 gAPI (gamma ray, American Petroleum 

Institute; see Chapter 2) units were used to discriminate between sandy and shaly units respectively. 

All seismic intrepretations, geo-referencing of bitmap images, well-log analysis and 

correlation, velocity modelling and interpolation of scattered data to create regular grids were 

performed using the Schlumberger’s PETREL 2010, 2011.1 & 2012 seismic interpretation and 

modelling softwares. Advanced gridding of horizons and faults were additionally carried out using 

EarthVision (EarthVision 8, Dynamic Graphics Inc., 2009) software. 

Phase 1: 3D crust-scale modelling 

The crust-scale modelling was performed through a combination of isostatic and 3D gravity 

modelling (Fig. 4). The unconformity-bounded syn-rift and post-rift sequences provide the 3D 

sructural model of the sedimenatry infill. To extend this 3D structural model of the sediments to the 

deep crustal domain, 3D gravity modelling, which requires a preliminary depth to the Moho (crust-

mantle boundary), was performed with the software IGMAS+ (Götze and Schmidt, 2010; Schmidt 

et al., 2011). As there is no deep seismic data in the Bredasdorp Basin which can permit direct 

observations of the Moho, Airy’s (1855) isostatic concept was performed to obtain a preliminary 

depth to the Moho. The software package GMS (GeoModelling System, an in-house geological 

modelling software developed at the Helmholtz Centre Potsdam, GFZ German Research Centre for 

Geosciences) was employed for the isostatic modelling.  

Through different stages of rigorous model validation, a well-constrained crust-scale 3D 

model of the WBB was established in terms of thickness distributions and density structures. The 

lithology-depth porosities and densities of the modelled sedimentary units were validated using all 

the available gamma ray, sonic and density logs. Gardner et al.’s (1974) approximation was also 

employed to empirically estimate bulk density from the sonic-transit time. To validate the Moho 

depth and the density structures of the deep crust, the global 1-arc minute free-air gravity anomaly 

grids of Sandwell and Smith (2009) were used to calibrate the predicted gravity response of the 

crustal model.  

Phase 2: 3D present-day and Mesozoic-Cenozoic geothermal field modelling 

To assess the spatial and temporal development of geothermal field regimes in the southern South 

African continental margin, the present-day thermal field distribution of the WBB was firstly 

calculated in three-dimensions assuming steady-state conduction as the dominant heat transport 

mechanism. The latter entailed calculating the 3D conductive temperatures based on the established 
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crust-scale 3D structural model of the basin. By employing these present-day geotherms, heat fluxes 

from the Moho to the seafloor were later estimated by solving Fourier’s equation assuming only 

vertical heat flow (Chapter 3). These numerical calculations of the present-day temperature and heat 

flow distributions were performed with the software package GMS using a 3D Finite Element 

Method (FEM) described in detail by Bayer et al. (1997).   

 The Mesozoic-Cenozoic thermal evolution of the basin was investigated by performing three-

dimensional numerical forward modelling using the software PETROMOD v. 2012.2 (© by 

Schlumberger). This forward modelling approach simulates the burial and thermal history based on 

the principles of basin modelling techniques described by e.g. Poelchau et al. (1997) and in detail 

by Hantschel and Kauerauf (2009). Following these principles, certain sedimentation intervals 

(including non-deposition and erosion) of known ages were defined in terms of interrelated 

processes such as (i) porosity loss (due to burial and compaction), (ii) isostatic re-adjustments (due 

to changing loads), and (iii) conductive heat transport (in relation to changing thermo-mechanical 

properties and boundary conditions).  

 The geothermal field modelling fully incorporated radiogenic heat production from the 

sediments and the crystalline crust at all stages. To validate model predictions, measured present-

day borehole temperatures and vitrinite reflectance data were used. The available borehole 

temperature dataset consisted of 41 corrected SBHTs (static bottom-hole temperatures) and 16 

DSTs (fluid temperatures acquired during drill-stem tests) from 24 wells. A total of 836 data points 

of measured vitrinite reflectance collected from rock cuttings, sidewall cores and cores were 

available from 17 wells.  

The calibration procedure of the thermal evolution model used the predicted present-day 

geothermal field of the WBB as well-constrained boundary conditions, and was performed in two 

stages: (1) the present-day temperature was firstly reconstructed based on well temperatures, and (2) 

the paleo-temperature distributions were reconstructed using measured vitrinite reflectance, which 

was controlled by maximum paleo-temperature, honouring the regional geotectonic history of the 

study area. The increase of vitrinite reflectance was calculated as a function of time and temperature 

using the EASY% Ro chemical kinetic equations of Sweeney and Burnham (1990). 

Phase 3: 3D petroleum system modelling 

To investigate the timing of source rock maturation, and subsequent generation, migration, 

accumulation and loss of hydrocarbons, the total petroleum system in the WBB was modelled by 

employing a three-dimensional basin modelling technique (see above and Fig. 4; Tissot and Welte, 
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1984; Poelchau et al., 1997; Al-Hajeri et al., 2009; Hantschel and Kauerauf, 2009). Based on the 3D 

structural model and the thermal calibration procedure employed for the thermal evolution 

modelling (see above), this petroleum system modelling was performed with the software 

PETROMOD v. 2012.2 (© by Schlumberger). 

All the identified Upper Jurassic-Cretaceous source rock intervals in the Bredasdorp Basin, 

representing three syn-rift source rocks, i.e. pre-Valanginian, Mid Hauterivian and Late 

Hauterivian, and three post-rift source rocks, i.e. Barremian, Aptian and Turonian, were modelled 

for organic matter maturation and petroleum generation. For reaction rate of kerogen conversion to 

hydrocarbon, a four-component compositional kinetic model of di Primio and Horsfield (2006) 

assuming primary and secondary cracking was adopted. The four hydrocarbon components are: C1 

(dry gas), C2-5 (wet gas), C6-14 (light oil) and C15+ (black oil), while the secondary cracking was 

restricted to methane generation only.  

Petroleum migration was modelled using the hybrid method of PETROMOD v. 2012.2 

software (© by Schlumberger). This migration calculation allows a three-phase (water, oil and gas) 

fluid-flow approach through combination of Darcy flow and flowpath techniques (Al-Hajeri et al., 

2009; Hantschel and Kauerauf, 2009). In a hybrid approach, flowpath analysis (i.e. buoyancy-

driven fluid-flow in relation to the geometrical configuration) is implemented in high-permeability 

domains (i.e. sandstone facies) while Darcy flow (i.e. three-phase flow based on the relative 

permeability and capillary pressure of the transporting medium) is calculated in low-permeability 

lithofacies (i.e. shales and siltstones). To allow the required domain decomposition into low and 

high permeability regions, the minimum permeability value for career rocks was set at a 

permeability threshold usually 10-2 mD at 30% porosity (Hantschel and Kauerauf, 2009). During 

the 3D migration modelling, a total of 56 listric-normal faults were incorporated with the activation 

of source-hydrocarbon tracking.  

Sensitivity analysis 

Throughout this study’s modelling procedure, sensitivity analysis was performed with respect to the 

assignment of certain geological simplications and assumptions (boundary conditions). By 

performing these sensitivity tests, it was possible to analyse, quantify and evaluate the relative 

effects of any boundary condition on the process-oriented outputs of numerical simulations (e.g. 

Yükler et al., 1979; Poelchau et al., 1997) particularly where datasets alone are difficult to quantify. 

As such, all uncertainities related to these geological assumptions are greatly reduced and better 

understood.  
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Fig. 4: Integrated workflow developed for this study. 
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1.4 Thesis layout 

This PhD thesis is prepared as a compilation of research papers, and consists of a total of six 

chapters. Each phase of the modelling workflow given in Figure 4 corresponds to a research paper.  

Chapter 1 outlines the inadequacy of multi-disciplinary 3D geodynamic models that can 

robustly characterise the first-order crustal structure of the WBB, and offer improved constraints on 

the controlling mechanisms of basin and petroleum system evolution within the southern South 

African ‘rift-transform-passive’ margin setting. This chapter further sets the study background in 

relation to the aims and applied methods (see above).  

Chapter 2 represents a published article with the Basin Research Journal, and deals with 

investigating the first-order configuration of the basin structure at a crustal scale. With the improved 

knowledge of the Moho topography, crustal thicknesses/density structures and lithospheric 

stretching factors, the prevailing tectonic regimes and the controlling mechanisms of subsidence 

and sedimentation rates could be better deciphered. 

Chapter 3 investigates the nature of the present-day thermal field and the development of 

paleo-geothermal conditions in relation to the 3D conductive heat transport mechanism, radiogenic 

heat production, the prevalent tectonic regime, subsidence mechanism and sedimentation processes. 

It also documents an integrated thermal calibration workflow that used the concept of 3D basin 

modelling techniques (Tissot and Welte, 1984; Poelchau et al., 1997; Al-Hajeri et al., 2009; 

Hantschel and Kauerauf, 2009) to predict the evolution of thermal maturity trends in the WBB. 

Chapter 4 represents a research paper already submitted to the Journal of Marine and Petroleum 

Geology. 

Chapter 4 focusses on the utilisation of the established crust-scale 3D structural (Chapter 2) 

and geothermal field (both in time and space; Chapter 3) models to reconstruct the history of source 

maturation, and constrain the controlling factors of the timing and extent of petroleum generation, 

expulsion and migration. This chapter, which further deals with the contribution of source rocks to 

potential accumulation and loss of hydrocarbons, is a research manuscript prepared for submission 

to the Journal of Marine and Petroleum Geology in 2014. 

Lastly, Chpater 5 discusses the findings of all the presented research papers in the form of a 

synthesis, while Chapter 6 states the principal conclusions that reflect the major contributions of 

this PhD thesis. 

With the exception of Chapter 6, a list of consulted references is provided at the end of each 

chapter, and in particular for Chapters 2, 3 and 4, this reference list has been prepared according to 

the prescribed style of the respectve journals. In addition, a comprehensive list of references and 
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five appendices are included at the end of this document. Appendices A, B, C and D represent 

supplementary information that is relevant to the modelling approaches presented in Chapters 2, 3 

and 4. Appendix E consists of a bibliography that contains all the research outputs of this PhD 

thesis, followed by a collection of conference proceeding’s abstracts. 
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CHAPTER 2 

Crust-scale 3D model of the Western Bredasdorp Basin (Southern South 

Africa): data-based insights from combined isostatic and 3D gravity modelling 

A presentation of the published research paper 

This research paper is published in Basin Research (Manuscript received 18 March 2013; In revised form 16 

January 2014; Manuscript accepted 23 January 2014. doi: 10.1111/bre.12064). I am the first author, and Dr 

Judith Sippel, Prof Magdalena Scheck-Wenderoth and Prof Daniel Mikeš are the co-authors. 

This research paper investigates the present-day structure and the controlling mechanisms of basin evolution 

within a margin system, in which continental rifting has documented both extension and transform processes. 

A suite of multidisciplinary geological and geophysical dataset is integrated into a consistent 3D structural 

model of the Upper Jurassic – Cenozoic basin-fill of the Western Bredasdorp Basin. Through a combined 

isostatic and 3D gravity modelling, the sedimentary infill is complemented by the deep crustal domain. As 

such, this research documents a detailed analysis of the Moho topography, the relationship between the 

geometries of the main sedimentary sequences and the reconstructed deep crustal structure, and the 

distribution of stretching factors. The findings based on the presented crust-scale 3D model provides robust 

and deeper insights into the underlying geodynamic processes that have led to the present-day configuration 

of the basin within a regional tectonic context. Besides, this study represents the first attempt of documenting 

the three-dimensional response of crust-mantle dynamics in the southern South Atlantic margin of South 

Africa.  

Data compilation and integration, 3D modelling techniques and all stages of analysis and interpretation were 

led by me at the Helmholtz Centre Potsdam, GFZ German Research Centre for Geosciences under the 

supervision of Dr Judith Sippel and Prof Magdalena Scheck-Wenderoth whose participation in the writing is 

regarded respectively as typical second and third authors. I performed all of the written work and created all 

the figures. The concept of lithosphere-scale modelling technique and the modelling software (GeoModelling 

System – GMS) were developed at the GFZ Basin Analysis Group under the headship of Prof Magdalena 

Scheck-Wenderoth. Prof Daniel Mikeš played a supervisory role in this project and was responsible for 

motivation and securing of the project funding. 
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Abstract 

The southern South African continental margin documents a complex margin system that has 

undergone both continental rifting and transform processes in a manner that its present-day 

architecture and geodynamic evolution can only be better understood through the application of a 

multidisciplinary and multi-scale geo-modelling procedure. In this study, we focus on the proximal 

section of the larger Bredasdorp sub-basin (the westernmost of the five southern South African 

offshore Mesozoic sub-basins) which is hereto referred as the Western Bredasdorp Basin. 

Integration of 1200 km of 2D seismic-reflection profiles, well-logs and cores yields a consistent 3D 

structural model of the Upper Jurassic-Cenozoic sedimentary megasequence comprising 6 

stratigraphic layers that represent the syn-rift to post-rift successions with geometric information 

and lithology-depth-dependent properties (porosities and densities). We subsequently applied a 

combined approach based on Airy’s isostatic concept and 3D gravity modelling to predict the depth 

to the crust-mantle boundary (Moho) as well as the density structure of the deep crust. The best-fit 

3D model with the measured gravity field is only achievable by considering a heterogeneous deep 

crustal domain, consisting of an uppermost less dense pre-rift metasedimentary layer [ρ = 2600 

kg/m3] with a series of structural domains. To reproduce the observed density variations for the 

Upper Cenomanian–Cenozoic sequence, our model predicts a cumulative eroded thickness of ca. 

800–1200 m of Tertiary sediments which may be related to the Late Miocene margin uplift. 

Analyses of the key features of the first crust-scale 3D model of the basin, ranging from thickness 

distribution pattern, Moho shallowing trend, sub- crustal thinning to shallow and deep crustal 

extensional regimes, suggest that basin initiation is typical of a mantle involvement deep-seated 

pull-apart setting that is associated with the development of the Agulhas-Falkland dextral shear 
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zone, and that the system is not in isostatic equilibrium at present-day due to a mass excess in the 

eastern domain of the basin that may be linked to a compensating rise of the asthenospheric mantle 

during crustal extension. Further corroborating the strike-slip setting are the variations of 

sedimentation rates through time. The estimated syn-rift sedimentation rates are 3-4 times higher 

than the post-rift sedimentation, thereby indicating that a rather fast and short-lived subsidence 

during the syn-rift phase is succeeded by a significantly poor passive margin development in the 

post-rift phase. Moreover, the derived lithospheric stretching factors [β = 1.5–1.75] for the main 

basin axis do not conform to the weak post-rift subsidence. This therefore suggests that a 

differential thinning of the crust and the mantle-lithosphere typical for strike-slip basins, rather than 

the classical uniform stretching model, may be applicable to the Western Bredasdorp Basin. 

1. Introduction

The Western Bredasdorp Basin forms part of the present-day shelf of the southern South African 

margin and constitutes the extreme western section of the larger Bredasdorp sub-basin, which is the 

westernmost of the five Mesozoic sub-basins off the south coast of South Africa (Fig. 1). The 

southern South African margin is a nonvolcanic sheared margin (e.g. Scrutton & Dingle, 1976) that 

evolved as a result of Gondwanaland lithospheric stretching and break-up when Africa rifted away 

from South America along the Agulhas–Falkland Fracture Zone (AFFZ) in the Late Jurassic to 

Early Cretaceous (Ben- Avraham et al., 1993, 1997; McMillan et al., 1997; Thomson, 1998; Broad 

et al., 2006). The interplay of continental rifting, dextral strike-slip faulting and sedimentation 

processes has resulted in the development of ca. 7 km basin-fill in the study area. This succession is 

separated by major basin-wide unconformities, of which the Late Hauterivian unconformity defines 

a division of the entire sedimentary infill into syn-rift and post-rift sequences (Fig. 2). By now, the 

nature of the deep crustal structure underlying these basin-fill successions is not well known. 

Moreover, as continental margins are often associated with the development of rift basins, which 

may have undergone a phase of strike-slip deformation (e.g. Crowell, 1974; Garfunkel, 1981; Aydin 

& Nur, 1982; Roussos & Lyssimachou, 1991; Ben-Avraham & Zoback, 1992; Allen & Allen, 2005; 

Morley et al., 2009; Allen et al., 2011), the discrimination of the dominant structural elements and 

basin-forming mechanisms of such complex margin systems are still poorly understood. 

Lithospheric-scale modelling through a combination of isostatic concepts and gravity 

modelling has been extensively applied to the studies of extensional basins at both intracontinental 

and passive margins, and they have improved to a great extent our understanding of the associated 

lithospheric thinning and break-up processes (e.g. Madon & Watts, 1998; Kimbell et al., 2004;  
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Fig. 1: Location of the study area. (a) Present-day regional geomorphological and tectonic structures of Southern 

African continental margin. Bathymetry map derived from Amante & Eakins (2009) ETOPO1 dataset. (b) Structural 

over- view of South African southern offshore sedimentary basins detailing major fault trends and model location 

within the Bredasdorp Basin (modified from Roux, 2007). 

(a) 

(b) 

Fig. 1: Location of the study area. (a) Present-day regional geomorphological and tectonic structures of Southern African 

continental margin. Bathymetry map derived from Amante & Eakins (2009) ETOPO1 dataset. (b) Structural over- view of 

South African southern offshore sedimentary basins detailing major fault trends and model location within the Bredasdorp 

Basin (modified from Roux, 2007). 
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Hirsch et al., 2007; Maystrenko & Scheck-Wenderoth, 2009). A major challenge of this approach is 

the integration of all available data (be it modelling, field and subsurface) in a manner that permits 

validation of the model output at all scales and at every step in the modelling cycle. Meanwhile, 

extensive exploration activities for hydrocarbon prospecting in the southern offshore of Africa are 

dated back to the early 1970s and have resulted in a wealth of geological and geophysical data in 

the archive of the Petroleum Agency of South Africa (PASA), most of which are still unpublished. 

In this study, a rigorous integration of this multidisciplinary dataset has allowed us to reconstruct 

the geometries and establish a consistent tectonostratigraphic framework for the Upper Jurassic– 

Cenozoic sedimentary basin infill of the Western Bredasdorp Basin. To gain better knowledge of 

the Moho topography as well as the first-order implication of the crust- mantle dynamics, the 

modelled sedimentary infill is complemented by the deep crustal domain as inferred from a 

combined isostatic and 3D gravity modelling approach. This approach gives us the opportunity to 

reconstruct the geometries and the density distribution of the underlying deep crustal structure 

particularly in three dimensions, compare the geometries of the sedimentary cover to that of the 

deep crust and determine the distribution of stretching factors for the study area. The aims of this 

study were to establish the relationship between the geometries of the main sedimentary sequences 

and the reconstructed deep crustal structure as well as to further our understanding of the possible 

mechanisms that have controlled basin evolution on the base of the present-day configuration of the 

basin. Regional geological and tectonic setting of the study area as well as model database and 

methods are first outlined. Thereafter, we demonstrate how the results and interpretations of the 

presented crust-scale 3D model provide robust and deeper insights into the underlying 

geodynamic processes that have led to the present-day configuration of the Western Bredasdorp 

Basin within a regional tectonic context.  

2. Geological and tectonic setting

The southern margin of South Africa is generally believed to have classic records of a persistent 

history of dextral (right-lateral) shear movements (Dingle et al., 1983; van der  Merwe  &  Fouché,  

1992;  Ben-Avraham et al., 1997; McMillan et al., 1997; Thomson, 1998; Broad et al., 2006) that 

date back to the mid-late Jurassic to early Cretaceous when Southern Africa  rifted from South 

America along the AFFZ (Fig. 1), and subsequently paved the way for the full opening of that part 

of the greater South Atlantic Margin. The aforementioned is thus an important component of the 

numerous lithospheric stretching and break-up events that characterise the separation of the 

Gondwanaland supercontinent into the East (Antarctica-Australia-India) and the West (South  
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Fig. 2: Sequence chronostratigraphic chart of the Bredasdorp Basin showing tectonic stages, major unconformities and 

generalised lithology for the modelled sedimentary units. Geologic time-scale after Walker & Geissman (2009).
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America-Africa) in the early Mezosoic. Tectonic realignments following a series of lithospheric 

stretching and subsequent thermal relaxation resulted in the formation of five easterly trending en 

echelon sub-basins (viz. Bredasdorp, Infanta Embayment, Pletmos, Gamtoos and Algoa; Fig. 1), 

which are underlain by possible prerift deposits (Dingle et al., 1983; Davies, 1997a). These sub-

basins are otherwise known collectively as the Outeniqua Basin whereas their deepwater extension 

is referred to as the Southern Outeniqua Basin (Fig. 1).  

A series of oblique normal faults, which becomes more listric towards the east, and basement 

arches (consisting of Ordovician to Devonian Cape Super- group metasediments) separate the 

Outeniqua depocentres from one another (McMillan et al., 1997; Thomson, 1998; Broad et al., 

2006) (Fig. 1). The Diaz Marginal Ridge (Fig. 1; Ben-Avraham et al., 1993) bounds the sub-basins 

southward and separates them from the AFFZ lineament. From west to east, the spatial distribution 

of these sub-basins decreases systematically, whereas the strike direction of their bounding faults 

gradually changes from dominantly east-west in the western sub-basins  to  north-south  in the 

easternmost sub-basins depicting more complex paleo-kinematics  as  the  AFFZ  is  approached 

(see Fig. 1). This variability in tectonic and structural imprints is accompanied by the development 

of both regional and localised unconformities, which are quite significant for the stratigraphic and 

the petroleum sys- tem evolution of the margin (Brown et al., 1995; McMillan et al., 1997; Davies, 

1997a,b; Broad et al., 2006). According to tectonic stages, the basin-fill is sub-divided into isolated 

fault-bounded syn-rift sequences overlain by variable thicknesses of post-rift sediments (Fig. 2). In 

the Bredasdorp sub-basin, the syn-rift successions comprise mainly fluvio-lacustrine and shallow 

marine sediments whereas the overlying post-rift successions are characterised by deltaic and 

shallow – deep marine siliciclastics with minor proportions of igneous intrusions (Dingle et al., 

1983; McMillan et al., 1997; Broad et al., 2006; Roux, 2007). Using a seismic stratigraphic 

approach constrained by biostratigraphic studies, Van Wyk et al. (1994) and, in more detail, Brown 

et al.  (1995)  identified several erosional and nondepositional unconformities within the Outeniqua 

Basin, which are defined according to Van Wagoner et al. (1987) seismic stratigraphic terminology. 

The important regional unconformities include: 1At1 at ca. 136 Ma (Valanginian break-up 

unconformity), 6At1 at ca. 130 Ma (Late Hauterivian), 13At1 at ca. 120 Ma  (Early  Aptian), 

15At1  at  ca. 93 Ma (Upper Cenomanian), 17At1 at ca. 80 Ma (Campanian) and 22At1 at ca. 67 

Ma (Upper Maastrichtian)  (see  Fig. 2). 

Although the Mesozoic timing of microplates movement along the southern African margin 

remains largely controversial, valuable information from limited seismic data and plate 

reconstruction studies (van der Merwe & Fouché, 1992; Ben-Avraham et al., 1993, 1997; McMillan 

et al., 1997; Thomson, 1998; Broad et al., 2006) has led to a definition of the syn-rift sequences into 
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what is now regarded as ‘Syn-Rift 1’ and ‘Syn-Rift 2’ (Fig. 2). The syn-rift 1 consists of a block-

faulted sedimentary package initiated by rifting with extensional reactivation of the Cape Fold Belt 

in Oxfordian and Kimmeridgian times. In contrast, the syn-rift 2 is regarded as a renewed phase of 

rift tectonics following Valanginian transform processes along the AFFZ (van der Merwe & 

Fouché, 1992; McMillan et al., 1997; Thomson, 1998; Fig. 1) in the western sub-basins 

(Bredasdorp, Infanta Embayment and Pletmos). 

The ‘post break-up’ phase of the Southern African continental margin is interpreted as  having 

recorded the passage of the African plate over at least two major mantle hotspots, i.e. the Shona and 

Bouvet hotspots at ca. 80–60 Ma (e.g. Duncan, 1981; Martin, 1987; Gohl & Uenzelmann-Neben, 

2001). These mantle-related hotspot events resulted in regional episodic uplifts, thermal dis-

equilibrium as well as the emplacement of alkaline intrusive bodies in latest Cretaceous and early 

Tertiary times (Duncan, 1981; Dingle et al., 1983; Martin, 1987; Davies, 1997b; Gohl & 

Uenzelmann-Ne- ben, 2001; Broad et al., 2006; Tinker et al., 2008). Previous studies by Davies 

(1997b) and Roux (2007) have shown the distribution of NW–SE-striking undersaturated alkaline 

intrusives in the study area. Related to tectonic activities, magmatism and possible eustatic sea- 

level changes, at least three major episodes of coastal retreat with accompanied cessation of active 

sedimentation and prevalence of regional erosion have been reported during the early Palaeocene, 

late Oligocene and late Miocene (Dingle et al., 1983; McMillan et al., 1997; Davies, 1997a; Broad 

et al., 2006). Burden (1992) and Davies (1997b) have noted that these Tertiary events might have 

significant implications for the uplift and subsequent removal of a substantial amount of sediments 

from the western Bredasdorp Basin during this period. The present-day structural configuration of 

the modelled area is thus a cumulative effect of varied tectonic and sedimentary processes, ranging 

from continental break-up, uplift, subsidence, mantle dynamics, igneous activity, denudation to 

sediment dispersal and accretion. 

3. Configuration of the sedimentary basin-fill

3.1 Model construction 

The modelled Western Bredasdorp Basin comprises Area C (an open acreage) and the westernmost 

portion of the central Bredasdorp sub-basin, which borders Area C to the east (Fig. 1b). It is located 

on the present-day shelf region covering ca. 14 900 km2 with bathymetries ranging from ca. 60 m in 

the northwest to ca. 140 m in the southeast (Fig. 3). Three-dimensional configuration of the 

preserved sedimentary infill is based on five multi- scale offshore datasets (Fig. 3): 
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1. Forty-two 2D seismic-reflection profiles representing a total profile length of ca. 1200

km were provided by PASA. The spatial distribution of the selected profiles which

mimics, the southeasterly trending, elongate Bredasdorp sub-basin is mostly located

along the NW– SE axis of the modelled area with little or no coverage over the bounding

basement arches (the Agulhas Arch, AGA, in the SW and Infanta Arch, IFA, in the NE;

Figs 1b and 3).

2. Well data, also courtesy of PASA, include well-logs [i.e. gamma ray (GR), spontaneous

potential, sonic, density, resistivity and neutron logs] with scanned well completion

reports from 12 wells; formation tops and checkshot data from 38 wells; and cores from

selected intervals.

3. Depth maps covering the western part of the modelled area (Roux, 2007) for all the

mapped regional unconformities, which delineate the modelled geological units for this

study (Fig. 2).

4. Additional depth information about the geometry of the mapped unconformities in the

southeastern part of the modelled area is also gained from a NE–SW cross- sectional

profile (Davies, 1997a).

5. The bathymetry of the study area is derived from ETOPO1, the 1 arc-minute global

relief model of Amante & Eakins (2009).

 We integrate the database highlighted above using Schlumberger’s PETREL 2010 & 2011.1 

seismic interpretation and modelling software. The software allows the implementation of a 

rigorous 3D modelling workflow that includes seismic interpretation, velocity modelling for 

domain conversion, well analysis (in particular GR log interpretation and sonic-transit time 

analysis for density estimation), geo-referencing of bitmap images and interpolation of scattered 

data to create regular grids.  

 The first step in our modelling workflow is the identification of major stratigraphic horizons 

(i.e. key basin-wide unconformities) and faults from seismic profiles in two- way travel time with 

a recording time of ca. 5000 ms (Fig. 4). These horizons are interpreted by incorporating available 

well data and relevant depth information to ensure consistencies with the key regional 

unconformities established by Brown et al. (1995) for the Bredasdorp sub-basin. As the main goal 

of this study is to understand the present-day geodynamics of the basin at a lithosphere-scale rather 

than at a sequence-scale, seismic horizons with demonstrable regional extent are mapped to 

capture the main tectonic phases that reflect the first-order characteristics of the basin (Figs 2, 4, 5 

and 6). The approximately pre-rift (pre-Late Jurassic) basement is only traceable along a few high-
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quality seismic profiles in the NW part of the modelled area (Figs 4-6) and thus it is not included 

as part of the identified seismic horizons. 

Fig. 3: Integrated dataset for the 3D crustal scale geological model shown on bathymetry map constructed from seismic 

profiles and ETOPO1 global relief model of Amante & Eakins (2009). Abbreviations: AGA – Agulhas Arch; IFA – 

Infanta Arch.

42 2D seismic lines (from PASA) 

Depth section profile (Davies, 1997a) 

Wells (gamma ray, sonic, density, 
checkshot and formation tops) 

Coastline 

Model area  
(135.3 by 110 sq km) 

Basement high boundary 
(AGA & IFA) 

D92-015: Representative seismic profiles m.a.s.l.: Metre above sea level 
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To derive the depths to the identified stratigraphic surfaces from the seafloor to top of 

crystalline basement, time-depth conversions are performed using time-depth relations (checkshot 

data) of 38 wells (Fig. 3). Interval velocities for the according stratigraphic layers are calculated 

based on this checkshot information, and these velocities are subsequently used to derive the 

approximate depth of all the modelled geological units. The validity of these conversion exercises is 

constrained by formation tops (in metres) of the available 38 wells.  

Determination of the dominant lithofacies for each modelled unit is based on the lithologic 

information from McMillan et al. (1997) and Roux (2007), core descriptions and shaliness (i.e. 

volume of shale) estimation from avail- able GR logs. For this study, the classic GR cut-off of 0– 

75 and 75–150 gAPI (GR, American Petroleum Institute) units are used to discriminate between 

sandy and shaly units respectively (Fig. 7). The volume of shale for a sedimentary unit is roughly 

obtained by calculating the GR index through linear rescaling of a GR log between its minimum 

(GR reading from clean sand) and maximum (GR reading from shale) deflection values from 0% to 

100% according to Equation 1: 

IGR = �GRlog - GRmin

GRmax - GRmin
�× 100%                       (1) 

where IGR is the gamma ray index [%], GRlog is the gamma ray reading from shaly sand [gAPI], 

GRmin is the gamma ray minimum from clean sand [gAPI], and GRmax is the gamma ray maximum 

from shale [gAPI]. The correction proposed by Larionov (1969) and Stieber (1970) for shaliness 

over-estimation is then applied on the GR index. To apply these corrections, we assume that all the 

modelled geological units are composed of consolidated sedimentary rocks. Furthermore, we 

employ sonic-transit time data to estimate density distribution within each modelled sedimentary 

unit following the Gardner et al. (1974) approximation: 

ρb = c × (sonic velocity )𝑥𝑥                                   (2) 

where ρb is the bulk density [kg/m3], and c and x are lithology-dependent constant variables. An 

advantage of sonic logs is that they provide us with the best stratigraphic coverage for those wells in 

which they are available.  

3D scattered data points of all horizons together with fault traces (as nonvertical faults) are 

interpolated using the minimum tension gridding algorithm implemented in EarthVision 

(EarthVision  8, Dynamic  Graphics  Inc., 2009) software to obtain regular grids of depth-structure 

maps. During interpolation, these fault traces are considered as barriers. The respective thickness 

distribution of each stratigraphic layer is calculated by simply subtracting the depth of successive  
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Fig. 4: Interpretation of the NW–SE seismic profile (D92-015) showing the general structural style along the main axis 

of the study area. Vertical scale is two-way travel time in milliseconds. For location see Fig. 3. 
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horizons. The ensuing thickness maps are then integrated into a consistent 3D structural model of 

the basin-fill using the software package GMS (GeoModelling System, an in-house geological 

modelling software developed at the Helmholtz Centre Potsdam, GFZ German Research Centre for 

Geosciences). GMS enables the computation of present-day lithology-depth- dependent porosities 

for all the modelled sedimentary units. For this purpose, a set of standard parameters for shales, 

shaly sandstones and sandstones (Allen & Allen, 2005 and references therein) have been assigned 

to each of the modelled units taking into account their observed shaliness (sand:shale ratio) 

estimation from GR logs (Table 1). GMS calculates porosities by applying the empirical compaction 

law proposed by Athy (1930): 

ϕ = ϕ0 ×  e-cz                                                        (3) 

where ϕ is the porosity [%], ϕ0 is the surface porosity [%], c is the compaction factor [km-1], and z 
is the burial depth [km]. To calculate the bulk density, we employ the classic density equation as a 
function of both rock matrix and fluid-filled pores assuming water-filled pores: 

ρb = (ϕ  ×  ρf )+ ((1- ϕ)  ×  ρma)                                              (4) 

where ρb is the bulk density [kg/m3], ρf is the fluid density [kg/m3], ρma is the matrix density [kg/m3], 
and ϕ is the porosity [%]. These lithology-dependent parameters (i.e. ϕ0, c,  and ρma; Table 1) are 
roughly estimated for a given sand:shale ratio using the expression: 

Parameter = (sand % × standard standstone) + (shale % × standard shale)                                   (5) 

3.2 Results 

3.2.1 Structural analysis 

A total of seven seismic reflectors consisting of six key basin-wide unconformities and the seafloor, 

and ca. 60 major faults are interpreted from all available seismic profiles. Three representative 

profiles that best reflect the spatial distribution of the principal structural elements along the NW–

SE trend of the modelled area (Fig. 3) are given in Figs 4–6. The lowermost horizon is the top of 

pre-Upper Jurassic basement, whereas the three syn-rift horizons include Valanginian (1At1), Mid 

Hauterivian (5At1) and Late Hauterivian (6At1). Following the latter upwards are two post-rift 

horizons:  Early Aptian (13At1) and Upper Cenomanian (15At1). The main diagnostic seismo-

stratigraphic features for these horizons are erosional truncations and onlaps. Another remarkable 

structural feature from our seismic interpretation is the thinning of all seismo-stratigraphic units  
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Fig. 5: Interpretation of the NE–SW seismic profile (D92-001) in the proximal NW parts of the basin (Fig. 3) showing 

key basin-wide unconformities, major faults as well as the seismic marker for a prerift sedimentary sequence. 
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Fig. 6: Interpretation of the NE–SW seismic profile (E80-022) in the distal SE parts of the basin (Fig. 3) showing key 

basin-wide unconformities and major faults. Note the thinning of syn-rift layers (Units 1, 5 and 6) towards the Agulhas 

Arch and the overall thickening of post-rift interval to the SE. 
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above the Upper Cenomanian (15At1) unconformity  towards  the  western  part  of  the  modelled  

area (Figs 4–6). Fault geometries within the Upper Jurassic to Cenozoic modelled units are 

generally listric (growth) faults, whereas their propagations are mainly localised within the syn-rift 

sequences. A series of (W)NW and (E)SE trending faults, structures the syn-rift horizons (1At1, 

5At1 and 6At1) as two major fault arrays located in the NW and SE domains of the basin (Fig. 4). 

Of all the mapped faults, only two major half-graben growth faults located in the NW (Arniston 

half-graben) and SE locally propagate (with upward decreasing offsets) through the 15At1 horizon 

(Figs 5 and 6). Also, evident on seismic line D92-001 (Fig. 5) in the proximal NW portion of the 

basin is a roughly uniform sedimentary sequence, which underlies a syn-rift sedimentary wedge 

package and exhibits a post-depositional rotation by the Arniston half-graben growth fault. The 

identified seismic reflector below this syn-rift wedge gives indication of possible pre-rift deposits 

beneath the syn-rift sequences. From the constructed horizons, six sedimentary units are 

differentiated (Fig.  2): 

• Unit 1 Sequence represents the Syn-rift 1 stage, i.e. the Oxfordian - Valanginian unit. It

mainly consists of terrigenous sandstones with variable proportions of conglomerate and

claystone.

• Unit 5 Sequence is of the age of Valanginian–Mid Hauterivian and represents the lower unit

of the Syn- rift 2 stage. It mainly consists of marine shales.

• Unit 6 Sequence is of the age of Mid-Late Hauterivian and represents the upper unit of the

Syn-rift 2 stage. It also mainly consists of marine shales.

• Unit 13 Sequence represents the lowermost unit of the post-rift successions, i.e. the Late

Hauterivian–Early Aptian unit. It mainly consists of shaly sandstones.

• Unit 15 Sequence is of the age of Early Aptian–Upper Cenomanian. It mainly consists of

sandstones with variable proportions of siltstone and shale.

• the Upper Cenomanian–Cenozoic unit. It mainly consists of sandstones and siltstones.

3.2.2 Porosities and densities of the modelled units 

Table 1 shows the parameters used for calculating the present-day porosities (eq. 3) and densities 

(eq. 4) of all units. As estimated from GR logs, Unit 5 and Unit 6 are characterised by larger shale-

to-sand ratios than the other units (Fig. 7). One main aspect of the corresponding standard 

compaction curves (Fig. 8) is that generally a higher shale contents implies a more effective 

porosity reduction in the upper ca. 2 km of the sediment package. 
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Table 1. Input rock properties for the 3D structural model of the basin-fill 

*Standard lithologic parameters from Allen and Allen (2005).

†Derived from Allen and Allen (2005).

Assigning appropriate surface porosities (Table 1; eq. 3) to the modelled units is less 

straightforward. Using the standard values of Allen & Allen (2005) results in modelled bulk 

densities that do not fit with ‘sonic log’ derived densities, particularly for younger units. The 

reasonably good fit in densities shown in Fig. 9 is only achieved when the surface porosities of Unit 

13, Unit 15 and the Upper Cenomanian–Cenozoic unit are reduced from 50% to 40%, 53% to 32% 

and 51% to 30% respectively. This leads to a complete shift of their compaction curves towards 

smaller porosities, i.e. to the left of their initial plots as shown in Fig. 8. The final modelled bulk- 

density distribution for the 3D structural model gives the expected overall density increase with 

increasing age induced by decreasing porosities with increasing depth of burial (Table 1). 

Furthermore, if standard velocity–density relationships are assumed (Ludwig et al., 1970; Gardner 

et al., 1974), the modelled bulk densities of the units are validated by the observed interval 

velocities (Fig. 10).  

3.2.3 Geometries of the modelled units 

The model extends in the east-west and north-south directions of the UTM 34S coordinate system 

by 135.3 km and 110 km respectively (Fig. 11). These dimensions are represented by a regularly 

grid spacing of 275 m in both the northing and the easting directions that reflects the best horizontal 

resolution for proper coverage of the lateral variations in principal geometric elements. The vertical 

resolution of the 3D structural model is defined by the number and thicknesses of the resolved 

stratigraphic layers depicting an overall NW-SE trending basin axis and reaching in places a 

cumulative thickness of ca.7 km (Fig. 11). The morphology and structural styles of the Upper 

Jurassic to Cenozoic sedimentary infill of the Western Bredasdorp Basin on the base of derived 

Shaliness 
sand: shale 

  
Surface 

Compaction 
factor, Matrix density Mean bulk 

Modelled unit (from gamma ray log) porosity ( ϕ0)
† c (km-1)† (kg/ m3)† Density (kg/m3) 

Upper Cenomanian–Cenozoic unit 85:15 0.3 0.31 2660 2250 
Unit 15 75:25 0.32 0.33 2680 2395 
Unit 13 65:35 0.4 0.35 2680 2430 
Unit 6 10:90 0.6 0.49 2720 2480 
Unit 5 15:85 0.6 0.47 2720 2560 
Unit 1 70:30 0.5 0.34 2670 2540 
*Shale 0.63 0.51 2720 
*Shaly sandstone 0.56 0.39 2680 
*Sandstone 0.49 0.27 2650 
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depth-structure maps (Fig. 12) and spatial distribution of thicknesses (thickness maps; Fig. 13) from 

the oldest to youngest units, are described in the following. 

Fig. 7: NW–SE well correlation panel showing exemplary shaliness estimation based on gamma ray log interpretation 

for Unit 6. 

Unit 1 sequence. The Oxfordian–Valanginian Unit 1 Sequence is the lowermost geological unit of 

our model (Fig. 2). Its sediment-fill constitutes the syn-rift 1 successions (e.g. McMillan et al., 

1997; Broad et al., 2006; Roux, 2007) defined stratigraphically at the base and top by the top of pre-

Upper Jurassic basement and the Valanginian (1At1) unconformity respectively (Figs 12a, b and 

13a).  The distribution of Unit 1 thicknesses (Fig. 13a) follows the trend of the NW and SE fault 

arrays (Fig. 4). The listric shape of these faults, results in a stepwise deepening of the top of pre-

Upper Jurassic basement and the Valanginian surface towards the basin centres. These two surfaces 

(top of pre-Upper Jurassic basement and Valanginian unconformity) are steepest within the two 

major half-graben bounding faults (Figs 4, 5, 6, 12a and b). The top of pre-Upper Jurassic basement 

descends within the Arniston half-graben and SE bounding fault by approximately the same amount 
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from ca. 3000 m below mean sea level to ca. 5500 m below mean sea level (Fig. 12a). A different 

trend is observed for the Valanginian surface as it is deeper within the SE bounding fault than 

across the Arniston half-graben in the NW (Fig. 12b). In general, the top of pre-Upper Jurassic 

basement and the Valanginian (1At1) surface deepen to ca. 5000–7000 m and ca. 2400–4400 m 

within the main fault arrays in the NW and SE, respectively, and they shallow to ca. 1200–2500 m 

and 600–2200 m at the basin flanks respectively (Fig. 12a and b).  

The Unit 1 Sequence is characterised by two major NNE–SSW- and roughly NE–SW- 

trending fault-bounded thickness maxima in the NW and SE domains, respectively, separated by 

two prominent paleo-highs (Roux, 2007) in the west. The only linkage evidence for these 

structurally confined thickness maxima is a narrow area of reduced thickness, which stands in 

between the aforementioned paleo-highs (Fig. 13a). The thickness maxima range from ca. 2600 to 

4000 m within series of half-graben fault terraces in the NW and SE. Also, sedimentary layers thin 

gently onto the bounding basement highs (AGA and IFA). Summarily, the unit depicts locally 

confined and isolated thickness maxima separated by structural highs. 

Fig. 8: Present-day states of compaction of 

the modelled sedimentary units as calculated 

according to Athy’s (1930) law. (a) Porosity-

depth curves for shale, shaly sandstone and 

sandstone (Allen & Allen, 2005) with 

superposition of initial porosity- depth 

relations derived according to the defined 

principal lithology (Figs 2 and 7) for the 

different sedimentary units. (b) Final 

porosity-depth relations used for modelling 

porosity and density variations within the 

sedimentary units of the 3D structural model. 

The final derived relationships are 

subsequent to validation by sonic and density 

logs, and the corresponding parameters are 

listed in Table 1. 
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Unit 5 sequence. The Valanginian–Mid Hauterivian Unit 5 Sequence is defined by its top 

stratigraphic surface, the Mid Hauterivian (5At1) unconformity (Figs 2 and 12c). The geometry 

of this Mid Hauterivian unconformity is similar to the observed depth profile trend o f  t h e  

Fig. 9: Validation of the modelled density distribution for the 3D structural model using sonic-transit time derived bulk-

density data. 
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older surfaces, but differs from them (older surfaces) by depicting less structural complexity (Fig. 

12a–c). Along the NW–SE basin axis, the 5At1 surface shows an overall southeasterly depression. 

Also, observable on the 5At1 depth-structure map is the propagation of new faults and cessation of 

older syn-rift faults (Figs 4 and 12c). 

Being a syn-rift geological unit, belonging to the syn- rift 2 phase (e.g. van der Merwe & 

Fouché, 1992; McMillan et al., 1997; Thomson, 1998; Broad et al., 2006), the Unit 5 Sequence is 

characterised by a series of locally con- fined, fault-bounded thickness maxima separated by local 

structural highs and areas of reduced sediment thicknesses (Fig. 13b). Areas of thickness minima in 

the Unit 5 thickness map are located mainly at the basin flanks as well as in the vicinity of a major 

erosional truncation feature in the proximal NW (Fig. 13b). This erosional truncation feature 

separates the thickness maxima in the proximal NW domain into the north and south. In the 

proximal NW, a maximum thickening of sediment of up to 1000 m is recorded within the Arniston 

half-graben whereas farther southwest, in the vicinity of this erosional feature, the sediment 

thickness is reduced to  <200 m (Fig.  13b). 

Unit 6 sequence. The Mid-Late Hauterivian Unit 6 Sequence, which rests unconformably on the 

Valanginian–Mid Hauterivian Unit 5 Sequence, is regarded as the upper unit of the syn-rift 2 phase 

(e.g. van der Merwe & Fouché, 1992; McMillan et al., 1997; Thomson, 1998; Broad et al., 2006; 

Fig. 2). The base and top of this modelled unit correspond with the depth to the Mid Hauterivian 

(5At1) and Late Hauterivian (6At1) unconformities respectively. The 5At1 and 6At1 surfaces reach 

locally ca. 2800–4000 m and ca. 2200–3400 m, respectively, in the central and southeastern parts of 

the Western Bredasdorp Basin (Fig. 12c and d). Along the NW–SE basin axis, the 5At1 and 6At1 

depth profiles (Fig. 12c and d) depict a gradual southeasterly depression, which correlates spatially 

with the bulk of the thickness maxima within the Unit 6 Sequence (Fig. 13c). The thicknesses of the 

Unit 6 Sequence reveal a classical fault-bounded and locally but partially confined distribution of 

sediment-fill separated by structural highs. In the proximal NW, sediment thicknesses are reduced 

to less than 500 m within the series of (W)NW–(E)SE trending normal  fault  terraces (Fig. 13c). 

Areas of reduced thicknesses are also located along the basin flanks as the unit thins and onlaps 

onto the prominent basement highs (AGA and IFA). Other areas of thickness minima found along 

the NW–SE basin axis are the series of erosional truncation features in the NW and SE parts of the 

Unit 6 Sequence. 

Post-rift sequences. The post-rift sequences consist of the modelled three post-rift units, viz. the 

Late Hauterivian–Early Aptian Unit 13 Sequence, the Early Aptian–Upper Cenomanian Unit 15 
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Sequence and the Upper Cenomanian–Cenozoic unit, which overly the syn-rift sequences (Figs 2 

and 11). The lowermost unit of the post-rift sequences, the Unit 13 Sequence is generally regarded 

as the onset of post-rift sedimentation, when the basin was not yet fully opened to the South 

Atlantic Ocean (e.g. Dingle et al., 1983; McMillan et al., 1997; Davies, 1997a; Broad et al., 2006). 

The Unit 15 Sequence is modelled in this study as a composite unit, which combines each of the 

sequences which underlies and overlies, respectively, the Mid Albian (14At1) unconformity (Figs 2 

and 4) as described in Brown et al. (1995), Broad et al. (2006) and Petroleum Agency South Africa 

(2012). Also modelled as a composite unit is the uppermost geological layer of our 3D model (Fig. 

11), the Upper Cenomanian–Cenozoic unit which merges sequences that are bounded at the base 

and top by the Upper Cenomanian (15At1), Santonian (K), Campanian (17At1) and Maastrichtian 

(22At1) unconformities (Brown et al., 1995; McMillan et al., 1997; Broad et al., 2006; Petroleum 

Agency South Africa, 2012; Figs 2 and 4). 

Fig. 10: Checkshot data used for time-depth conversions of interpreted seismic horizons in two-way travel time (TWT). 

(a) TWT vs. depth. (b) Interval velocities vs. depth showing mini- mum and maximum average interval velocities for all 

the modelled units. UC–C = Upper Cenomanian–Cenozoic. 

(a) 

(b) 
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The Early Aptian (13At1) and the Upper Cenomanian (15At1) unconformities (Fig. 12e and f), 

which form the bases of the Unit 15 Sequence and the Upper Cenomanian–Cenozoic unit, 

demonstrate an overall NW–SE-oriented depression, and they deepen maximally to ca. 1500 and 

3000 m, respectively, with more visible deepening southwards as well as to the southeast. However, 

the depth gradient of this NW–SE depression in the western domain (Fig. 12e and f) is higher on the 

Upper Cenomanian surface than on that of the Early Aptian surface. Moreover, the Upper 

Cenomanian surface depicts more depression (of ca. 400–700 m) along the Agulhas Arch in the 

proximal SW domain. An offset of ca. 600–800 m is clearly imaged across a WNW–ESE striking 

SE listric fault (Figs 6 and 12e). 

Fig. 11: A consistent 3D structural model of the Upper Jurassic–Cenozoic basin-fill. 
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Fig. 12: Depth to the six major unconformities which define the main modelled sedimentary units. Shown faults are 

some of the mapped major faults from seismic interpretation. (a) Top of pre-Upper Jurassic basement – AGA: Agulhas 

Arch, IFA: Infanta Arch. (b) 1At1– Valanginian syn-rift 1 unconformity. (c) 5At1– Mid Hauterivian, syn-rift 2 

unconformity. (d) 6At1– Late Hauterivian, top syn-rift 2 unconformity. (e) 13At1– Early Aptian unconformity marking 

the base of post-rift sedimentation. (f) 15At1– Upper Cenomanian unconformity marking peak of post-rift 

sedimentation. UTM Zone 34S. 
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Fig. 13: Thickness distribution with major fault trends of the modelled sedimentary units. (a) Unit 1: Upper Jurassic to 

Valanginian. (b) Unit 5: Valanginian to Mid Hauterivian. (c) Unit 6: Mid to Late Hauterivian. (d) Unit 13: Late 

Hauterivian to Early Aptian; (e) Unit 15: Early Aptian–Upper Cenomanian. (f) Upper Cenomanian to Cenozoic. UTM 

Zone 34S. 
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The Unit 13 Sequence (Fig. 13d) exhibits some structural imprints fairly comparable to the 

underlying syn-rift units. Likewise, its thickness distribution shows NW–SE trending thickness 

maxima segmented by less prominent local structural highs above which sedimentary deposits are 

thinned. In the distal SE, thinning and onlapping of the layer southwards onto the bounding Agulhas 

Arch is evident (Fig. 13d). The sediment thickening pattern is more diffuse and irregular in the 

distal SE than the proximal NW. The Unit 13 sediment package is thicker within the Arniston half-

graben in the NW and locally reaches a maximum of ca. 600 m.  

A totally contrasting image of thickness maxima distribution, i.e. NW–SE trending elongated 

thickness highs which thicken maximally to the SE, is evident from the overlying Early Aptian–

Upper Cenomanian Unit 15 Sequence and the Upper Cenomanian–Cenozoic unit (Fig. 13d–f). In 

both cases, sedimentary deposits overstep the observable minima in the NW domain and thicken 

gently and gradually basinwards. Also clearly visible is the gradual thinning of sedimentary strata 

towards the bounding basement highs (AGA and IFA). This thinning phenomenon is sharper 

towards the Agulhas Arch in the Upper Cenomanian to Cenozoic unit than the underlying Unit 15 

Sequence. Another important distinguishable feature between the upper two post-rift sequences (the 

Unit 15 Sequence and the Upper Cenomanian–Cenozoic unit) is the apparent N–S lineament of 

relatively thinned sedimentary strata, which separates the thickness maxima in the SE domain of the 

Unit 15 Sequence into western and eastern sub-domains (Fig. 13e-f). Sediments thicken within 

these sub-domains to ca. 1600–1800 m. Also, the thickness distribution of the Unit 15 Sequence 

depicts a sharp thickening from ca. 500 m on the upthrown platform of the SE bounding half-

graben fault, to ca. 1650 m on the downthrown segment of the fault (Figs 6 and 13e). The thickness 

distribution of the Upper Cenomanian–Cenozoic unit depicts more or less uniform thickness 

maxima in the central and distal SE domains of the modelled area, with sediment thicknesses 

reaching a maximum of ca. 800–1200 m. 

4. Structure of the deep crust 

In order to reconstruct the basin’s present-day deep crustal configuration so as to gain deeper 

insights into its evolution and unravel its complex geodynamic his- tory, we extend the 3D 

structural model of the sedimentary fill (shallow crust) to the deep crustal domain. For this 

purpose, we honour the existing regional information about the composition of the crust in the 

southern South Africa through a combination of isostatic calculations and 3D gravity modelling, 

which enables us to assess the density distribution of the entire crust and predict the crust-mantle 

boundary (Moho) as an important density contrast. 
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4.1 3D gravity modelling: database and method 

4.1.1 Observed gravity field 

Potential field data are extracted across the study area from the global 1 arc-minute free-air gravity 

anomaly grids of Sandwell & Smith (2009). The free-air gravity anomaly over the Western 

Bredasdorp Basin (Fig. 14) delineates the modelled area into two distinct zones of W– E trending 

gravity anomalies, namely the northern gravity lows (ca. -12 to 5 mGal with wavelength of 10–25 

km) and the southern gravity highs (ca. 5–25 mGal with wave- length ranging from 35 to 60 km). 

At the basin scale, this defines a north-south long wavelength of >100 km in diameter. Visual 

inspection of the observed gravity field (Fig. 14) discloses only a few direct relationships with the 

shallow structure of the basin known so far. The NW–SE directed central part of the Western 

Bredasdorp Basin holding the bulk of Mesozoic sediments (Fig. 13), correlates mainly with a 

gravity low (mostly <14 mGal). Although the Agulhas Arch region in the SW (see Figs 3 and 11) is 

related to a gravity high (18–26 mGal), the area of the Infanta Arch, however, appears prominently 

as a gravity low. 

4.1.2 Method 

To extend the 3D structural model of the basin down to the crust-mantle boundary (Moho), we 

perform 3D gravity modelling with the software IGMAS+ (Götze and Schmidt, 2010; Schmidt et 

al., 2011). IGMAS+ is an interactive gravity modelling tool which allows interpretation of potential 

fields by means of 3D numerical simulations (Schmidt et al., 2011). This approach enables 

interactive modification in the geometry and density distribution of the modelled units and is used 

to refine the deep crustal structure in terms of its density and thickness distribution as well as to 

accurately predict the geometry of the Moho topography. In so doing, it is possible to achieve a 3D 

structural model with a density distribution that fits with the measured gravity anomaly. 

The total gravity response from the 3D structural model is calculated by triangulation along 

parallel 2D working planes between predefined structural levels, which are populated geometrically 

with multiple polyhedrons (Schmidt et al., 2011). The gravity response of the 3D structural model 

represents the total sum of gravity effects of all the triangulated polyhedrons. Modifications of the 

geometry and density distribution of each of the modelled units for this gravity exercise are carried 

out interactively along the predefined W–E working planes. These modifications involve a series of 

back and forth adjustments of the geological boundaries and density distribution of each modelled 

unit, thereby ensuring a full three-dimensional distribution of the modelled gravity anomalies. As 

the structure of the Upper Jurassic– Cenozoic sedimentary fill of the modelled Western Bredasdorp 
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Basin is constrained by various data sets, we have applied modifications only to the geometries and 

densities of the deeper structure.  

As gravity modelling is essentially a procedure of mass-balancing, and gravity measurements 

are influenced by the mass of the entire earth, IGMAS+ calculates the anomalies for a particular 3D 

density model through utilisation of the density contrast that exists between the respective  gravity 

response  of  this  model  and  a  background reference model. In our case, we use a background 

reference model with an average density of 2670 kg m-3 corresponding to the standard mean density 

of the continental crust. Moreover, 23 W–E-oriented 2D working planes with a 5 km interval 

distance, covering all the dominant structural features of the study area are employed for the 3D 

gravity modelling (Fig. 14). To avoid boundary effects, the model is extended laterally in all 

directions to 300 km beyond the dimensions of the study area. 

Fig. 14: Measured gravity field for the study area (Sandwell & Smith, 2009) showing the location of the 23 working 

planes (sections) – 20 white dashed lines and three red solid lines, for the 3D gravity modelling. The three red solid 

lines are described in Fig. 17. 

The starting geometrical model for the 3D gravity modelling comprises a seawater layer 

underlain by the six modelled Upper Jurassic to Cenozoic units (Figs 11 and 13). Densities within 

these layers are set to constant. The density for the seawater is set to 1030 kg m-3 and the assigned 

mean bulk densities (as derived from the well data constrained porosity-depth compaction curves; 

Figs 8–10) for the modelled sedimentary units are given in Table 1. The mean bulk densities 

Measured free-air gravity 

UTM Zone 34S 
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represent the best average for the NW–SE basin axis where overburdens are generally thick. With 

this approach, we accept slight deviations from these mean values in the domains of shallow 

basement highs (in the NW, SW and NE; Figs 3, 12 and 13) with very thin overburden thickness. 

Hence, the assigned bulk densities for the respective units represent the best approximation for the 

whole volume of sediments by integrating the overall compaction trends resulting from 

overburden thicknesses. The crystalline crust below the sedimentary units is treated as a 

homogenous layer and is assigned a homogenous density of 2850 kg m-3. This crustal density is 

empirically derived from the velocity–density conversion function for igneous and metamorphic 

rocks (Christensen & Mooney, 1995) according to the observed p-wave velocities (ranging from 

ca. 6.0 to 7.0 km s-1) of Parsiegla et al. (2009) based on their onshore-offshore Agulhas–Karoo 

deep seismic transects through the Pletmos and Gamtoos sub-basins both of which are adjacent to 

the study area in the far eastern end of the larger Outeniqua Basin (Fig. 1). The value of the mantle 

density is set at 3300 kg m-3 for the initial 3D model.

Also required for the 3D gravity modelling is the depth to the crust-mantle boundary (Moho) 

from which the thickness distribution of the crystalline crust can be obtained. As there is no 

deep seismic data in the Western Bredasdorp Basin which can permit direct observations of the 

Moho, we employ Airy’s (1855) isostatic concept to obtain a preliminary depth to the Moho. In 

the following sub-sections, this isostatic approach and the steps taken to constrain the deep 

crustal structure through 3D gravity modelling are described. 

Isostatic model. We perform isostatic modelling in accordance with Airy’s isostatic concept (Airy, 

1855) using the software GMS. This concept assumes that variations in thickness of the sub-

sedimentary crust are locally compensated by varying thicknesses of the overlying water and 

sediments. For the calculations, a reference model is assumed to be in isostatic equilibrium with our 

well constrained 3D structural model of the basin-fill as expressed in Eqn (6): 

ρc × hc* = ρw × hw + ∑ ρs × hs + ρc × hc + ρm × hm (6) 

where ρw is the water density [Kg m-3], ρs is the sediment density [Kg m-3], ρc is the crustal density

[Kg m-3], hw is the water depth [m], hs is the sediment thickness [m], hc* is the crustal reference 

thickness [m], hc is the thickness of the sub-sedimentary crystalline crust [m] and hm is the thickness 

of the displaced mantle [m]. The reference model is set up with an assumed constant crustal density 

and an initial thickness down to the assumed depth of compensation. We further assume that the 

density of the sub-sedimentary crust for both the reference model and the 3D model is the same (ρc 
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= ρc*). Hence, GMS allows us to calculate the thickness of the sub-sedimentary crystalline crust, 

which delineates the depth variations of the crust-mantle boundary (Moho). To approximate the 3D 

effects of isostasy, we employ GMS to perform a 3D pressure calculation based on a 3D Finite 

Element Method prior to isostatic modelling, so as to determine the sedimentary load distribution 

for the 3D model (Scheck & Bayer, 1999). We refrain from considering the effects of flexural 

isostasy here as this would require profound knowledge about the rheology of the whole crust – an 

impossibility as long as not even the density and temperature of the sub-sedimentary crust are 

known. Instead, we use Airy’s local isostatic approach to calculate the depth of the Moho, which is 

then used for setting up an initial 3D model for 3D gravity modelling (see below). 

It is worthwhile to state that the success and reliability of isostatic calculations lie in the 

appropriateness of assigned parameters for the reference model as well as a good control on their 

associated uncertainties. To constrain the choice of assigned parameters for the reference model, we 

carry out a series of sensitivity tests for a range of initial crustal thicknesses (i.e. 35, 38, 40 and 43 

km) and densities (i.e. 2800, 2830, 2850, 2870, 2880 and 2900 kg m-3). The results of these tests are 

checked in terms of their consistency with other regional observations of crustal thickness and 

density as well as Moho geometry (Amante & Eakins, 2009; Parsiegla et al., 2009) in the southern 

South African continental margin. For instance, deep seismic data (Parsiegla et al., 2009) reveal that 

the crust is ca. 35 km thick along the coast where it is not affected by lithospheric stretching. 

Accordingly, a reference model with a crustal thickness of 35 km (reference depth of compensation) 

and densities of 2850 and 3300 kg m-3 for the crust and mantle, respectively, were used to calculate 

(with GMS) the thickness of the subsedimentary crust that (locally) compensates for the overlying 

thickness distribution of sedimentary units. The associated depth of the Moho furthermore 

completes the initial structural model taken as the starting point for the 3D gravity modelling. 

Crustal structure validation through 3D gravity modelling. The initial gravity response, which utilises 

the Moho depth from our isostatic model (Fig. 15), reveals a mismatch of >60% from the measured 

gravity field (Fig. 14) which could be related to: (i) the initial assumption of a homogenous crustal 

layer with a constant lateral and vertical density for the isostatic model and (ii) the uncertain- ties 

relating to the choice of the assigned crustal density. 

The first step of correcting the mass excess and deficit to improve the consistency between 

the gravity response from our 3D structural model and the measured gravity field includes 

changing the depth position of the Moho. This ultimately means that its initial depth is 

considerably increased particularly in the northern parts of the modelled area where gravity lows 

are dominated (Fig. 14) and where the continental crust is known to be thicker towards the 
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coastline. These modifications result in reproducing most of the observed long wavelength gravity 

anomalies (>100 km in diameter). But still, the mismatch (i.e. residual gravity) between the 

modelled and measured gravity signals remains very prominent for anomalies of shorter 

wavelengths (25–50 km in diameter). 

For the next validation step to assess lateral variations in density distribution within the 

crust, we consider the following geological information (as another set of free parameters) to 

improve the fit between the modelled and measured gravity anomalies: (i) the possible presence 

of prerift deposits underlying syn-rift sedimentary wedges and (ii) the presence of high-density 

igneous bodies in the lower crust. 

 As for the prerift sedimentation, seismic evidence for its presence beneath the syn-rift is 

observed in some seismic profiles in the proximal NW part of the study area (see Figs 4 and 5). 

Previous regional studies offshore southern South Africa (Dingle et al., 1983; Davies, 1997a) have 

also noted possible prerift deposits prior to the opening of the southern South Atlantic margin. 

Besides, encountered economic basement, where intersected by boreholes, has been reported to 

consist of metaclastics, i.e. slates and quartzites (e.g. Dingle et al., 1983; Davies, 1997a; McMillan 

et al., 1997; Broad et al., 2006). Introducing a prerift metasedimentary layer would result in local 

density contrasts between the highly compacted, less dense metasediments and a denser crystalline 

crust. 

 The occurrence of Early Tertiary alkaline intrusives in the study area has been extensively 

documented (e.g. Duncan, 1981; Dingle et al., 1983; Martin, 1987; Davies, 1997b; Broad et al., 

2006). The distributions of these undersaturated alkaline intrusives in the larger Bredasdorp Basin 

are also indicated in the magnetic studies by GETECH (1992), whereas previous studies by Davies 

(1997b) and Roux (2007) have shown their NW–SE trend in the western part of the study area. 

Introducing such ‘high-density’ magmatic bodies would create lateral density contrasts between the 

denser magmatic bodies and the less dense crystalline crust. Thus, the gravity response of the two 

types of density heterogeneities would be distinctly different. 

 Accordingly, the results of incorporating the above mentioned crustal structures in our model 

reveal different gravity signals of varying wave-lengths and amplitudes over the modelled area. 

Considering the reported distribution of the intrusive bodies (GETECH, 1992; Davies, 1997b; 

Roux, 2007) with assigned higher densities in the lower crust, fails to improve the fit with the 

observed gravity field. In contrast, inserting low-density bodies (representing prerift metaclastics) 

reproduces best the wavelength and amplitude of the observed gravity anomalies (Figs 14 and 16). 

The final model with the best replication of the observed gravity field requires a vertically and 

laterally heterogeneous tripartite deep crustal structure (Fig. 17). The deepest crustal unit is 
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characterised by a homogenous density of 2800 kg m-3. This lower crust is overlain by a less dense 

upper crustal body with a fixed density of 2700 kg m-3.  Following above is an uppermost crustal 

structure that represents a pre- rift metasedimentary layer with a series of structural domains and an 

assigned density of 2600 kg m-3. The residual gravity for the final 3D density model ranges between 

ca. -3 and 3 mGal (Fig. 16b and c). These gravity constrained densities of the deep crust, i.e. 2600 

and 2700–2800 kg m-3 correspond respectively to 5–6 km s-1 and 6–7 km s-1 velocity ranges of the 

empirical velocity–density conversion functions of Ludwig et al. (1970) and Christensen & Mooney 

(1995). The derived velocities are also consistent with the nearby seismic refraction profiles 

(Parsiegla et al., 2009) through the Pletmos and Gamtoos sub-basins, both of which are located in 

the central to eastern part of the Outeniqua Basin (Fig. 1). 

The 3D depth distributions to the respective geological interfaces within the deep crustal 

domain are also derived from the 3D gravity modelling, and they are illustrated in Fig. 17a–c for 

representative 2D W–E working planes in the northern, central basin axis and southern domains of 

the modelled area respectively. Likewise, the gravity constrained geometry of the Moho 

topography as well as thicknesses of the modelled prerift metasedimentary layer and the entire 

deep crustal body including the prerift metaclastics are shown in Figs 18 and 19a. 

4.2 Results 

4.2.1 Isostatic Moho 

The resulting relief of the isostatic crust-mantle boundary (Moho) reveals a trend which conforms to 

the overall thickness distribution of the sedimentary cover (Figs 13 and 15). In the southeastern end 

of the modelled area, the Moho rises maximally to ca. 28–29 km beneath the thickest sediment pile 

and is deepest with ca. 34 km below the bounding  basement  high  in  the  southwest   (AGA; Fig. 

15). The general deepening pattern of the Moho mimics the approximate distribution of the 

bounding basement highs (AGA and IFA; Figs 1 and 3), whereas its shallowing trend follows from 

proximal to distal, the overall NW–SE elongated shape of the basin. At the northern margin of the 

basin, towards the coastline, the Moho rises to ca. 33.0–33.8 km, and descends between 490 and 

520 km along the x-direction UTM 34S coordinate to ca. 30 km (Fig. 15). East of the far southern 

end of the basin, as the bounding basement high (Agulhas Arch) is approached (Figs 1 and 3), 

the Moho descends by a similar proportion to that observed in the northern part of the study area. 

4.2.2 Gravity constrained 3D density model 

Below the NW–SE elongated basin shape, the modelled Moho depth appears shallow, whereas it 
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Fig. 15: Moho (crust-mantle boundary) depth map as calculated according to Airy’s (1855) isostatic approach. 

deepens gradually away from the basin axis towards the bounding basement highs (AGA and 

IFA) in the north and south (Figs 17 and 18a). In the central part of the basin, the Moho depth 

topography depicts an overall W–E trending Moho high, which ranges from ca. 30 to 32 km in 

the proximal W to ca. 24–26 km in the distal E (Figs 17b and 18a). Approaching the coastline in 

the north, the Moho is deeper there than at the southern margin that is dominated primarily by 

the bounding Agulhas Arch (Fig. 17a and c). Also, the observed deepening pattern of the Moho in 

the north and south do not only follow the trend of the bounding basement structures, but also areas 

of thickness maxima of the inserted prerift metasediments (Fig. 18). In the north, the  Moho 

descends  gradually  from  ca. 33 km in the west to ca. 35 km in the east as the Infanta Arch is 

approached depicting an overall W–E deepening trend (Fig. 18a). Contrarily, a west to east 

shallowing trend in the south is observed from ca. 34 km in the west to ca. 31.5 km in the east 

following the outlines of the Agulhas Arch. 

The thickness distribution of the modelled prerift deposits depicts a series of confined 

thickness maxima intersected by local structural highs. Spatially, the local structural highs 

correlate with areas of reduced prerift thicknesses (i.e. where the crystalline basement 

structure is relatively at shallow depths). Though these local structural highs depict a diffuse 

pattern, locally a NE–SW trend of the prominent ones is apparent (Fig. 18b). The prerift 

metaclastics locally reach in places a maximum thickness of ca. 3000–5500 m, whereas the 
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thickness reduces to <500 m towards the local structural highs, in what could represent at least 

pre-Upper Jurassic sedimentary deposits. In general, a series of local structural domains trending 

W–E to (N)NW–(S)SE structures the prerift metasedimentary sequence into its reconstructed 

present-day thicknesses (Fig.  18b). 

Fig. 16: Modelled gravity response (a) and distribution of the residual gravity signals (b) and (c): showing the 

high degree of fit between the observed (Fig. 14) and modelled gravity. The red solid lines in (a) are the 

representative 2D working planes described in Fig. 17. 

(b) 
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Fig. 17: Three vertical profiles with corresponding measured and calculated gravity responses through the 3D density 

model. (a) W–E working plane in the northern domain. (b) W–E working plane across the central basin axis. (c) W–E 

working plane in the southern domain. Locations of the profiles are shown in Figs 14 and 16. 
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Finally, the thickness distribution of the entire deep crustal layer (Fig. 19a) from top of pre-

Upper Jurassic Basement to the Moho (Figs 12a and 18a) depicts an overall W–E to NW–SE 

striking thickness low and ranges from ca. 20 to 22 km in the distal (E)SE to ca. 28–34 km in the 

proximal (W)NW. This deep crustal geometry mimics to a greater extent the depth distribution of  

Fig. 18: (a) Gravity constrained depth of the Moho. (b) Gravity constrained thickness of the prerift metaclastics. The 

prerift metaclastics depict a series of local structural domains trending W–E to (N)NW–(S)SE. 

 
(a) 

 
(b) 
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the gravity constrained Moho topography. As already evident in the depth-structure map of the 

gravity constrained Moho (Fig. 18a), the crustal layer is thickest (ca. 30– 35 km) below the 

northern and southern margins where prominent basement highs (AGA and IFA) are located. In 

order to estimate the amount of crustal stretching that has affected the study area, we calculate a 

stretching factor (β) of the crustal layer from a ratio of the original thickness of the crust (yc) to 

its present-day preserved thickness (y) as constrained from our modelling  approach (Fig. 19b). 

A prelithospheric stretching crustal thickness of 35 km that is consistent with other regional 

observations (Amante & Eakins, 2009; Parsiegla et al., 2009) along the southern coast of South 

Africa where the crust is assumed as not being affected by lithospheric stretching is employed 

for the β-factor calculation. The stretching factor ranges approximately between 1.05 and 1.25 in 

the northern and southern parts of the modelled area, whereas it increases below the basin axis 

in a (W)NW–(E) SE direction from ca. 1.35 in the proximal (W)NW to ca. 1.8 in the distal (E)SE 

(Fig. 19b). From the statistical distribution of the β-factor in the Western Bredasdorp Basin, 

average values of 1.1 to 1.15 and 1.5 to 1.75 can be estimated for the basin flanks (in the north 

and south) and the (W)NW–(E)SE oriented basin axis respectively. 

5. Discussion

5.1 Jurassic to Cenozoic styles of deposition and faulting 

The architecture and morphology of the Upper Jurassic– Cenozoic sedimentary cover (shallow 

crust) of our 3D crustal scale model are characterised by the syn-rift and post-rift sequences (Figs 2, 

12 and 13), which are generally believed to be deposited during phases of lithospheric thinning, 

break-up and  cooling  processes  (e.g.  Dingle et al., 1983; McMillan et al., 1997; Davies, 1997b; 

Broad et al., 2006; Petroleum Agency South Africa, 2012) in the southern South Atlantic margin.  

Geometrically, the overall present-day preserved thicknesses of the syn-rift sequences (Unit 1, 

Unit 5 and Unit 6; Figs 12 and 13) have shown to be dominated by persistent confined and fault-

bounded sedimentary successions, separated by local structural highs and representing centres of 

active deposition initiated during the ca. late Jurassic to early Cretaceous continental rifting. The 

prominence of local structural highs and fault-bounded depocentres within the syn-rift 1 

sedimentary unit (the Oxfordian–Valanginian Unit 1 Sequence) becomes spatially reduced in the 

syn-rift 2 sequences (the Valanginian–Mid Hauterivian Unit 5 Sequence and the Mid-Late 

Hauterivian Unit 6 Sequence), thereby resulting in increased connectivity between the previously 

confined NW–SE trending depocentres as well as in an opening of the basin more to the south. 

Moreover, the general listric shape of the series of (W)NW–(E)SE trending syn-rift faults, which  
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Fig. 19: (a) Gravity constrained thickness of the sub-sedimentary crust including the prerift metaclastics. (b) 

Distribution of crustal stretching factors as derived from a ratio of an assumed 35 km crustal thickness (yc) to the 

preserved thickness of the sub-sedimentary crust (y) i.e. b = yc/y. 

causes rotation and thickening of sediments towards these faults, suggests that the propagation of 

the deformation fronts is mostly syn-depositional. Another structural element which distinguishes 

the syn-rift 2 sequences (Unit 5 and Unit 6) from the underlying syn- rift 1 sequence (Unit 1) is the 

erosional truncation feature in the proximal NW areas and close to the southwest of the Arniston 
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half-graben (Figs 5, 13b and c) indicating a nonpreservation of the earlier developed syn-rift 

depocentres, which might probably be related to the late Cretaceous major regional uplift in the 

study area (McMillan et al., 1997; Broad et al., 2006; Petroleum Agency South Africa, 2012). 

Evidence for a prominent high in the SE end of the study area having a probable spatial 

correlation with the so-called F-F/2 horst structure (Dingle et al., 1983) is only clearly imaged 

by the depth to the top of pre-Upper Jurassic basement and the Unit 1 thickness map (Figs 

12a and 13a). This paleo-high structure has been suggested by Dingle et al. (1983) to form a 

barrier across the southeastern domain of the larger Bredasdorp sub-basin, resulting probably in 

isolation of the main basin from areas to the east during Middle Jurassic to Late Cretaceous 

times. 

For the lowermost sedimentary  unit of the post-rift sequences (the Late Hauterivian–Early 

Aptian Unit 13 Sequence), the structural elements of its preserved thickness maxima suggest that 

depocentres were still confined, and that they were situated mainly in the northwestern  and 

southeastern  areas  of  the  basin (Fig. 13d). This segmentation of  depocentres  as observed in the 

Unit  13  Sequence  indicates  the  onset of post-rift tectonic stages (e.g. Dingle et al., 1983; Davies, 

1997a; Broad et al., 2006) during which the system can possibly be regarded as not yet fully opened 

to the ocean. Meanwhile, a NW–SE trending elongated thickness distribution with maximum 

thickening to the SE is obvious from the overlying Early Aptian–Upper Cenomanian Unit 15 

Sequence and the Upper Cenomanian–Cenozoic unit (Fig. 13e and f), thereby pointing to an overall 

depocentre migration to the SE of the Western Bredasdorp Basin. An apparent N–S zone of 

relatively thinned sedimentary strata which separates the thickness maxima in the SE domain of the 

Unit 15 Sequence (Fig. 13e) suggests a branching of the pre- served thicknesses into western and 

eastern sub-basins. The overall thickness distribution of the overlying Upper Cenomanian–

Cenozoic unit indicates a uniform development of its active depocentre with a present-day sediment 

thickness of ca. 1200 m in the distal SE domain. 

5.2 Sub-sedimentary crustal structure and pre-Jurassic history 

To reproduce the observed gravity field in the Western Bredasdorp Basin, our 3D gravity modelling 

predicts the existence of density heterogeneities within the deep crustal domain, and this includes 

particularly the presence of highly compacted prerift metasediments beneath the syn-rift sediments 

as well as the absence of ‘high-density’ bodies comparable to those found along the SW African 

margin and interpreted as underplated material (e.g. Hirsch et al., 2007; Hirsch et al., 2009) (Fig. 

17). We believe that this may be the situation across the entire larger Bredasdorp sub-basin. This 
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deep crustal structure reconstruction in the study area is also in agreement with observations made 

in the deep seismic studies of Parsiegla et al. (2007) for the Pletmos and Algoa sub-basins, which 

are nonmagmatic and located adjacent to the larger Bredasdorp sub-basin in the far eastern portion 

of the Outeniqua Basin (Fig. 1). The presence of the prerift metasediments below the syn-rift 

interval indicates an earlier (possibly older than Jurassic) subsidence phase prior to the one related 

to lithospheric plate separation in the southern South Africa. If the structural trends of this prerift 

metasedimentary layer are grabens (Fig. 18b), the orientation of its thickness maxima is an 

indication of a N–S to NNE–SSW extensional regime. The reconstructed structural and geometric 

elements of the prerift metasediments also support the hypothesis being put forward by many 

previous workers (e.g.  Ben-Avraham et al., 1997; Thomson, 1998; Paton and Underhill, 2004) 

which suggests that the southern South African margin may have been formed due to extensional 

reactivation of older than late Jurassic pre-existing structural grain and crustal scale anisotropy. 

Moreover, as constrained by the best-fit 3D gravity model, the Moho topography is generally 

flat and reveals a Moho uplift geometry with an axis oriented W–E. The W–E oriented Moho high 

is a feature reflecting some conformity with the general trend of the (W)NW–(E)SE oriented syn-

rift faults (see Figs 2, 12 and 13), and thereby suggests that the Moho uplift may share some 

relation- ship with the apparent NE–SW extension as revealed by the orientation of these faults. 

We consider the deep crustal configuration an adequate first approximation of reality as the 

model is the result of a 3D modelling technique. The benefit of 3D gravity modelling becomes 

obvious while interactively adjusting densities and geometries on the predefined 2D working planes 

(Figs 14 and 17) using the software IGMAS+. Any modifications on the 2D planes lead to changes 

everywhere in the calculated 3D gravity field. Even if the results of gravity modelling remain 

nonunique as typical, a large (but not quantifiable) amount of configurations can be excluded, 

especially because of the strong dependence of the modelled gravity wavelengths and amplitudes on 

the magnitude and depths of density contrasts. For the presented model, the remaining uncertainties 

clearly increase with increasing depth. This is because the sedimentary and metasedimentary parts 

of the model are additionally constrained by well and seismic data. Even the thickness of the 

metasedimentary unit is reliably well constrained (i) as it is obvious to assume a significant 

difference in the mean density of this body compared to the underlying crust, (ii) as the short-

wavelength anomalies related to this body are required to reproduce the measured gravity field and 

(iii) as moving such density contrasts and related geometries deeper in the crust would result in too 

large wavelengths. Slightly larger uncertainties are related to the geometry of the Moho, although 

the strong contrast between the lower crust (2800 kg m-3) and the mantle (3300 kg m-3) imposes 

some strong constraint. Besides, the predicted Moho depths for the Western Bredasdorp Basin (Fig. 
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18a) are largely in agreement with the observed Moho depth range (ca. 22–28 km) in the 

adjacent Pletmos and Gamtoos depocentres (Fig. 1b) based on the deep seismic studies of 

Parsiegla et al. (2009). Finally, the largest uncertainties in the 3D density model are related to the 

geometry of the top of the lower crust that shows a general deepening towards the south and east 

(Fig. 17). A similar good fit with the observed gravity would be given, for example, if this 

boundary was positioned slightly deeper (i.e. decreasing lateral gravity contrasts) while, at the 

same time, its dip would be increased (i.e. increasing lateral gravity contrasts). More profound 

knowledge about the configuration of the deeper crustal parts in the area will only be gained by 

acquiring new data, especially deep seismic refraction data. 

5.3 Jurassic to Cenozoic basin-forming mechanisms 

The developed 3D model links the present-day configuration of the shallow sedimentary basin-fill 

to the deep crustal structure, which allows characterising some aspects of basin evolution. The syn-

rift sediments show a thickness distribution that indicates a basin axis oriented NW–SE, striking 

parallel to most of the associated syn-rift fault traces (Fig. 13a–c).  In comparison, the geometry of 

the underlying crystalline crust is thinned out along a NW–SE- to W–E-trending axis (Fig. 19a) and 

the Moho (crust-mantle boundary) is shallowest along a W–E striking axis (Fig. 18a). Thus, the 3D 

model demonstrates that the syn-rift processes of accommodation space creation, crustal thinning 

and mantle upwelling occurred along kinematic axes changing directions (with increasing 

shallowness of the Moho depth profile) from NW–SE to W–E. The question is how this obviously 

nonuniform behaviour of the crust can be integrated into a consistent evolutionary concept for the 

Western Bredasdorp Basin as part of the Southern African transform margin. 

The analysis of sedimentation rates has been suggested as a tool that can provide information, 

albeit not perfectly, about the subsidence rates within a basin (Poelchau et al., 1997; Allen & Allen, 

2005). To make some reliable comments about the subsidence history of the Western Bredasdorp 

Basin given no further investigation, sedimentation rates from more than 20 synthetic wells spread 

along the principal NW–SE axis of the basin (Figs 11 and 13) are estimated for each of the 

modelled sedimentary units. The variations of sedimentation rates through time for syn-rift to post-

rift successions are calculated through a ratio of each sedimentary layer thick- ness to the time (age) 

between its upper and lower boundaries. It should be noted that these sedimentation rates have been 

calculated without considering erosion although all the modelled units are bounded by erosional 

unconformities (Fig. 2). Thus, the calculated sedimentation rates represent minimum  estimates that,  

58 

Stellenbosch University  https://scholar.sun.ac.za



 Crust-scale 3D model of the Southern African Continental margin 

however, are  likely  to  approximate  the  maximum  values  in  the distal parts of the basin where 

erosion generally was less significant.  

Figure 20 shows the sedimentation rates calculated for three exemplarily chosen wells. 

Regardless of the position of the wells (proximal or distal), the average sedimentation rates for the 

syn-rift phases are much higher (100–250 m Ma-1) than those for the post-rift phases (30–60 m Ma-

1). Without performing a complete geohistory analysis that goes beyond the scope of this paper, 

these sedimentation rates can be set in relation to subsidence through the known present-day 

thicknesses of syn- and post-rift sediments. The model shows that the sub-sedimentary crust, which 

is assumed to have initially been as thick as yc = 35 km, was thinned out by rifting processes to less 

than y = 20 km in the eastern parts of the study area (Fig. 19a), corresponding to stretching factors 

of β = yc/y = 1.75 (Fig. 19b). In the northeastern parts of the basin, the stretching factors are widely 

around b = 1.5. According to McKenzie’s (1978) uniform stretching model, such crustal thinning 

would be accompanied by syn-rift tectonic subsidence of ca. 3–4 km and followed by post-rift 

thermal subsidence (over 130 Ma) of another ca. 3 km. During both syn- and post-rift times, a 

considerable amount of additional subsidence must have been induced by the load of deposited 

sediments so that these values are minimum estimates. The syn-rift phases indeed are recorded by 

locally more than 5–6 km of sediments (Fig. 13a–c), representing even more subsidence as their 

initial thicknesses have probably been reduced by compaction. In contrast, the total present-day 

thickness of post-rift sediments amounts to widely less than 2.5 km (Fig. 13d–f). Despite 

indications for ca. 1 km of post-rift sediments to have been eroded after deposition (Fig. 8; see 

below), these considerations clearly show that subsidence and sedimentation were much faster and 

more effective during rifting than during post-rift times. Furthermore, the uniform stretching model 

does not seem to be applicable to the Western Bredasdorp Basin. 

Thermal subsidence being much weaker than initial tectonic subsidence is not very atypical 

for basins in strike-slip settings (Allen & Allen, 2005; Xie & Heller, 2009). The thermal 

subsidence of strike-slip basins is thought to be less effective because of lateral loss of heat 

through the basin flanks supported by the narrowness of the zone of mantle upwelling. 

Analogous to this, the elongated Moho high found under the eastern parts of the Western 

Bredasdorp Basin shows 7 km of differential depth over a N–S distance as small as ca. 70 km 

(Fig. 18a). The W–E orientation of the zone of Moho uplift fits well with the main strike 

directions of the depocentre axes that can be inferred from the present-day preserved thickness 

distributions of post-rift sedimentary sequences (Fig. 13d–f).  This spatial coincidence confirms 

the causal relationship between syn-rift mantle upwelling and post-rift cooling-induced 

subsidence and sedimentation. 
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Fig. 20: Sedimentation rates in the Western Bredasdorp Basin for the modelled units at three representative synthetic 

wells. (a) Location of the wells plotted on a thickness map of the Upper Cenomanian to Cenozoic sequence. (b) 

Sedimentation rates for the proximal Location I. (c) Sedimentation rates for the central Location II. (d) Sedimentation 

rates for the distal Location III. 

The significant difference between the Moho that is consistent with the present-day  observed  

gravity  field (Fig. 18a) and the Moho calculated according to Airy’s (1855) isostatic concept, 

already indicates that the system of the Western Bredasdorp Basin is not isostatically 

compensated at the level of the Moho. This is confirmed by the observed gravity field showing a 

positive anomaly in the southeastern parts of the basin (Fig. 14). There, an excess of mass can 

be explained by the shallow mantle and relatively thin sediments, the latter being responsible for 
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the greater depth of the calculated isostatic Airy Moho in this domain. As a result, associated 

isostatic compensation forces should additionally control sedimentation in the Western 

Bredasdorp Basin at present day. We find support for this in the distribution of the Upper 

Cenomanian–Cenozoic sediments that show greatest thicknesses in the southeastern parts of the 

basin (Fig. 13f). 

The Western Bredasdorp Basin can be classified as an isostatically undercompensated basin 

(e.g. Madon & Watts, 1998) mostly because of the spatial inconsistency between syn-rift mantle 

upwelling (Figs 18a, 19a) and syn-rift deposition (Fig. 13a–c). According to the far-field 

expressions of the dextral strike-slip motions along the AFFZ (e.g. Dingle et al., 1983; McMillan et 

al., 1997; Broad et al., 2006), the shallow parts of the crust experienced basin-wide, fault-controlled 

and NE–SW directed extension, whereas the deeper crustal parts responded by N–S directed 

extension (an extensional regime also depicted by the reconstructed prerift meta- sediments; see 

above and Fig. 18b) strongly localised within a narrow zone under the eastern basin. The apparent 

deviation between shallow and deep kinematics and the different width of extensional domains 

clearly fit with the concepts of pull-apart basins and negative flower structures showing a 

characteristic angle of ca. 45° between the near-surface normal faults and the principal 

displacement zone concentrating towards greater depth (e.g. Wu et al., 2009). 

Although the basin shows many characteristics of a deep-seated pull-apart basin, i.e. a strike-

slip basin with mantle involvement (Allen & Allen, 2005), 3D modelling has shown that there are 

no syn-rift volcanics and lower crustal high-density bodies present. This is consistent with previous 

regional studies that have classified the southern South African margin as nonmagmatic in its origin 

(Scrutton & Dingle, 1976; Parsiegla et al., 2007; Goutorbe et al., 2008). Therefore, the possible 

explanation of the reported alkaline intrusive bodies (e.g. GETECH, 1992; Davies, 1997b) not 

being predicted by our model could be that the intrusives are of similar densities to their hosted 

surroundings. In this case, the intrusives might be lighter, but relatively rich in ferromagnetic 

materials. For instance, hornblende-biotite granodiorites are usually ferromagnetic, whereas 

muscovite-biotite are not (Purucker & Whaler, 2007 and references therein). The nonmagmatic 

nature of the margin may be related to the absence of anomalously high temperatures in the 

asthenosphere while hot mantle material was upwelling (Allen & Allen, 2005). 

5.4 Post-depositional erosional events 

The present-day states of compaction of the modelled sedimentary units are documented by the 

derived lithology-depth-dependent compaction curves, sonic and density logs as well as 

checkshot data (Figs 8–10). The shifting of the final compaction trends for the Late Hauterivian–
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Early Aptian Unit 13 Sequence, the Early Aptian–Upper Cenomanian Unit 15 Sequence and 

the Upper Cenomanian–Cenozoic unit towards smaller porosities (i.e. to the left of their initial 

plots; Fig. 8) indicates that compaction is not only a function of present- day depth. Previous 

regional studies in the study area (e.g. Dingle et al., 1983; Burden, 1992; McMillan et al., 1997; 

Davies, 1997b; Broad et al., 2006) have reported episodic Tertiary uplift and erosive events, 

which have significantly affected the Western Bredasdorp Basin more than the other parts of the 

larger Bredasdorp sub-basin (Fig. 1). These uplift events have probably caused uplift of the 

previously more deeply buried and compacted older rocks to shallower depths. As demonstrated by 

the porosity-depth curves (Fig. 8), the shifting of the surface porosities of the Upper 

Cenomanian–Cenozoic unit from ca. 50% to ca. 30% corresponds to a vertical offset which may 

represent cumulative eroded thicknesses of ca. 800– 1200 m of Tertiary sediments. This 

cumulative post- depositional erosion is believed to belong to the late Miocene regional 

continental margin uplift in the southern South Africa (e.g. Dingle et al., 1983; McMillan et 

al., 1997; Broad et al., 2006). Roux (2007) based on available seismic and well data 

information, also noted that the Upper Cenomanian (15At1) unconformity is truncated by the 

seafloor at ca. 25–30 km south of the present-day coastline. Moreover, there is seismic 

evidence for post- depositional erosion of the seismo-stratigraphic units above the 15At1 horizon 

as shown in Fig. 4. 

As for the derived compaction curves, we are quite aware of the limitations of this 

approach as suggested by other studies (e.g. Waples, 2002; Allen & Allen, 2005) that factors such 

as, chemical compaction, cementation and pore-fluid properties may also play a considerable role 

for the distribution of present-day rock properties. Possible lithological variations within each 

modelled sedimentary unit (e.g. as indicated by well-logs and checkshot data; Figs 7, 9 and 

10) are suggestive of corresponding variations in physical properties, which are hitherto not

considered by the model owing primarily to the level of averaging of these properties for the 

respective modelled units. Notable bimodal velocity distribution and overlap- ping of interval 

velocities particularly for the Lower Cretaceous syn-rift sequences (Unit 1, Unit 5 and Unit 6) as 

revealed by the checkshot data plots (Fig. 10) are also indicative of possible differing rock 

types and pore-fluid phases. 

6. Conclusions

We have developed the first crust-scale 3D structural model for the Western Bredasdorp Basin. 

This 3D model integrates information from seismic and well data and is consistent with the 

observed gravity field. Although the data for this study differ very much in the scale of their 
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resolution, their rigorous integration has allowed us to constrain the dominant structural 

elements and validate the assigned rock properties for all the modelled units that characterise 

our 3D crust-scale model. The model differentiates from top to bottom three post-rift 

sedimentary units, three syn-rift sedimentary     units, a unit of prerift metaclastics [ρ = 2650 kg 

m-3]  and  a  bipartite  crystalline  crust [ρupper crust  = 2700 kg m-3 and ρlower crust = 2800 

kg m-3]. The present-day densities and geometries of these units allow a number of 

conclusions to be drawn concerning the evolution of the basin: 

• The basin was initiated as a deep-seated pull-apart basin with mantle involvement in the

strike-slip motions that were associated to the development of the AFFZ.

• Based on the analysis of thickness distribution pattern and sedimentation rates, a rather fast

and short-lived subsidence mechanism is interpreted for the syn-rift phase.

• The syn-rift sedimentation rates are estimated to be 3–4 times higher than the post-rift

sedimentation. Post-rift sedimentation patterns show spatial consistency with a W–E

elongated, narrow high of the Moho.

• Late Cenomanian–Cenozoic sedimentation predominantly occurred in the eastern parts of

the basin where the system shows a mass excess at present-day and isostatic

equilibrium is not achieved because of a mantle high having formed during crustal

extension.

• The present-day state of compaction of the Upper Cenomanian–Cenozoic unit indicates

800–1200 m of uplift and erosion taking place during the Miocene after significant

load-induced porosity reduction.

To constrain the geometric continuity of the prerift metasediments, test the predominance 

of the pull-apart basin setting and to advance our understanding of the lithospheric stretching 

factors across the southern South Atlantic margin as well as the isostatic behavior of the 

system, it would be useful to extend the methodological approach employed in this study to 

other Mesozoic basins offshore southern South Africa. Moreover, the robustness of the crust-scale 

3D model can provide a straightforward starting geo-model template for modelling the present- 

day thermal field distribution in the study area, which can thereafter serve as well constrained 

boundary conditions for a better understanding of the thermal evolution as well as the 

hydrocarbon potential of the Western Bredasdorp Basin. 
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CHAPTER 3 

Present-day thermal field and Mesozoic-Cenozoic thermal evolution of the 

Western Bredasdorp Basin (South Africa): an integrated 3D numerical forward 

modelling approach 

A presentation of the research paper 

This research paper is submitted to the research journal Marine and Petroleum Geology (Manuscript 

submitted 10 June 2014; In revised form 08 December 2014; JMPG-D-14-00237). I am the first author, and 

Dr Judith Sippel, Prof Rolando di Primio, Dr Zahie Anka, Prof Magdalena Scheck-Wenderoth and Prof 

Daniel Mikeš are the co-authors. 

Since the distribution and evolution of temperatures in sedimentary basins largely depend on the interplay of 

deep and shallow heat transfer mechanisms, this study investigates the nature of the present-day thermal field 

and the development of paleo-thermal conditions in relation to the prevalent tectonic regime, subsidence 

mechanism and sedimentation processes. Firstly, a 3D present-day conductive thermal field is numerically 

calculated based on the crustal model presented in Chapter 2. The latter subsequently provides a major 

constraint for forwardly modelling the paleo-temperature evolution since rifting times, in three dimensions. 

Radiogenic heat generation is fully taken into account throughout the numerical calculations, and model 

predictions are calibrated against measured present-day temperatures and vitrinite reflectance data. The 

results and interpretations of the 3D thermal models offer new insights into: (1) the distribution of present-

day surface heat flow and geothermal gradient in relation to the configuration, composition and thermo-

mechanical properties of the shallow and deep crustal domains, and (2) the roles of syn-rift crustal thinning, 

post-rift thermal perturbations as well as the timing and extent of uplift and erosion scenarios in the 

distribution of past temperature and heat flow. The integrated thermal calibration workflow implemented in 

this study can provide useful guide in other similar crust-scale thermal history studies. 

I conducted this interdisciplinary study at the Helmholtz Centre Potsdam, GFZ German Research Centre for 

Geosciences through a synergy of two research groups at the centre. While Dr Judith Sippel and Prof 

Magdalena Scheck-Wenderoth of the Basin Analysis Group supervised the present-day thermal field 

modelling, Prof Rolando di Primio and Dr Zahie Anka of the Basin Modelling Group supervised the thermal 

evolution modelling. I led all aspects of the thermal modelling including data compilation, integration, 

analysis and interpretation. I was responsible for the writing of the manuscript and creation of all the 

diagrams. Prof Daniel Mikeš played an overall supervisory role in the capacity of a study leader/moderator. 
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Abstract 

We analyse a crust-scale 3D structural model of the Western Bredasdorp Basin (WBB) located 

offshore southern South Africa to assess both the spatial and temporal development of 

geothermal gradients in the Southern African 'passive-transform' continental margin. The results of 

simulations of the present-day conductive thermal field were used to constrain the heat flow 

evolution during 3D numerical modelling of the paleo-thermal regime. Besides conforming to the 

regional geotectonic framework, the ensuing models are largely consistent with measured 

temperatures as indicated by an overall high correlation coefficient of cc=0.90 and an average 

deviation of -0.57 oC between the modelled and observed temperatures. The largest control on 

present-day temperatures is exerted by the basin's present-day geometry and distribution of thermal 

properties which, in turn, trace back to the earliest tectonic event involving crustal thinning and 

significant syn-rift sedimentation. Implying from the modelled shallow and deep geotherms, we 

find that the variations of present-day surface heat fluxes in the WBB are much more dictated by the 

long-term crustal heat generation in concert with the complex interaction of low thermally 

conductive sediments and high thermally conductive crustal rocks rather than by the present-day 

mantle heat flow. In addition, model calibration with measured vitrinite reflectance trends suggests 

that three major phases of thermal disequilibrium resulting in high heat flow during syn-rift and 

post-rift times characterise the distribution of maximum paleo-temperatures and paleo-geotherms. 

In terms of subsidence, the syn-rift tectonic event plays the most significant role in basin evolution. 
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The height and width of the syn-rift heat flow anomalies and their lateral variations reflect a direct 

consequence of instantaneous crustal stretching leading to rapid burial and lateral differences in 

crustal thicknesses and amounts of radiogenic heat produced. The post-rift heat flow peaks are 

interpreted to be related to a Late Cretaceous mantle-related hotspot event and a late Miocene 

episode of margin uplift. As indicated by validated vitrinite trends and the modelled distribution of 

eroded sediments, the hotspot event represents a more localised thermal event, while the late 

Tertiary erosion and inferred uplift (reaching ~1000-1200 m in the model western domain) depicts a 

regional character. The modelled evolution of deep heat flow further suggests that ancient thermal 

perturbations have little influence on the present-day thermal field. 

Keywords: Bredasdorp Basin, 3D structural model, numerical modelling, crustal thermal field, 
thermal evolution 

1. Introduction

Sedimentary basins documenting signs of both crustal extension and strike-slip faulting (such as in 

the vicinity of large-scale fracture zones as the Agulhas Falkland Fracture Zone (AFFZ) (Fig. 1) are 

best known from intracontinental and continental margin environments (e.g. Madon and Watts, 

1998; Allen and Allen, 2005; Xie and Heller, 2009). Due to the complex tectonic and structural 

history of these basins, the understanding of possible causes and processes of basin-forming 

mechanisms involving their thermal history are often problematic to reconstruct. Located on the 

southern shelf of South Africa, the Western Bredasdorp Basin (WBB; Fig. 1a-b) belongs to a series 

of basin systems that were initiated during the mid-late Jurassic lithospheric separation and rifting 

of west Gondwana into South America and Africa (Fig. 2). This continental break-up, accompanied 

by dextral strike-slip movement along the AFFZ that continued at least into the Early Cretaceous 

(Fig. 1-2), and the subsequent thermal relaxation resulted in the deposition into syn-rift graben and 

half-graben structures, followed by post-rift sedimentation (e.g. Dingle et al., 1983; Thomson, 1998; 

McMillan et al., 1997; Broad et al., 2006). Thus, the resultant effect of these complex geo-tectonic 

processes is the accumulation of sediments (locally reaching ~7 km in the WBB) that are of high 

significance for hydrocarbon prospectivity as well as for providing an archive of basin evolution. 

Furthermore, the high present-day elevation in southern Africa, which has been variedly reported as 

being related to Mesozoic-Cenozoic phases of uplift and increased sedimentation rates in the rift-

transform-passive margin (e.g. Dingle et al., 1983; Nyblade, 2003; Johnson et al., 2006; de Wit, 

2007; Kounov et al., 2007; Tinker et al., 2008) is still not well understood, particularly in terms of  
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(a) 

(b) 
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unlocking the relationship between this topographic development and the temporal and spatial 

distribution of uplift activities and their attendant erosion and thermal disequilibrium.  

 Consistent with well, seismic and gravity data, Sonibare et al. (2014) present a crust-scale 3D 

geological model of the WBB that enables direct correlation of the deep crust and shallow 

sedimentary structure, which shows typical characteristics of passive margin settings, i.e. syn-rift 

faulted sediments overlying a thinned crust (Figs. 3 and 4). However, differing directions of 

extension as inferred from syn-rift normal faults (striking predominantly NW-SE) and thinned sub-

sedimentary crust (with W-E striking Moho high) suggests a crustal thinning mechanism that is 

difficult to explain just by a single-phased, pure, and margin-perpendicular extension. Besides, the 

Moho high is very narrow spanning only ~ 60-70 km. Sonibare et al. (2014) therefore interpret the 

WBB as having been initiated under a transtensional setting with the corresponding component of 

strike-slip being related to movements along the AFFZ. To further deepen our understanding of the 

dominant basin-forming mechanisms in this domain of the Southern African continental margin, 

this study explores how the WBB has evolved thermally since the rifting phase. 

 Over the last three decades, the study of past and present-day thermal conditions of 

sedimentary basins has significantly advanced through the application of numerical basin modelling 

techniques, involving simulations of physical processes and the related interactions of lithology-

dependent parameters within the limitations of specific geologic boundary conditions (Yükler et al., 

1979; Tissot and Welte, 1984; Ungerer et al., 1990; Hermanrud, 1993; Poelchau et al., 1997; Bayer 

et al., 1997; Yalçin et al., 1997; Hantschel and Kauerauf, 2009; Maystrenko et al., 2013). A great 

challenge in performing such thermal modelling studies for a specific region is to reasonably 

parameterise the modelling domain and choose appropriate boundary conditions to ensure that the 

Fig. 1: (a) Location of the Western Bredasdorp Basin (WBB) in the southern offshore of South Africa. The 

extent of onshore and offshore geological and tectonic provinces is modified after Johnson et al. (2006), Broad 

et al. (2006) and PASA (2012). Location of the Agulhas-Karoo deep seismic transect is modified after 

Parsiegla et al. (2009). Also shown are the structural configuration and major fault trends of the southern 

offshore Mesozoic basins (i.e. Bredasdorp, Infanta, Pletmos, Gamtoos, Algoa and Southern Outeniqua). (b) 

Bathymetric map of the modelled WBB detailing the integrated dataset for the 3D structural and thermal 

model. Bathymetry is constructed from ETOPO1 global relief model (Amante and Eakins, 2009) and seismic 

profiles. AGA - Agulhas Arch; IFA – Infanta Arch; AGA - Agulhas Arch; IFA – Infanta Arch; DMR – Diaz 

Marginal Ridge; COB – Continent-Ocean Boundary; AFFZ – Agulhas-Falkland Fracture Zone. m.a.s.l. – metre 

above sea-level. 
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resulting present-day and past thermal fields are consistent with observations such as measured 

temperatures and vitrinite reflectance data, respectively.  

 Therefore, in this study we have utilised the abundance of exploration data (resulting from 

intense oil and gas prospecting that dated back to the early 1970s in South Africa; Fig. 1b) and the 

existing 3D model (Sonibare et al., 2014) in conjunction with a well-constrained three-dimensional 

modelling workflow. Firstly, we calculated the present-day crust-scale 3D conductive thermal field 

as is consistent with measured borehole temperatures. Thereafter, we used the data-consistent 

present-day thermal field as a major constraint for 3D forward modelling of the paleo-temperature 

evolution since rifting times. The forward modelling approach numerically simulates deposition, 

non-deposition and erosion in time under evolving sediment compaction trends and thermal 

conditions. Throughout the modelling procedure, heat generation by radioactive decay is fully taken 

into account. Model outputs in terms of present-day temperature distribution as well as paleo-heat 

flow and erosion predictions are calibrated with measured present-day temperatures and vitrinite 

reflectance data, respectively. The pattern of the past and present-day thermal field and the 

responsible dominating factors for these variable distributions are assessed. In addition, the 

modelling approach allows us to establish the linkage between crust-scale boundary conditions and 

the thermal evolution within the basin. Thus, the results of our studies offer new insights into: (1) 

the distribution of present-day surface heat flow and geothermal gradient in relation to the possible 

contributing factors (i.e. understanding the interplay of deep crustal and shallow sedimentary 

influences), (2) the role of syn-rift tectonics and post-rift thermal perturbations in the distribution of 

maximum paleo-temperatures and paleo-heat flow, and (3) the timing and amount of eroded 

sedimentary strata including their lateral distribution.     

2. Geological and tectonic setting

2.1 Geodynamic and stratigraphic evolution 

The continental plate margin adjoining South Africa to the south constitutes the broadest portion of 

the shelf region (up to 200 m isobath) around South Africa, and marks the southernmost limit of the 

African continental domain at approximately the 2000-2700 m isobaths (Fig. 1a). A long geological 

record of tectonic and sedimentary processes related to continental assemblage/formation and 

subsequent break-up of Gondwana supercontinent  (e.g. Tankard et al., 1982; Johnson et al., 2006), 

accentuates the present-day crustal heterogeneity of the WBB (Figs. 2 and 4; Table 1).  

The deepest parts of the sub-sedimentary crust of southern South Africa are made up of 

intensely deformed Proterozoic to Late Paleozoic sequences (consisting of metamorphic,  
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Fig. 2: Chrono-stratigraphic chart of the Western Bredasdorp Basin showing key unconformities and tectonic 

stages in relation to geodynamic events.  
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metasedimentary and igneous rocks; Johnson et al., 2006; Fig. 1a). Unconformably overlying these 

deepest crustal rocks are the Ordovician-Devonian thick siliciclastic sequences of the Cape 

Supergroup, which were deposited during an intermittent series of pre-rift transgression-regression 

cycles (Johnson et al., 2006) related to episodes of continental collision and accretion in Southern 

Africa. During late Carboniferous to early Jurassic times, the Karoo Basin was formed as a foreland 

system with sedimentary infill dominantly composed of clastic sequences (e.g. Lock, 1980; Veevers 

et al., 1994; Johnson et al., 2006). Subsequently, a phase of Permo-Triassic crustal shortening and 

reactivation of pan-African thrusts caused folding of the Cape Supergroup and possibly the earliest 

Karoo Supergroup sequences, to form the Cape Fold Belt (e.g. de Wit and Ransome, 1992; Visser 

and Praekelt, 1996) - a major component of the Gondwanide orogeny.  

 We combined the described knowledge about the sub-sedimentary crust with empirical 

relationships between seismic velocities and densities (as presented in Christensen and Mooney, 

1995) to infer prevailing lithologies for the corresponding units (which provides the base for the 

parameterization of the thermal models, see below). Seismic velocities of the deep crust are 

indicated by the Agulhas-Karoo deep seismic profile of Parsiegla et al. (2009) located some 110 km 

east of the study area. Deep crustal densities (Fig. 4e) are derived from the gravity-constrained 3D 

model of Sonibare et al. (2014). Accordingly, the lower crust located mostly at depths >25 km is of 

felsic to intermediate composition, consisting of granodioritic-dioritic rocks as indicated by average 

P-wave velocities of 6.3-6.8 km/s and a density of 2800 kg/m3. With average P-wave velocities of 

5.7-6.2 km/s and density of 2700 kg/m3 mostly located at 10-15 km depths, granitic-granodioritic 

rocks most likely dominate the upper crust. Finally, as documented by offshore wells, the shallower 

basement of the Bredasdorp Basin is formed by the Ordovician to Devonian Cape Supergroup 

metaclastics (Bokkeveld shales and slates) and Table Mountain metasandstones (McMillan et al., 

1997; Johnson et al., 2006; Figs. 2 and 4). Average P-wave velocities of 5.0-5.5 km/s, a density of 

2600 kg/m3, and a depth range of 5-10 km suggest that this pre-rift metasedimentary layer is 

dominated by metagreywacke (Christensen and Mooney, 1995). Thus, the Karoo Supergroup rocks 

are absent in the study area, which may reflect either non-deposition (e.g. Biddle et al., 1986) or 

erosion (Cole, 1992). 

2.1.1 Syn-rift evolution and products 

In mid-late Jurassic times, the Southern African margin as part of the continental mass of west 

Gondwana was subjected to extension accompanied by intense listric faulting and the formation of 

horst, graben and half-graben structures (e.g. McMillan et al., 1997; Johnson et al., 2006). The 

rifting processes and associated mid-oceanic spreading centre activities related to the opening of the 
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present-day Atlantic ocean off Southern Africa are generally believed to propagate from south (at 

~136 Ma; Martin and Hartnady, 1986; Thomson, 1998) to north (at ~130 Ma; Broad et al., 2006). 

Dextral strike-slip movement along the AFFZ (Fig. 1) in the Early Cretaceous accompanied the 

complete separation of Southern Africa from South America. These strike-slip movements, which 

left their marks in the form of transform faults and fracture zones, overprinted the earlier, purely 

extensional traces to form the southern South African transform margin consisting of a complex 

array of rift sub-basins (Figs. 1 and 4a-b; e.g. McMillan et al., 1997; Broad et al., 2006). These rift 

complexes comprise five W-E trending sub-basins that are separated by faults and basement highs 

and are collectively known as the Outeniqua Basin, and its deepwater southern extension, the 

Southern Outeniqua Basin (Fig. 1).  

The accumulation of fault-bounded syn-rift sequences in the area was related to extensional 

reactivation of the orogenic CFB due to rifting processes between Oxfordian/Kimmeridgian and 

latest Hauterivian times (e.g. Thomson, 1998). The syn-rift successions comprise mainly 

continentally-derived fluvial and lacustrine sediments (claystones, sandstones and conglomerates) 

with intercalated shallow-marine glauconitic fossiliferous sandstones (McMillan et al., 1997; Roux, 

2007) and, following upward in the sequence, high-gamma ray deep-marine shales predominate 

(Fig. 3-4; Table 1; Sonibare et al, 2014). Important unconformities within the syn-rift interval are 

the Valanginian (1At) break-up unconformity, that stratigraphically demarcates the syn-rift infills 

into syn-rift 1 (Basement-1At) and syn-rift 2 (1At-5At and 5At-6At) phases, and the late 

Hauterivian (6At) unconformity, which overlies syn-rift sequences and marks the onset of post-rift 

sedimentation (Figs. 2, 3 and 4e).  

2.1.2 Post-rift evolution and products 

The post break-up margin evolution in Southern Africa (subsequent to the Jurassic-Early 

Cretaceous break-up events) seems very complex. The Southern African continental margin has 

been interpreted to record the passage of the African plate over at least two major mantle hotspots, 

i.e. the Bouvet and Shona hotspots at ~80-60 Ma (e.g. Duncan, 1981; Martin, 1987; Gohl and 

Uenzelmann, 2001). Duncan (1981) provided a track of one of these hotspots (with inter-hotspot 

motion of less than 5 mm/yr over the last 100 my), forming a traverse that passed directly under the 

Bredasdorp sub-basin during late Cretaceous to early Tertiary times. Accompanied by repeated 

outbursts of igneous activity, the Bouvet/Shona hotspots are considered to be related to mantle 

swells with no plume head (<300 km wide; Allen and Allen, 2005) that originate from the lower 

mantle boundary. As a result, reported regional episodic uplifts, thermal dis-equilibrium as well as 

the emplacement of alkaline intrusive bodies in latest Cretaceous and early Tertiary times in 
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Southern Africa have been linked to these hotspot events (Duncan, 1981; Dingle et al., 1983; 

Martin, 1987; Davies, 1997b; Thomson, 1999; Gohl and Uenzelmann, 2001; Broad et al., 2006; 

Tinker et al., 2008). Previous studies by Davies (1997b) and Roux (2007) provided the distribution 

of NW-SE-striking undersaturated alkaline intrusives in the study area. These intrusions, which 

might be linked to hotspot-related local thermal effects in the WBB, are however not reproduced in 

the gravity-constrained density model of Sonibare et al. (2014), thereby suggesting they might have 

similar densities as their inferred host rocks (i.e. strongly compacted shales). In addition, it is not 

clear if these mantle-related hotspots have any close relationship with episodic increased denudation 

in the mid-late Cretaceous (Tinker et al., 2008) that may perhaps be related to epeirogenic uplift of 

southern Africa.  

For Cenozoic times, Dingle et al. (1983), McMillan et al. (1997) and Broad et al. (2006) have 

reported at least three major episodes of inshore advancement of coastal systems, with accompanied 

cessation of active sedimentation and subsequent prevalence of regional erosion during the early 

Palaeocene, late Oligocene and late Miocene in the Bredasdorp sub-basin, and attributed these 

tentatively to local tectonics and eustatic sea-level changes. Renewed lithospheric stretching of the 

Southern African margin, possibly related to the late Miocene (~10Ma) margin uplift due to the 

emplacement of the ‘African Superswell’ mantle plume head, has led to differential uplift, tilting 

and subsequent erosion of the margin (Nyblade and Robinson, 1994; Hartnady and Partridge, 1995). 

However, there is little consensus as to whether all the major topographic developments within the 

southern African continental interior (Fig. 1) can be solely attributed to the Cenozoic phases of 

lithospheric reheating (Nyblade, 2003).  

 Burden (1992) and Davies (1997b) noted that the late Tertiary events might have had 

significant implications for the uplift and subsequent removal of a substantial amount of sediments 

from the western Bredasdorp Basin. In line with seismic observations (Roux, 2007), Sonibare et al. 

(2014) also provided evidence for the uplift and erosion of 800-1200 m of Tertiary sediments from 

the proximal section of the study area based on the analysis of the present-day state of compaction 

of the Upper Cenomanian–Cenozoic sequence.  

 The sedimentary successions formed during post-rift times are characterised by deltaic and 

shallow to deep marine siliciclastics (silty-shaly sandstones) with minor proportions of igneous 

intrusions (Dingle et al., 1983; McMillan et al., 1997; Broad et al., 2006; Roux, 2007) (Fig. 2). 

Long-term drowning of the system with varying progradational episodes, possibly in response to 

local tectonics and eustatic sea-level changes (McMillan et al., 1997; Broad et al., 2006), resulted in 

the development and subsequent outbuilding of progressively more linear (i.e. coast-parallel) 

continental shelf and slope systems above the Early Aptian (13At) unconformity (Figs. 4b and 4e). 
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These post-13At sequences are characterised by the occurrence of upward coarsening sediment 

stacking patterns (Sonibare et al., 2014). 

 In the study area, Cenozoic sedimentary deposits are less well preserved owing to episodic 

margin uplift and erosion during this period, and Cenozoic rejuvenation of faulting (e.g. Andersen 

and Andreoli, 1990) has only been reported for onshore parts. Tertiary sedimentary strata only 

exceed a few hundreds of metres in the southern and eastern parts of the Bredasdorp sub-basin, i.e. 

away from the Agulhas Arch, and they mainly consist of middle to outer shelf deposits of 

glauconitic clays, occasional sands and widespread biogenic clays (McMillan et al., 1997; Davies, 

1997a; Broad et al., 2006) (Fig. 3c). Where sampled, thin veneers of one metre or less, of Holocene 

and latest Pleistocene sediments unconformably overlie Early Miocene rocks (McMillan et al., 

1997). 

2.2 Present-day crust-scale configuration of the basin 

The 3D model of Sonibare et al. (2014) offers robust insights into the present-day structure and 

density distribution of the WBB (Fig. 4). The sedimentary infill of the model is structurally 

characterised by basin-wide unconformities (Brown et al., 1995; Broad et al., 2006) and major 

faults (Figs. 2, 3 and 4) the geometries of which were derived from a total length of 2100 km of 2D 

seismic reflection profiles (Figs. 1b and 3). The Petroleum Agency of South Africa (PASA) and the 

Petroleum Corporation of South Africa (PetroSA) provided all seismic data and well information 

used in this study (Fig. 1b). Age and depth constraints of the interpreted stratigraphic horizons and 

faults were achieved through integration of the seismic data with the analysis of data from 47 

offshore wells and well completion reports (WCR; Fig. 1b). Brown et al. (1995), McMillan et al. 

(1997) and Broad et al. (2006) described the chrono- and biostratigraphic features of the mapped 

unconformities (Fig. 3) in detail. Details about time-to-depth conversion of interpreted horizons and 

faults using all available formation tops (in metres) and checkshot data (i.e. time to depth relations 

from individual wells), and about the reconstruction procedure for the deep crustal domain by using 

a combined isostatic and 3D gravity modelling approach are provided in Sonibare et al. (2014).  

The crust-scale 3D model stratigraphically differentiates three syn-rift and three post-rift 

sedimentary units of up to ~5-8 km cumulative thickness overlying a tripartite crystalline 

continental crust with different average densities [ρpre-rift metasediments = 2650 kg/m3, ρupper crust = 2700 

kg/m3 and ρlower crust = 2800 kg/m3] (Fig. 4a-e). As part of the sub-sedimentary crust, the pre-rift 

metasedimentary sequence (Fig. 4e) depicts a series of structural domains reaching locally a 
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maximum thickness of ~3000 to 5500 m. The cumulative thickness of the metasedimentary and 

crystalline crust ranges from 20-35 km. Thereby, the sub-sedimentary crust thins out along a NW-

SE to W-E trending axis (Fig. 4c), while the crust-mantle boundary (Moho) is shallowest clearly in 

a W-E striking domain (Fig. 4d-e). The distribution of calculated crustal stretching factors [β = yc/y; 

where yc is the initial crustal thickness assumed to be 35 km and y is the present-day sub-

sedimentary crustal thickness including the pre-rift metasediments] along this (W)NW-(E)SE 

crustal thinning trend ranges approximately between 1.35-1.8 (Sonibare et al., 2014). For the 

Mesozoic-Cenozoic basin-fill, the composite preserved thicknesses of the syn-rift sequences locally 

reach up to 5000 m such as within half-graben fault terraces (Figs. 3 and 4a). In line with the syn-

rift fault traces, domains of increased thicknesses of syn-rift sediments are extended in NW-SE 

direction. On the contrary, the composite thickness distribution of overlying post-rift sequences 

reveals a W-E striking domain of maximum thicknesses locally reaching >3000 m (Fig. 4b). 

 Implying this crust-scale basin configuration, Sonibare et al. (2014) noted that the apparent 

deviation between shallow and deep kinematic directions as well as the different widths of 

extensional domains correlate with the concepts of pull-apart basins and negative flower structures.  

Fig. 3: Interpreted NW-SE seismic profile in two-travel time along the main basin axis showing the mapped 

key basin-wide unconformities and major faults.  
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Fig. 4: Structure and stratigraphy of the WBB (after Sonibare et al., 2014). (a) and (b) cumulative thicknesses 

and major fault trends of the syn-rift and post-rift sequences, respectively; (c) cumulative deep crustal 

thickness underlying the basin-fill; (d) crust-mantle boundary (Moho) depth trend; (e) W-E cross sectional 

profile through the WBB structural model; location shown in (c) and (d). UTM Zone 34S. 
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These strike-slip structures typically show a characteristic angle of about 45° between the near-

surface normal faults and the principal displacement zone concentrating towards greater depths (e.g. 

Wu et al., 2009). Furthermore, long-term post-rift subsidence typically relates to mantle cooling. 

Despite the narrowness of the Moho high and the probably related strong lateral heat loss during 

syn-rift times, post-rift sedimentation was strong (even if weaker than syn-rift sedimentation) in the 

WBB and it covers a relatively wide area (Fig. 4b). The related question here is what else could 

have controlled post-rift subsidence to form the present-day preserved sediment thicknesses in the 

study area.  

Table 1. Input thermal properties for 3D present-day thermal modelling 

Modelled stratigraphic unit Principal lithology Sand:Shale 
ratio [%] 

Matrix thermal 
conductivities 
[W/(m*K)] 

Radiogenic heat 
production 
[W/m3]

Water 0.6 
Upper Cenomanian-Cenozoic  
(15At-Sf) 

Sand and silt with clay 85:15 2.8 1.15e-06 

Early Aptian-Upper Cenomanian  
(13At-15At) 

Sand with silt and shale 75:25 2.7 1.18e-06 

Late Hauterivian-Early Aptian  
(6At1-13At) 

Sand with silt and shale 65:35 2.5 1.21e-06 

Mid-Late Hauterivian  
(5At-6At) 

Shale 10:90 1.9 1.37e-06 

Valanginian-Mid Hauterivian  
(1At-5At) 

Shale 15:85 2.1 1.36e-06 

Upper Jurassic -Valanginian  
(Basement-1At) 

Sand with conglomerate  
and clay 

70:30 2.7 1.19e-06 

Pre-rift (Pre-Mesozoic) Meta-sediments 2.6 1.80e-06 
Upper crust Granite to granodiorite 2.7 2.00e-06 
Lower crust Granodiorite to diorite 2.4 5.00e-07 

3. Modelling the present-day thermal field

3.1 Database and model setup 

We employed the crust-scale 3D geological model of Sonibare et al. (2014; Fig. 4) as the base for 

numerical simulations of present-day conductive heat transport and related subsurface temperature 

predictions. The 3D model extends 135.3 km in the east-west and 110 km in north-south directions 

(UTM 34S) covering approximately 14,900 km2 in relatively shallow water depths between 60 m 

and 140 m (Fig. 1b). The horizontal resolution of this model is represented by a regular grid spacing 
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of 275 m in both the northing and easting directions, while its vertical resolution is defined by the 

number and thicknesses of the resolved stratigraphic layers extending down to the Moho (Fig. 4d-

e). 

We assessed the present-day thermal field of the WBB by firstly calculating the steady-state 

3D temperature distribution according to equation (1), assuming conduction as the dominant heat 

transport mechanism: 

div(λb ∗ gradT) = S                                                 (1)  

where λb is the bulk (whole-rock) thermal conductivity [W/(m*K)], T is the temperature [oC] and S 

is the radiogenic heat production [W/m3]. 

 Thermal properties were assigned to the respective modelled stratigraphic units taking into 

account their dominant lithologies and corresponding literature values (Table 1). The matrix 

thermal conductivities represent standard values for crustal rocks given in Clauser and Huenges 

(1995), Midttømme and Roaldset (1999) and Allen and Allen (2005). Likewise, the radiogenic heat 

production of sediments and deep crustal rocks were derived after Wollenberg and Smith (1987) 

and Vilà et al. (2010). We utilised well data consisting of gamma ray log, sonic log, density log, 

cores, lithologic and biostratigraphic information, formation tops and checkshot data to constrain 

the lithological assignment to the sedimentary layers. 

For sedimentary units, the bulk thermal conductivity is calculated from the lithology-dependent 

matrix (solid) thermal conductivity of the sediment grains, λm, the depth-dependent porosity, φz,  

and a thermal conductivity of water of  λw=0.6 W/(m*K) assuming water-filled pores ( Table 1). 

Therefore, we used the geometric mean equation:  

λb = λw
φz × λm

(1−φz)                                                       (2) 

Following the study of Sonibare et al. (2014) and thus Athy’s (1930) exponential law of 

compaction, we defined for each sedimentary unit a surface porosity at the top of the model (φ0) and 

a compaction coefficient (c) to calculate the depth-dependent porosity (φz; see Table 1 for values of 

these parameters):  

φz =φ0 × e-cz                                                 (3) 

Based on the modelled lithology- and depth-dependent porosities, the 3D variation in bulk thermal 

conductivity was calculated (Equation 2).  

 Apart from the assigned lithology-dependent thermal properties (Table 1), solving equation (1) 

depends on the definition of boundary conditions for the model. As for the upper boundary, a 

83 
 

Stellenbosch University  https://scholar.sun.ac.za



Present-day thermal field and thermal evolution of the Western Bredasdorp Basin  

constant temperature of 18oC corresponding to the reported average seafloor temperature in the 

southern margin of South Africa (Goutorbe et al., 2008) was assigned. Since the thermal budget 

within a given sedimentary basin also depends on the amount of basal heat flow from the mantle 

and the radiogenic heat produced within the crystalline crust (e.g. Allen and Allen, 2005), the model 

incorporates the whole crust and thus its lower boundary condition was set at the Moho. To validate 

the model against measured temperatures, we tested a range of values for an assumed fixed heat 

flux at the Moho (i.e. q = 30, 35, 38 and 40 mW/m2). Thereby, these tested lower boundary 

conditions are consistent with the estimated range of mantle heat flow for the Archean and 

Proterozoic belts of the Southern African continental interior (Goutorbe et al., 2008). We also 

assumed closed lateral boundaries for the heat flow. 

 To validate predicted temperature distributions, we used measured present-day borehole 

temperatures. Out of the provided offshore wells, measured borehole temperatures were only 

available for 24 wells as two types of temperature records: static bottom-hole temperatures 

(SBHTs) and fluid temperatures acquired during drill-stem tests (DSTs). While SBHTs are 

available for all these wells, DSTs are only available for some of them. All wells with DSTs also 

have SBHTs. Being direct temperature measurements on formation fluids during on-site reservoir 

flow testing, DSTs are generally considered as the best representation of the formation 

temperatures. Since SBHTs do not represent true formation temperature because of the cooling 

effect of the drilling mud, they are usually corrected to reflect static formation temperature (e.g. 

Allen and Allen, 2005). All SBHTs used in this study were already corrected following the 

“Horner”-type plot as described by Dowdle and Cobb (1975). The available borehole temperature 

dataset consisted of 41 corrected SBHTs and 16 DSTs.  

 Based on the modelled and validated 3D conductive thermal field, we calculated the crust-

scale heat flow distribution by solving Fourier’s equation assuming only vertical heat flow:  

q = −(λb × dT/dz)                                                              (4) 

where q is the heat flux [mW/m2], λb is the bulk thermal conductivity [W/(m*K)], and dT/dz is the 

geothermal gradient [oC/km]. Thus, this heat flux calculation utilised the established geothermal 

gradients from the calculated 3D conductive temperature distribution. 

 The numerical calculations of the present-day temperature and heat flow distributions were 

performed with the software package GMS (GeoModelling System, an in-house geological 

modelling software developed at the Helmholtz Centre Potsdam, GFZ German Research Centre for 

Geosciences) using a 3D Finite Element Method (FEM) described in detail by Bayer et al. (1997).   
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3.2 Results  

Since the thermal properties of the modelled units were chosen according to their predominant 

lithologies (Table 1), and the upper boundary condition (seafloor temperature) is data-based 

(Goutorbe et al., 2008), the lower boundary condition, i.e. the heat flux at the Moho, therefore 

constitutes the only free parameter that was to be varied in order to match the measured borehole 

temperatures. As such, we find that a conductive thermal field (Fig. 5-6) modelled with a heat flux 

of 38 mW/m2 at the Moho reliably fits the temperature data as can be seen from the depth plots of 

temperatures and frequency distributions of calculated temperature misfits (e.g. cc=0.90; Fig. 7-8). 

The histogram of the general trend of temperature deviation (with ∆T representing modelled minus 

measured temperatures) and particularly the median of model misfits of -0.57 oC (see Figure 8) 

depict the overall consistency between the final thermal model and measured temperatures. 

Furthermore, a very good agreement between DSTs and corrected SBHTs for wells having both 

temperature datasets (Fig. 8b) greatly increases the level of confidence in the available measured 

temperature datasets. Cross-checking our model with all available temperature data results in 68% 

of the modelled temperatures to deviate by only ±5 °C from the measured data (Fig. 8a). This 

amount of best fit is reduced to 66% (fitting by ±5 °C) if the model is compared only to SBHTs. In 

line with that, the model fit is better if only those wells with both DSTs and SBHTs are considered. 

In this case, 94% of the checked modelled temperatures deviate by only ±5 oC from the measured 

data (Fig. 8b). Thus, the remaining misfits of the model may partly be ascribed to limitations in 

SBHT corrections.  

Testing different values for the Moho heat flux has shown how sensitive the modelled 

temperature distribution is to this parameter. Initially setting the lower boundary condition at a 

constant heat flux of q=30 mW/m2 at the Moho and employing the lithology-dependent thermal 

properties as given in Table 1, resulted in a conductive 3D thermal model being significantly too 

cold. This thereby led to 87.5% of the DST-data and 60% of the SBHT-data being underestimated 

by -10 to -20oC and -10 to -25oC, respectively. Similarly, for q=40 mW/m2 at the Moho, the model 

is overall too warm, particularly for the SBHTs.  

 The achievement of a physically consistent thermal field model, exhibiting a very reasonable 

fit with the measured temperatures, allows us to analyse the relative importance of the main 

temperature-controlling factors in the WBB. For different depth levels, we have derived maps of 

modelled properties and related temperatures from the 3D thermal model (Fig. 5-6).  
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Fig. 5: Results: present-day thermal field. (a) geological units at 2 km depth; (b) porosities at 2 km depth; (c) 

bulk thermal conductivities at 2 km depth; (d) temperature distribution at 2 km depth; (e) bulk thermal 

conductivities at 5 km depth; (f) temperature distribution at 5 km depth level; numbers in (a), (b), (c) and (e) 

refer to geological units in Fig. 4e. Plus sign = wells with measured present-day temperature; indicated well 

names represent wells given in Figure 7. UTM Zone 34S. 
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Fig. 6: Results (continued): present-day thermal field. (a) temperature distribution at 10 km depth; (b) temperature 

distribution at 15 km depth; (c ) temperatures at the Moho; (d) heat flow at 10 km depth; (e) heat flow at the top of 

the crystalline basement; (f) heat flow at the top of the model, i.e. at the seafloor; Present-day geothermal gradients 

calculated for specific depth intervals below the seafloor: (g) seafloor to 2 km b.sf; (h) 2 km b.sf to 5 km b.sf; b.sf – 

below the seafloor. Plus sign = wells with measured present-day temperature; indicated well names represent wells 

given in Figure 7. UTM Zone 34S. 

 

 

 

 

 

Figures 5 and 6a-f show calculated properties and temperature distributions for selected depth 

levels and at the seafloor, basement and Moho. Generally, the temperatures vary strongly both 

laterally and vertically and with different wavelengths. As depicted at all depth levels (Figs. 5 and 

6a-c), long-wavelength anomalies characterise the distribution of modelled temperatures and 

properties between the basin margins and the sediment-filled basin centre. Lowest temperatures 

spatially correlate with the basin margins, where the basement is relatively shallow, i.e. covered 

only by a thin sedimentary layer (of low thermal conductivity) underlain by thick crystalline crust 

(of high thermal conductivity; Fig. 4a-e; Table 1). With the exception of the 2 km depth level, high 

temperatures are confined around the NW-SE trending basin axis correlating spatially to the overall 

basin-fill thicknesses with low bulk conductivities (Figs. 5 and 6a-d). This high temperature domain 

following the basin central axis thus reflects a thermal blanketing effect (i.e. heat storage) related to 

superposition of low thermally conductive sediments. Within this NW-SE trending axis, modelled 

temperatures range between 178-192 
o
C, 294-304 

o
C and 392-400 

o
C respectively for 5 km depth 

(Fig. 5f), 10 km (Fig. 6a) and 15 km depth (Fig. 6b). Noticeably with increasing depth, the 

insulating effect of the sediments along the basin axis is maintained particularly as the influence of 

the thick, high-radiogenic-heat producing crystalline basement increases. This is expressed in a 

widened domain of elevated temperatures (Figs. 5 and 6a-c). Lowest temperatures correspond to 

basement highs where heat transport is not hampered by insulating sediments. 

At the Moho, the distribution of modelled low temperatures follows the overall W-E 

shallowing trend of the Moho (Figs. 4d-e and 6c). The regions of high temperatures are generally 

restricted to the north and south of the Moho high, i.e. where the crust is thickest and the Moho 

deepest (Fig. 4c-d). Within the shallower low-temperature domain, modelled temperatures range 

from ~670 
o
C in the proximal west to about 550

o
C in the distal east. For comparison, within the 

high temperature regions, modelled temperatures are in the range 690-770 
o
C. 
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At the 2 km depth level (Fig. 5a-d), the distribution of short-wavelength temperature variations 

related to differences in the properties (i.e. lithology, porosity, thermal conductivity; Fig. 5a-c; 

Table 1) of differing sedimentary units (upper crust, pre-rift metasediments and basin-fill 

sediments; Fig. 5a) are clearly revealed. Most importantly, we find a clear correlation between high 

temperatures (Fig. 5d) and low bulk thermal conductivities (Fig. 5c) at this depth level. Thus, this 

short-wavelength variation (Fig. 5d) correlates spatially with a very strong lateral variation of 

calculated bulk conductivities (Fig. 5c). For instance, the disparities in bulk conductivities between 

the two shale-dominated sequences (i.e. Unit 5 and Unit 4) as well as between the Unit 3 and Unit 2 

sequences are governed by variations in porosities and matrix conductivities (see Fig. 4e and Table 

1). Although the Unit 6 and Unit 2 sequences show the same matrix conductivity (𝜆𝜆max=2.7 Wm-1K-

1; Table 1), the Unit 6 being more porous characteristically shows lower bulk conductivity 

(𝜆𝜆bulk=~1.7 Wm-1K-1) at this depth than the younger Unit 2 (Fig. 4b-c). Sonibare et al. (2014) 

suggest that the low present-day porosity of this Unit 2 sequence is due to a late Miocene uplift and 

erosive event, causing previously buried and compacted sediments to be raised to shallower depths. 

Furthermore, the relationship between temperature distribution and thermal conductivity is expected 

as thermal conductivity depends to a large extent on quartz content and the amount of water-filled 

pores (porosity). Therefore, shale-dominated clastics are typically less conductive than sandstone-

dominated clastics, while a highly porous sandstone layer will be less conductive than its more 

compacted and less porous equivalent (Midttømme and Roaldset, 1999; Bjørlykke, 2010).  

 Figure 6 shows the calculated heat flux distribution for selected depth levels, namely for the 

seafloor (Fig. 6f), for the top of the crystalline basement (Fig. 6eg), and for a constant depth of 10 

km (Fig. 6d). From the assigned 38 mW/m2 fixed heat flux at the Moho, heat flow increases 

upwards to the crystalline basement (with heat fluxes between ~55-74 mW/m2) and gradually to the 

seafloor (with heat fluxes ranging from 63 to ~80 mW/m2), which is due to the radiogenic heat 

produced by the crust and sediments, respectively. Common to the crystalline basement and the 

seafloor is the distribution of low and high heat fluxes corresponding respectively to the sediment-

filled basin centre and the basin margins. This spatial trend of heat fluxes within our modelled geo-

system conforms to the established lateral and vertical variations of geothermal gradients (Figs. 5d-

f, 6a-b and 6g-h) related to increasing radiogenic heat production in the crystalline crust and thermal 

blanketing of the sediments. 

  Accordingly, high geothermal gradients characterise the sediment-filled basin axis while low 

geotherms mark the shallow basement at the basin margins (Fig. 6g-h). At the seafloor and at 2 km 

below the seafloor, geothermal gradients along the NW-SE-trending basin axis range approximately  
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between 35oCkm-1 and 45oCkm-1 (Fig. 6h). Going downwards into the deep crust, we observe a 

gradual decrease in geothermal gradient as the system transits from the sedimentary cover into the 

underlying sub-sedimentary crystalline crust (Fig. 6g). In line with the observed geotherms, high 

heat fluxes are restricted to the basin margins where the crystalline basement with high thermal 

conductivities is at shallow depths. In contrast, low heat fluxes are confined to the NW-SE trending 

axis of the low-thermally-conductive basin-fill sequences. The predicted seafloor heat fluxes are 

locally consistent with values of >65 mW/m2 estimated for wells in the central to distal domain of 

Fig. 7: Depth plots of temperatures for all wells (upper left plot) and exemplarily chosen wells showing the 

general consistency of the final thermal model with measured temperatures; solid blue line is the modelled 

present-day geothermal gradient from the numerically simulated thermal evolution models; well locations are 

indicated in Figs. 1b, 5 and 6; Temp – temperature.    

Fig. 8: Model validation for the best-fit present-day thermal model using a lower boundary condition of 38 

mW/m
2 

heat flux at the Moho. (a) histogram of the differences between modelled and measured temperatures 

for the complete temperature data set (i.e. for all wells); (b) histogram of the differences between modelled and 

measured temperatures for 16 wells at which DSTs and SBHTs are available (wells with highest confidence); n 

– number of temperature data; cc – correlation coefficient (cc=0 for no correlation, and cc=1 for perfect 

correlation); temperature difference ∆T = modelled minus measured. 
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the basin axis by Goutorbe et al. (2008). At the constant depth of 10 km, the heat flow is in the 

range of 44-62 mW/m2 (Fig. 6d).  

4. Modelling the thermal evolution

4.1 3D forward modelling: model setup and thermal calibration  

To investigate the Mesozoic-Cenozoic thermal evolution incorporating the effects of steady and 

transient heat transport over geological times within the modelled WBB (Fig. 1), a three-

dimensional forward modelling approach was applied using the software PetroMod v. 2012.2 (© by 

Schlumberger). The 3D forward modelling approach simulates the burial and thermal history based 

on the principles of basin modelling techniques described by e.g. Poelchau et al. (1997) and in 

detail by Hantschel and Kauerauf (2009). These principles define certain sedimentation intervals 

(including non-deposition and erosion) of known ages (Fig. 9) in terms of interrelated processes 

such as (i) porosity loss (due to burial and compaction), (ii) isostatic re-adjustments (due to 

changing loads), and (iii) conductive heat transport (in relation to changing thermo-mechanical 

properties and boundary conditions).  

By performing a series of simulation runs and modifying certain parameters (see below), 

model predictions can iteratively be adjusted to observed temperature and vitrinite reflectance (VR) 

data (see Fig. 10). Vitrinite reflectance is the most widely used paleo-geothermal indicator, which 

measures characteristic changes in organic matter reflection properties under evolving burial and 

thermal conditions of a sedimentary basin through time (e.g. Poelchau et al., 1997; Allen and Allen, 

2005; Hantschel and Kauerauf, 2009). We calculated the increase of vitrinite reflectance as a 

function of time and temperature using the EASY% Ro chemical kinetic equations of Sweeney and 

Burnham (1990). In our case, vitrinite reflectance data collected from rock cuttings, sidewall cores 

and cores were available from 17 wells (Figs. 1b and 10), totalling 836 measured data points.  

The thermal calibration procedure first requires setting up an initial (starting) model   involving the 

definition of the following parameters:  

1. present-day 3D geometry of the basin,

2. lithofacies distribution with assigned lithology-dependent physical properties,

3. tectono-stratigraphic events as a series of deposition, non-deposition and erosion events in

time,

4. paleo-geometries of water depth and eroded material,

5. boundary conditions.
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4.1.1 Present-day geometry 

The present-day geometry together with its coverage area (14,900 km2) and horizontal resolution 

(275 x 275 m per grid cell) was defined based on the crust-scale 3D structural model of Sonibare et 

al. (2014; see Fig. 4e) similar to that employed for the calculation of the present-day 3D conductive 

thermal field (see above). Since both spatial and time relationships are very crucial to this 

modelling, we performed further seismic-to-well ties in order to refine the stratigraphic units that 

were previously modelled as composite units. This led to the insertion of an Albian (14At) 

unconformity, and Santonian (K) and Campanian (17At) unconformities (Brown et al., 1995; 

McMillan et al., 1997; Figs. 4e and 9) into the previously modelled Early Aptian-Upper 

Cenomanian (13At-15At) and Upper Cenomanian-Cenozoic (15At-Seafloor) sequences, 

respectively (Fig. 4e). Below the ten unconformity-bounded Mesozoic-Cenozoic sedimentary units, 

a lower boundary for the 3D model was imposed at a constant depth of 10 km, which located below 

the pre-rift metasediments and cuts through the upper crustal unit (Fig. 9).  

4.1.2 Lithofacies definition and assignment 

In addition to refining the original stratigraphic units vertically (Fig. 9), we performed GR log-

correlation to lithologically separate the units according to vertical and lateral differences in sand- 

to-shale ratio. This well-correlation approach used to define lithofacies maps was complemented by 

consideration of published litho-stratigraphic variations in the WBB (McMillan et al., 1997; Davies, 

1997a; Roux, 2007; PASA, 2012). The lithofacies domains thus differentiated for each sedimentary 

unit are exemplarily shown by the NW-SE model section (Fig. 9). For the forward modelling 

procedure, this definition of lithofacies involves the assignment of the corresponding PetroMod 

standard values for the thermo-mechanical parameters of thermal conductivity, radiogenic heat 

production, specific heat capacity, porosity, and density (Table 2) guided by the established 

lithologies and thermal properties stated in Table 1.  

4.1.3 Age definition of stratigraphic events 

We defined a number of stratigraphic events (Fig. 9) based on the geological ages of the modelled 

units and related timing of deposition, non-deposition (hiatus) and erosion as indicated by WCR and 

published data (Brown et al., 1995; Broad et al., 2006; PASA, 2012). These ages also correlate with 

both the local and regional geological and tectonic history of the study area (e.g. Dingle et al., 1983; 

McMillan et al., 1997; Thomson, 1998; Johnson et al., 2006; see Fig. 2).  
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Fig. 9: Model setup for the Mesozoic-Cenozoic thermal evolution showing the defined stratigraphic events (as a series of deposition, non-deposition (hiatus) and 

erosion), major unconformities (Fig. 3) and vertical and lateral variations of lithofacies. 
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4.1.4 Paleo-geometries 

Paleo-geometries implemented as maps in our model were of two types: paleo-water depths and 

erosion magnitudes. We gained approximate paleo-water depths from WCR biostratigraphic 

information, facies relationships from cored wells and knowledge of the inferred depositional 

environments for the Bredasdorp sedimentary successions as provided by McMillan et al. (1997), 

Broad et al. (2006) and PASA (2012). The assigned paleo-water depths remain relatively shallow 

all over the past and up to present-day, ranging ~40 to 300 m with maximum water-depths 

occurring during Hauterivian-Aptian times.  

Because of limitations in the availability of investigated data (i.e. seismo-stratigraphic 

information, wells and WCR biostratigraphic well-correlation panels), it was possible to derive 

direct estimates on erosion amounts only for the Hauterivian event (134-133 Ma) and the late 

Miocene erosion event (16-11 Ma). Hauterivian amounts of erosion were mainly mapped on 

seismic profiles as an erosional truncation where the Valanginian (1At) unconformity is truncated 

by the Mid-Hauterivian (5At) unconformity. The related eroded thicknesses are limited to the NW 

proximal parts of the basin ranging from 40-240 m (Fig. 11a). For the late Miocene event, we find 

indications for ~1000 m of eroded material in the NW proximal parts of the basin (see Figs. 3 and 

9) from where they decrease towards the east, which corresponds to the range of eroded material

estimated by Sonibare et al. (2014) from present-day states of compaction. For the starting model 

(later to be stepwise modified, see below), we used the results of Davies (1997a) to additionally 

develop preliminary erosion distribution maps for the erosion phases at 84-75 Ma and 43-38 Ma.  

4.1.5 Boundary conditions 

The upper boundary conditions for the forward modelling process are controlled by varying paleo-

climate and temperature at the sediment-water interface (SWIT; Francu et al., 2002; Hantschel and 

Kauerauf, 2009). Thus, at the upper boundary we assigned the surface temperature through time 

following the approach of Wygrala (1989), incorporating paleo-latitude variations (Hantschel and 

Kauerauf, 2009) for our study locality. This surface temperature profile by Wygrala (1989) gives a 

present-day SWIT as warm as 18 oC, which corresponds well with the seafloor temperature derived 

by Goutorbe et al. (2008).  

As for the lower boundary conditions, they are defined by the inflow of heat at the base of 

sediments for different time intervals (e.g. Hantschel and Kauerauf, 2009). In our case, these basal 

heat flow values correspond to maps of laterally varying heat flux at present-day 10 km depth. For 

the initial simulation, this basal heat flux distribution was directly extracted from the previously 
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Fig. 10: Calibration data for the Mesozoic-Cenozoic thermal evolution showing measured vitrinite reflectance 

(%VRo) plots for the observed three paleo-geothermal gradient subdomains, i.e. (a) “proximal”, (b) “central” and (c) 

“distal” along the NW-SE trending axis of the WBB; red oval shape indicates the occurrence of VR bulges/separate 

profiles at intermediate depths; also note the decrease in sublinearity of the VR trends from proximal to distal; (d) 

bathymetric map indicating VR subdomains and the location of wells and NW-SE profile. Shown well names are wells 

given in Figures 15-17. 
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Table 2. Input petrophysical properties for 3D modelling of paleo-thermal evolution 

Stratigraphic 
unit Lithofacies Thermo-mechanical properties 

Thermal conductivity 
 [W/(m*K)] 
20oC / 100oC / 200oC 

Heat capacity 
kcal/kg/K 
20oC / 100oC / 200oC 

Radiogenic heat 
[µW/m3] 
20%ϕ / 40%ϕ 

17At - Seafloor Sandstone (typical) 
Shaly Sandstone (ss60sh40) 
Sandy Shale (sh50ss50) 

3.35 / 2.95 / 2.63 
2.78 / 2.53 / 2.33 
2.55 / 2.36 / 2.21 

0.21 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 

0.88 / 0.66 
0.99 / 0.74 
1.10 / 0.82 

K – 17At Sandstone (ss75sh25) 
Shaly Sandstone (ss60sh40) 

2.80 / 2.54 / 2.34 
2.78 / 2.53 / 2.33 

0.21 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 

1.07 / 0.80 
0.99 / 0.74 

15At – K Sandstone (typical) 
Sandy Shale (sh50ss50) 
Shale (typical) 

3.35 / 2.95 / 2.63 
2.55 / 2.36 / 2.21 
1.64 / 1.69 / 1.73 

0.21 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 
0.21 / 0.24 / 0.27 

0.88 / 0.66 
1.10 / 0.82 
1.63 / 1.22 

14At – 15At Sandstone (typical) 
Sandstone (ss75sh25) 
Shaly Sandstone (ss60sh40) 

3.35 / 2.95 / 2.63 
2.80 / 2.54 / 2.34 
2.78 / 2.53 / 2.33 

0.21 / 0.24 / 0.27 
0.21 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 

0.88 / 0.66 
1.07 / 0.80 
0.99 / 0.74 

13At – 14At Sandstone (ss75sh25) 
Shaly Sandstone (ss60sh40) 
Sandy Shale (sh50ss50) 
Shale (typical) 

2.80 / 2.54 / 2.34 
2.78 / 2.53 / 2.33 
2.55 / 2.36 / 2.21 
1.64 / 1.69 / 1.73 

0.21 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 
0.21 / 0.24 / 0.27 

1.07 / 0.80 
0.99 / 0.74 
1.10 / 0.82 
1.63 / 1.22 

6At – 13At Sandstone (typical) 
Shaly Sandstone (ss60sh40) 
Shale (typical) 

3.35 / 2.95 / 2.63 
2.78 / 2.53 / 2.33 
1.64 / 1.69 / 1.73 

0.21 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 
0.21 / 0.24 / 0.27 

0.88 / 0.66 
0.99 / 0.74 
1.63 / 1.22 

5At – 6At Sandstone (ss75sh25) 
Shaly Sandstone (ss60sh40) 
Shale (typical) 

2.80 / 2.54 / 2.34 
2.78 / 2.53 / 2.33 
1.64 / 1.69 / 1.73 

0.21 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 
0.21 / 0.24 / 0.27 

1.07 / 0.80 
0.99 / 0.74 
1.63 / 1.22 

1At – 5At Sandstone (ss75sh25) 
Sandy Shale (sh50ss50) 
Shale (typical) 

2.80 / 2.54 / 2.34 
2.55 / 2.36 / 2.21 
1.64 / 1.69 / 1.73 

0.21 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 
0.21 / 0.24 / 0.27 

1.07 / 0.80 
1.10 / 0.82 
1.63 / 1.22 

Basement – 1At Conglomerate 
Sandstone (typical) 
Sandstone (ss90sh10) 
Sandy Shale (sh60ss40) 
Shale (typical) 

2.30 / 2.18 / 2.45 
3.35 / 2.95 / 2.63 
3.12 / 2.78 / 2.51 
2.33 / 2.20 / 2.10 
1.64 / 1.69 / 1.73 

0.20 / 0.23 / 0.26 
0.21 / 0.24 / 0.27 
0.21 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 
0.21 / 0.24 / 0.27 

0.68 / 0.51 
0.88 / 0.66 
0.96 / 0.72 
1.20 / 0.90 
1.63 / 1.22 

Pre-rift 
metasediments 

Metasediments 2.79 / 2.54 / 2.34 0.20 / 0.23 / 0.26 1.07 / 0.80 

Upper crust Granite 2.6 / 2.4 / 2.25 0.19 / 0.22 / 0.25 2.66 / 1.99 

ϕ = porosity 
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established present-day crust-scale 3D thermal model (Fig. 6d). This definition holds the advantage 

that the thermal-evolution-modelling procedure directly takes into account what we already know 

about present-day geometry and thermal state such as the Moho depth and heat flux and deep 

crustal heat generation. Since the crust-scale conductive thermal model is consistent with observed 

present-day temperatures (Figs. 7-8), this holds also for the extracted 10 km-depth heat flux 

distribution (Fig. 6d) thereby representing an ideal constraint for the final, present-day stage of the 

forward modelling procedure.  

 It is clear that the amount of heat entering the shallow parts of the crust has not remained 

constant through syn- and post-rift times and that the determination of the paleo-heat flow at 10 km-

depth is much more complicated. The most common practice in suitably defining the starting model 

with respect to heat flux distribution at some specific depth (e.g. at the top of basement) relies on 

published values derived according to regional geological and tectonic settings or from known past 

geothermal gradients at specific locations within the basin. Such information, however, does not 

exist for the WBB so far. Therefore, for the initial simulation we assumed a constant-through-time 

basal heat flux distribution equal to the one calculated for the present-day (Fig. 6d). Based on the 

related (in-) consistencies with vitrinite reflectance data and in order  to improve model predictions, 

the time-specific basal heat flux maps were then stepwise modified until reaching an acceptable 

correlation between modelled and measured values (see below).   

4.1.6 Thermal calibration 

Figure 12 summarises the complete model calibration workflow showing that we firstly calibrated 

the model against present-day well temperatures and then reconstructed the paleo-temperature 

distributions using VR data. As anticipated, a straightforward calibration of the model according to 

present-day temperature was achieved by using the predicted heat flow at 10 km depth level from 

the best-fit crust-scale conductive model (Figs. 6d, 7 and 8) as the lower boundary condition of the 

initial model (1st model run, Fig. 12). Thus, this calibration step confirms the consistency of the 

paleo-thermal model with the previously established present-day geothermal field. However, at this 

stage, the measured and simulated VR trends were largely not in good agreement.  

The measured VR profiles can be interpreted to delineate the modelled area into three sub-

domains: proximal, central and distal domains as shown in Figure 10. In these domains, VR data 

range from 0.35-1.27 VRo% (proximal) to 0.47-2.16 VRo% (central) and 0.35-1.39 VRo% (distal). 

These VR profiles are generally sub-linear (on a logarithmic plot), with the profile of the proximal 
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domain depicting a bulge towards higher VR at intermediate depths (Fig. 10a). Moreover, in the 

upper 200-2400 m sequence of the proximal and central domains, two separate VR profiles are  

Fig. 11: Mesozoic-Cenozoic distribution of amount of eroded sediments. (a) amount of Hauterivian (134-133 Ma) 

erosion as derived from seismic interpretation; (b) amount of late Cretaceous (84-75 Ma) erosion; (c) amount of early 

Tertiary (43-38 Ma) erosion; (d) amount of late Miocene (16-11 Ma) erosion; (b) and (c) initial values after Davies 

(1997a); (d) initial values from seismic interpretation, well correlation and Sonibare et al. (2014); the overall spatial 

distributions of (b), (c) and (d) are calibrated against measured vitrinite reflectance. Plus sign = wells with measured 

present-day temperatures and vitrinite reflectance. Shown well names are wells given in Figures 15, 16, and 17. UTM 

Zone 34S. 
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Fig. 12: Integrated thermal calibration workflow developed for this study. 
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observed (Fig. 10a-b). The profile with higher VR values mimics the trend of the lower VR profile 

in the proximal part, whereas in the central domain, the higher VR profile gives an obvious bulge 

(Fig. 10b).  

 As VR trends depend on the maximum paleo-temperature, we analysed the fit between 

modelled and measured VR trends at single wells (Fig. 12). Thus, adjusting modelled VR trends to 

observations requires changing the parameterisation of paleo-temperature models. We restricted any 

subsequent steps of model adjustments to modifications of two free parameters: erosion magnitude 

and basal heat flow, i.e. those two parameters that are mostly unknown and very vital for any 

reconstruction of past geothermal gradients. In a first VR calibration “loop”, we have adjusted 

paleo-erosion maps (Fig. 12).  

 We did not change the amount of Hauterivian (134-133 Ma) erosion (Figs. 9 and 11a) as it is 

well constrained directly from seismic interpretation. Instead, erosion magnitudes for the late 

Cretaceous (84-75 Ma), early Tertiary (43-38 Ma) and late Miocene (16-11 Ma) times (Fig. 9) were 

adjusted. Thereby, local (well-based) adjustments followed the described proximal to distal trends 

of VR profiles, particularly in the upper 2.5 km of the sequence (Fig. 10). The assessment of late 

Miocene erosion (Fig. 11d) was guided by available information from seismic interpretations, well 

data and predicted cumulative late Tertiary erosion (Sonibare et al., 2014). Furthermore, we inferred 

maximum erosion magnitudes for the different events from previous studies on erosion and 

sedimentation rates (e.g. McMillan et al., 1997; Davies, 1997a; Broad et al., 2006). By 

implementing the aforementioned erosion adjustments, a best fit of measured and simulated vitrinite 

trends was achieved for the distal and most of the central domains of the model. In the proximal 

domain, a significant misfit between measured and simulated vitrinite trends still prevailed, as 

reflected particularly by the VR profiles of wells D-A1 and D-B1 (Figs. 2 and 13).  

 Potential explanations for this misfit might be either that erosion amounts are still 

underestimated or the heat flux at the predefined base of the model has been higher during the past 

than at present-day. To correct the remaining misfit by increasing erosion magnitudes for the 

respective erosive events would require several kilometres of eroded sediment thicknesses, which 

we believe is not geologically possible as inferred from previous studies as well as seismic and well 

data observations. For this reason, a second loop for model adjustment was necessary with an 

alternative parameter – the heat flux at 10 km depth – to be modified in order to change paleo-

temperature fields and improve the fit between modelled and measured VR data.  

 Modifying the heat flux distribution through time is even more realistic as the study area was 

subjected to rifting (and related lithospheric mantle thinning) as well as to complex temperature 

perturbations due to recurrent tectonic activity and hotspot transient events (e.g. Duncan, 1981;  
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Fig. 13: Calibration of modelled vitrinite trends (%VRo) against measured vitrinite reflectance data for wells located 

in the proximal, central and distal subdomains of the WBB (see Figs. 2 and 8c); full thermal calibration is achieved 

when three paleo-heat flow peaks and four erosion scenarios were considered in the final thermal evolution model.  
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Davies, 1997a; Broad et al., 2006). Hence, we implemented three periods of possible thermal 

perturbation: (1) Upper Jurassic-Late Cretaceous lithospheric thinning and faulting during syn-rift 

sedimentation, assuming a rift-type heat flow peak (135-125 Ma; e.g. McKenzie, 1978), (2) Late 

Cretaceous hotspot transient event (80-70 Ma; Duncan, 1981), and (3) Cenozoic margin uplift event 

(12-8 Ma; Nyblade and Robinson, 1994; Hartnady and Partridge, 1995). We stepwise increased the 

basal heat flow at the 10 km depth level for the respective peak periods following the proximal to 

distal trend of the measured VR profiles (Fig. 10a-d) until the modelled paleo-3D thermal field 

satisfactorily matched all available VR data.  

4.2 Results: Structural and thermal development through time 

The VR calibration procedure (Fig. 12) provided thickness distributions of eroded material for the 

different time intervals defined as erosional phases (Figs. 9 and 11). Of all the spatially 

reconstructed amounts of erosion, the late Miocene erosion has the largest magnitude varying from 

980-1240 m in the proximal NW to 760-960 m and 600-720 m, respectively, in the central and 

distal SE domains of the WBB (Fig. 11d). The late Cretaceous (Campanian) lateral variations of 

erosion are in between 400-600 m (proximal), 280-350 m (central), 220-260 m (distal), and the 

early Tertiary (Paleogene) variations of erosion amount to 550-620 m (proximal), 460-500 m 

(central) and 420-440 m (distal; Fig. 11b-c).  

 Implementing the adjusted lower boundary heat flux for the three peak events (syn-rift phase, 

post-rift hotspot event and post-rift margin uplift) resulted in a satisfying calibration of the 

measured and simulated present-day temperatures and vitrinite reflectance trends as presented in 

Figure 13. Larger deviations are only shown by well E-AH1 at depths of 2500-3500 m. However, 

we considered this deviation to be within acceptable limits as the wells located nearby show good 

calibration results (Figs. 1b and 13) and any attempt to reduce the modelled VR values for this 

depth interval caused the modelled present-day temperatures to underestimate measured 

temperatures.  

The simulation results of the best-fit Mesozoic-Cenozoic thermal evolution model are 

presented here as heat flux maps (Fig. 13) as well as depth and time plots of burial and thermal 

history (Fig. 15-17). Of all the three domains (Fig. 10d), basal heat fluxes for the three thermal 

peaks are highest for the proximal domain (Figs. 14 and 15-17). There, in the vicinity of the roughly 

NW striking half-graben faults and basement highs (Fig. 3a), basal heat fluxes at 10 km depth are in 

the range ~60-80 mW/m2 for syn-rift, ~75-90 mW/m2 for the late Cretaceous hotspot event and ~55-

73 mW/m2 for the late Miocene thermal peak (see Fig. 14a-b and Fig. 15 for an exemplary well in 
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this domain). For comparison, in both the central to distal domains (Fig. 10b-d), these 10 km depth-

heat fluxes are in the range ~40-70 mW/m2, ~40-63 mW/m2 and ~38-65 mW/m2 for the syn-rift, late 

 

 

Cretaceous hotspot and late Miocene thermal events, respectively (see Fig. 16-17). The burial plots 

for exemplarily chosen wells in the proximal (Fig. 15a), central (Fig. 16a) and distal domains (Fig. 

17a) reveal the structural and thermal evolution through time. The evolving depths of stratigraphic 

and lithofacies boundaries are shown superimposed by the modelled paleo-temperature distribution 

and dictated paleo-water depths. Thus, subsidence and uplift history can directly be related to the 

thermal evolution. The latter is also documented by the time plots of heat flux for the same wells 

 Fig. 14. Predicted paleo-heat flow. (a) basal heat flow map for the syn-rift phase (150-130 Ma); (b) hotspot-related basal 

heat flow map (80-70 Ma); (c) spatial distribution of heat fluxes at the top of syn-rift successions at 131 Ma; (d) hotspot-

related heat flow peak at the top of the sedimentary infill at 75 Ma. Plus sign = wells with present-day temperature and 

vitrinite reflectance. UTM Zone 34S.  
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(Fig. 15b, 16b, 17b) which enable us to compare different erosive and thermal perturbation events 

with respect to their relative intensity and differential influences on paleo-thermal field.  

 

 Fig. 15. Burial history and temperature evolution at well D-A1 in the proximal subdomain of the WBB (see location in 

Fig. 2). (a) burial history with a colour overlay of temperature evolution; (b) heat flow evolution through time; solid lines 

= predicted heat flow for pre-rift, syn-rift and post-rift successions (see Fig. 4 for colour scheme); dashed black line = 

calibrated basal heat flow trend.  
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4.2.1 Rifting phase  

The rifting phase (~160-130 Ma; Broad et al., 2006; PASA, 2012) is characterised by considerable  

temperature and heat flow anomalies. The vertical temperature variations for this phase are easily 

depicted by the upward displacement of isotherms at the three selected wells (Fig. 15-17). Thereby, 

the magnitude of this upward bulge of isotherms increases with increasing burial depth. The rifting-

related strong temperature increase corresponds to the period of maximum burial rates at ~135-136 

Ma correlating with the age of the continental break-up unconformity (1At, Broad et al., 2006; Figs. 

3e and 9). During break-up, the sediments most deeply buried within half-grabens (Fig. 3a), such as 

in wells D-A1, E-BD2 and E-AA1, reach temperatures of ~97-110 oC, ~136-145 oC and ~110-128 
oC, respectively (Fig. 15a-17a). However, peak temperatures were only achieved at ~126-122 Ma, 

i.e. shortly after continental break-up.  

In the proximal domain, temperature isolines occur at shallower depths (Fig. 15) than the same 

temperatures in the central and distal domains (Fig. 16-17), which demonstrates that temperature 

gradients generally decrease from the proximal to the distal domains. Likewise, the heat flux 

distribution at 10 km depth for this temporal stage shows a decreasing trend from the proximal to 

the distal domain (Fig. 14a). In addition, predicted heat flux at the top of the syn-rift successions at 

~131 Ma decreases particularly along the W(NW)-E(SE) basin axis (Figs. 14c).  

4.2.2 Post-rift phase  

The post-rift phase is characterised by long-term thermal cooling interrupted by three short-lived 

periods of renewed heating (Fig. 14-17). The overall post-rift cooling effect is depicted by thermal 

gradients (vertical distances between isotherms) that are generally smaller during post-rift than 

during syn-rift times (Fig. 15a, 16a, 17a). Furthermore, compared to the syn-rift stage (Fig. 13a), the 

heat flux distribution at 10 km depth shows smaller average values during post-rift times, even for 

phases of renewed heating as at ~80-70 Ma (Fig. 13b). The related vertical rise of isotherms during 

the post-rift stage which correlates temporally with periods of erosion and thermal perturbation is 

shown by all three wells (Fig. 15a, 16a, 17a). Considering the increase in heat flux, the early 

Paleogene erosion is the least significant, raising the long-term post-rift mean heat flow by only ~4-

6%. However, in the distal domain (see Fig. 17b), the Paleogene thermal anomaly is hardly less 

significant in magnitude than the late Cretaceous anomaly.  

 Predicted heat fluxes at the top of the sedimentary infill at 75 Ma (i.e. corresponding to the late 

Cretaceous hotspot-related heat flow peak) range from ~60 to 97 mW/m2 and depict a W(NW)-

E(SE) decreasing trend (Fig. 14d). This heat flux trend (see Fig. 14d) also conforms to the observed  
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 Fig. 16. Burial history and temperature evolution at well E-BD2 in the central subdomain of the WBB (see location in 

Fig. 2). (a) burial history with a colour overlay of temperature evolution; (b) heat flow evolution through time; solid lines 

= predicted heat flow for pre-rift, syn-rift and post-rift successions (see Fig. 4 for colour scheme); dashed black line = 

calibrated basal heat flow trend at 10 km depth.  
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trend of measured VR profiles along the three delineated sub-domains of the basin (Fig. 10). The 

delineation of the model area into three sub-domains is confirmed by heat flux ranges for the late 

Cretaceous thermal anomaly which are: ~90-94 mW/m2 (proximal domain, e.g. well D-A1), ~62-70 

mW/m2 (central domain, e.g. well E-BD2) and ~58-63 mW/m2 (distal domain, e.g. well E-AA1). 

Whereas for the late Miocene thermal peak, predicted ranges of heat flux for the respective domains 

are: ~88-94 mW/m2 (proximal), ~65-78 mW/m2 (central) and ~64-73 mW/m2 (distal). 
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5. Discussion

5.1 Modelling approach 

We have utilised a crust-scale 3D structural model of the WBB to evaluate both the spatial and 

temporal development of temperatures at the southern South African continental margin. Apart 

from establishing the past and present-day thermal regime by incorporating the regional geotectonic 

framework, the ensuing models are mainly consistent with measured borehole temperatures and 

vitrinite reflectance data (Figs. 7-10 and 12-13). The consistency of the present-day thermal models 

with the available temperature observations coupled with the generation of present-day thermal 

field information for sub-areas without borehole temperatures allows the definition of well-

constrained lower boundary conditions for 3D numerical modelling of paleo-thermal field evolution 

(i.e. inflow of heat into the basin at a fixed basement depth of 10 km maximum; see Figs. 6d and 

14a-b). In this way, it is possible to incorporate our findings about present-day heat-related 

processes e.g. Moho heat flux and deep crustal heat production (see Table 1). The aforementioned 

thus intrinsically portrays the advantage of our modelling approach (Fig. 12) which is linking the 

basin’s crust-scale configuration to the reconstruction of thermal field development in the WBB.  

 The stepwise model validation procedure (Figs. 7-8 and 12-13) allows relatively easy handling 

of complex interactions between modelled processes and physical parameters. This holds for both 

reproducing the present-day thermal field by varying the Moho heat flux, and for modelling past 

stages by adjusting erosion magnitudes and sub-sedimentary heat flow. By so doing, we also gain 

insights into the associated uncertainties of the underlying geological assumptions and into the 

dominating controls on present and past development of three-dimensional basin-scale thermal 

field. For instance, knowing how thermally sensitive is our present-day thermal model to Moho heat 

flow enables us to delimit the associated uncertainties regarding the assignment of Moho heat flux 

values as the lower boundary condition. This is important as for the Southern African continental 

interior, mantle heat flow estimates have been noted to vary strongly across different geological 

provinces (e.g. Goutorbe et al., 2008). As reflected by the best-fit thermal model, the results of 

performing a sensitivity analysis on a range of fixed mantle heat fluxes (i.e. 30, 35, 38 and 40 

 Fig. 17. Burial history and temperature evolution at well E-AA1 in the distal subdomain of the WBB (see location in 

Fig. 2). (a) burial history with a colour overlay of temperature evolution; (b) heat flow evolution through time; solid lines 

= predicted heat flow for pre-rift, syn-rift and post-rift successions (see Fig. 4 for colour scheme); dashed black line = 

calibrated basal heat flow trend at 10 km depth. 
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mW/m2) suggests a mean heat flow of 38 mW/m2 at the present-day Moho profile (Figs. 4d-e and 7-

8). 

In general, the remaining model misfits (with regard to temperature and VR data) largely 

cluster within a narrow domain in the centre of the model (Figs. 7, 10d and 13). The occurrence of 

these misfits may be attributable to uncertainties in the present-day and Mesozoic-Cenozoic thermal 

field regimes due to a lack of corresponding data. These uncertainties can be linked to: (i) bad 

corrections of SBHTs especially for wells without corresponding DSTs (see Fig. 8); (ii) not 

considering the effects of convective heat transport either resulting from mantle dynamics 

(Goutorbe et al., 2008) or fluid flow and hydrothermal activity (Davies, 1997a , 1997b); (iii) 

assumptions regarding the population of the model with lithology-dependent thermo-mechanical 

properties and (iv) not considering the radiogenic heat production of the crystalline crust as age-

dependent (Vilà et al., 2010). However, the overall consistency of the final present-day thermal 

model (as indicated by cc=0.90 and ∆T median=-0.57; see Fig. 7-8) and of the modelled paleo-

thermal field (see Fig. 13) with the data indicates that our approach provides a good approximation 

of the overall past and present heat budget (i.e. heat entering and leaving the basin system) within 

the WBB. Hence, suggesting  that thermal diffusion is the dominant basin-wide heat transport 

mechanism in the study area, which is in general agreement with findings in other comparable 

sedimentary basins (i.e. Noack et al., 2010; Scheck-Wenderoth and Maystrenko, 2013; Maystrenko 

et al., 2013).  

5.2 Present-day thermal field 

The spatial distribution of heat flow and geothermal gradients across the modelled area (Figs. 6e-h) 

suggests that the interplay of shallow and deep temperature-controlling factors, i.e. thermal 

conductivity and radiogenic heat production, is the primary driver for the present-day thermal 

regime in the WBB. This inference becomes clearly evident at the 5 km, 10 km and 15 km depth 

levels of temperature distribution where high and low temperatures correlate to the main basin-fill 

axis and the shallow basement at the margins (Figs. 4a-d, 5e-f and 6a-b), respectively. The 

distribution of highest temperatures at the basin axis indicates a phenomenon whereby the 

crystalline crust is thick enough to produce considerable amounts of heat and the sediments (being 

generally of lower thermal conductivities than the deep crust) are thick enough to effectively invoke 

thermal blanketing, i.e. efficiently store the heat within the basin. At a depth of 2 km, we find a 

strong contribution of unit- and depth-dependent bulk thermal conductivities and heat generation 

values to the localisation of thermal anomalies within the shallow sedimentary layers (Fig. 5a-d).  
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 The mentioned thermal blanketing effect represents a prevailing phenomenon within 

sedimentary basins whereby a thick sedimentary cover with low to moderate thermal conductivities 

overlies deep crustal basement rocks with high thermal conductivity and radiogenic-heat-producing 

capacity (e.g. Wangen, 1995; Allen and Allen, 2005, Hantschel and Kauerauf, 2009; Vilà et al., 

2010). The crust-scale configuration of the modelled WBB satisfies this geometrical arrangement 

for considerable heat storage within the overlying sediments as the underlying sub-sedimentary 

crystalline rocks are dominated by granitic-granodioritic rocks (see Table 1 and Table 3). Granitic-

dominated rocks normally have higher radiogenic-heat-producing capacity and temperatures than 

basic rocks (e.g. Bjørlykke, 2010; Vilà et al., 2010).   

 The established difference between shallow and deep geotherms of the WBB (e.g. Fig. 6g-h) 

resulting from crust-scale configuration and lithology-dependent thermo-mechanical properties 

(lithofacies, porosity, thermal conductivity and radiogenic heat) therefore corroborates previous 

studies (Bayer et al., 1997; Ondrak et al., 1998; Allen and Allen, 2005; Hantschel and Kauerauf, 

2009; Scheck-Wenderoth and Maystrenko, 2013).  

 This geothermic superposition represents the primary mechanism governing the long-term 

three-dimensional ease of heat transfer (i.e. heat fluxes) through the basin system. In this case, high 

thermal conductivities of the deep crustal domains will invoke a low geothermal gradient due to 

efficient heat transport. On the other hand, the thermally less conductive shallow sedimentary cover 

will induce a high geothermal gradient resulting from a less efficient heat transfer mechanism.  

 Hence, the net effect of heat transferability and the amount of internally generated heat by the 

sediments and the deep crust dictate the heat fluxes of the respective modelled stratigraphic units. 

Thus, the regions of low heat fluxes at the top and bottom of the modelled basin-fill (see Fig. 6e-f) 

correlates to the basin axis, where the low thermally conductive sediments are able to efficiently 

store heat thereby causing high geothermal gradients (Fig. 6g-h). Contrarily, the predominance of 

high heat fluxes at the basin margin relates to low geothermal gradients in concert with high thermal 

conductivity of the thick crystalline basement. The predicted surface heat flow largely agrees with 

the previous estimates by Goutorbe et al. (2008) based on borehole temperatures and thermal 

conductivities derived from geophysical well logs. The presence of some local highs [𝑞𝑞=~71-73 

mW/m2] particularly in the northwestern domain are closely related to local structural highs (i.e. 

shallow basement) where the crust is thick and overlain by relatively thin sediments (Fig. 6e-f).  

 The depth distribution of the Moho (i.e. crust-mantle boundary; Fig. 4d) and the thickness of 

the crust (Fig. 4c) provide evidence for the effect of crustal thinning, a process that to some extent 

certainly involved lithospheric thinning and is dated to commence in the southern South Atlantic 

Margin around ~136 Ma (Martin and Hartnady, 1986; Thomson, 1998). The present-day thermal 
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field is implicitly affected by this event as the geometry of the crystalline crust was preserved since 

then. As a consequence, the temperatures at the Moho decrease from the margins to the central parts 

of the basin since the Moho depth decreases towards the centre. Furthermore, the reduced thickness 

of the crust along the (N)W-(S)E basin axis involves a reduced amount radiogenic heat produced 

and thus the crust adds to the basin’s heat budget less in the centre than at the margins.   

Goutorbe et al. (2008) causally relate an increase in surface heat flow across the southern 

South African margin (from 17-30 mW/m² within the continental interiors to ~60 mW/m² across the 

margin and to even higher values in the oceanic domain) to variations in mantle heat flow. 

However, our model suggests that the heat input from the mantle is relatively uniform across the 

WBB (38 mW/m²). Furthermore, the Lithosphere-Asthenosphere-Boundary (LAB) has been found 

to be relatively flat at depths that vary only between 134 and 145 km across the WBB (Fishwick, 

2010). Assuming the LAB to represent a thermal boundary (i.e. a temperature of ~1300°C at which 

mantle material starts partial melting), the small variations in depth of the LAB confirm small 

variations of heat flow at the Moho. Moreover, the relatively large depths of the LAB found even 

beneath thinned continental crust argue for a thermally re-equilibrated system at present-day.  

5.2.1 Comparison with the adjacent southwest Atlantic Margin 

The importance of the crustal configuration for the crustal thermal field becomes evident by a 

comparison with the Orange Basin located in the adjacent southwest Atlantic Margin. In the WBB, 

predicted surface heat flow values vary from ~63 to 70 mW/m2, while in the Orange Basin surface 

heat fluxes are estimated to be between 50 and 60 mW/m2 (Goutorbe et al. 2008; Hirsch et al. 

2010). The southwestern margin represents a magmatic Atlantic-type passive margin (e.g. 

Gladczenko et al., 1998; Bauer et al., 2000; Serrane and Anka, 2005; Broad et al., 2006; Hirsch et 

al., 2007) while the southern margin is a non-magmatic transform-passive margin (Scrutton and 

Dingle, 1976; Parsiegla et al., 2007, 2009; Sonibare et al., 2014). Here, the related key question is: 

why is the surface heat flow lower in the magmatic margin area than in the non-magmatic WBB?  

 The isothermal LAB depth is deeper in the WBB (see above) than in the Orange Basin (with a 

depth profile ranging between 110 and 120 km) (Fishwick, 2010). Ideally, the shallower LAB for 

the Orange Basin would mean a higher Moho heat flow than beneath the WBB. But interestingly, 

the modelled WBB shows higher heat flow than the Orange Basin, thereby suggesting the 

importance of the crustal contribution which is larger from the thicker crust beneath the WBB.  

 Since the sediment thicknesses and lithologies (including thermo-mechanical properties) are 

quite similar for the compared sedimentary basins, their radiogenic heat contribution to the surface 
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heat flow in the South Atlantic Margin is found to be relatively within the same range i.e. mostly 

less than ~5 mW/m2 (Goutorbe et al., 2008; Hirsch et al., 2010; Table 3). Besides, radiogenic heat 

production of the upper crust and lower crust (i.e. 1.45 µW/m3 and 0.8 µW/m3 respectively) in the 

Orange Basin (Maystrenko et al., 2013) are similar on average as values (upper crust=2.0 µW/m3, 

lower crust=0.5 µW/m3) in the WBB (see Table 3). However, cumulative crystalline crustal  

Table 3. Contribution of cumulative sediment and crustal thicknesses to heat flow 

Composite unit Thickness range 
[km] 

Mean radiogenic heat production 
[µW/m3] 

Heat flow 
[mW/m2] 

Post-rift 0.6 – 3.0 1.18 0.71 – 3.54 
Syn-rift 0.5 – 4.5 1.31 0.65 – 5.88 
Crystalline Crust 18.0 – 32.0 1.43 25.8 – 45.9 

1. Pre-rift metasediments
2. Upper crust
3. Lower crust

1.25 – 5.0 
5.0 – 10.0 
12.0 – 18.0 

1.8 
2.0 
0.5 

2.25 – 9.0 
10.0 – 20.0 
6.0 – 9.0 

thicknesses are different for the two adjacent basins. In the Orange Basin, mean crystalline crustal 

thickness ranges from 10-15 km (Maystrenko et al., 2013), while in the WBB, crystalline crustal 

thickness is much thicker having 20-30 km thickness for ~70% of the modelled area.  

 Apart from the effect of absolute heat generation due to differing crustal thicknesses, internal 

controls related to different lithology may play additional role. If the postulated magmatic 

underplated bodies of the southwest Atlantic Margin (e.g. Bauer et al., 2000; Serrane and Anka, 

2005; Hirsch et al., 2007) are dominated by mafic rocks, the overall crystalline crustal heat 

production would be additionally reduced. In the case of the modelled WBB, the deep crust, as 

confirmed by 3D gravity modelling of Sonibare et al., 2014 and deep seismic studies of Parsiegla et 

al. (2007 and 2009), is non-magmatic and compositionally dominated by granitic-granodioritic 

rocks (see sub-chapter 2.1) which are better producers of radiogenic heat than mafic rocks.  

5.3 Mesozoic to Cenozoic thermal development 

The VR profiles for the proximal, central and distal domains along the NW-SE basin axis (Fig. 10) 

directly point to possible vertical and lateral disturbance of paleo-geothermal gradients. In the 

proximal and central domains, indication for this paleo-thermal disequilibrium becomes most 

evident, especially in the upper 200-2400 m sequence, because of two separate VR sublinear 

patterns (Fig. 10). These interpreted NW-SE trends of measured VR profiles corroborate the results 

of the thermal calibration workflow (see Fig. 12), thereby suggesting that the paleo-geothermal 
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gradients in the modelled WBB have never been constant neither spatially nor through geological 

time. According to Allen and Allen (2005)’s classic examples of VR-profiles, the pattern of 

measured vitrinite reflectance trends may reflect cumulative effects of consecutive phases of 

subsidence, uplift (and thus erosion) and thermal perturbation within the basin. 

Furthermore, for a uniformly stretched basin (e.g. McKenzie, 1978) the post-rift basal heat 

flow (subsequent to the syn-rift thermal disequilibrium) is expected to decrease gradually as the 

basin cools passively while achieving a state ,of thermal equilibrium. Contrastingly, our results 

suggest that this is not the case for the modelled WBB Besides, the predicted post-rift thermal 

anomalies in the WBB (as indicated by three heat flow peaks; see Figs. 15-17) support the concept 

of post-rift mantle dynamics in the South Atlantic Margin that have been suggested by other 

previous studies (e.g. Duncan, 1981; Martin, 1987; Reid et al., 1990; Nyblade and Robinson, 1994; 

Hartnady and Partridge, 1995; Davies, 1997a and 1997b; Thomson, 1999; Gohl and Uenzelmann, 

2001; Nyblade, 2003; Broad et al., 2006; Tinker et al., 2008). We attempt to discuss all the 

predicted thermal anomalies and erosion magnitudes in relation to possible mantle plume 

development and its associated activities (uplift, magmatism). Thereby, we assume the height and 

width of all the predicted paleo-thermal anomalies in the WBB to be proportional to the intensity 

and duration of their causative mantle-related activities. 

5.3.1 Role of syn-rift crustal stretching and rapid subsidence 

For rift basins, numerical simulations of heat flow evolution during lithospheric thinning and 

subsequent cooling, have suggested that the height and width of syn-rift thermal anomaly 

principally depends on stretching factors and stretching duration times (e.g. Allen and Allen, 2005; 

Hantschel and Kauerauf, 2009). As depicted by the burial history diagrams (Figs. 15-17), sediments 

were rapidly buried to higher temperatures during the syn-rift and continental break-up phase (at 

~150-130 Ma; Broad et al., 2006; PASA, 2012). Evident from this maximum achievable depth of 

burial by the preserved syn-rift sediment thicknesses is the fact that subsidence occurs more rapidly 

and at a higher rate during the syn-rift phase than the post-rift phase. A particularly rapid and short-

lived syn-rift subsidence has been linked to the formation of transform margins and strike-slip 

related subsidence, especially for the pull-apart basin style (e.g. Cochran, 1983; Pitman and 

Andrews, 1985; Allen and Allen, 2005; Xie and Heller, 2009). Consistent with well, seismic and 

gravity data, Sonibare et al. (2014) propose a transtensional setting for the WBB, with the 

corresponding component of strike-slip being related to movements along the AFFZ, as the 

observed crustal thinning is difficult to explain by a single-phased, pure, and margin-perpendicular 
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extension. Moreover, we find that vertical distances between temperature isolines are smaller and 

generally at shallower depths for the syn-rift phase than the post-rift phase, thereby indicating that 

paleo-geothermal gradients are higher during syn-rift times due to rapid subsidence and 

sedimentation.  

 In line with the aforementioned, the predicted syn-rift paleo-temperatures and paleo-heat flow 

anomaly can directly be linked to thermal disequilibrium provoked by the compensating rise of the 

asthenospheric mantle during crustal thinning (White and McKenzie, 1989). If we assume that the 

contribution of the deeper crust to the basal heat flow of the model (Fig. 9) has not changed since 

break-up (i.e. constant thickness, neglecting the effect of decreasing radiogenic productivity), the 

contribution of mantle heat flow to the syn-rift thermal anomaly becomes evident by comparing the 

basal heat flow at present-day (Fig. 5f) with the calibrated basal heat flow at 130 Ma (see Fig. 14a 

and 15b-17b). Given the difference in basal heat flow at present-day (Fig. 6d) and at syn-rift times 

(Fig. 14a), the mantle heat flow contribution during the syn-rift phase differs from the present-day 

(background) mantle heat flow (~38 mW/m2) by  about 20-30 mW/m2 over about 75% of the 

modelled area. The corresponding thermal event may have been linked to the Karoo plume 

(postulated to be centred in the region of Mozambique) which is associated with volcanism and the 

formation of the Karoo Large Igneous Province in southern Africa during the break-up of Africa 

from Antarctica (Burke and Dewey, 1972; White and McKenzie, 1989; Cole, 1992; Cox, 1992; 

Thomson, 1999).  

 Apart from the thermal anomaly directly associated with the compensating rise of the 

asthenosphere, Jackson and Pollack (1984) suggested that rapid sedimentation concomitant with 

syn-rift subsidence may additionally contribute to syn-rift transient thermal disequilibrium as heat 

transfer is inhibited by insulating sediments. The latter is thus possible for the WBB as indicated by 

the occurrence of listric fault-bounded sy-rift sequences (Figs. 3 and 4a). 

Another interesting observation for the syn-rift thermal anomalies (as indicated by the vertical 

displacement of predicted heat fluxes and temperature isolines) is the relative decrease of the height 

of the syn-rift thermal peak from the proximal (W)NW to the distal (E)SE of the modelled area, 

which represents a lateral decrease in syn-rift heat flow by ~10-15 mW/m2 (Fig. 15-17). Figures 14a 

and 14c indicate that this lateral decrease of calibrated basal syn-rift heat fluxes, as well as heat 

fluxes at the top of accumulated syn-rift successions at 131 Ma partly occurs along the W(NW)-

E(SE) trending basin axis. However, the highest values of modelled heat flow do not correspond 

with the largest thinning of the crystalline crust (Fig. 4c). As the crustal thickness and sediment 

distribution are symmetric with respect to the basin axis, there must be a different reason for this 

syn-rift heat flow pattern (that shows the largest lateral gradients in (S)W-(N)E direction, Fig. 14a, 
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c). A possible explanation would be the strike-slip nature of the basin-forming mechanism that may 

have resulted in locally variable stretching factors between the crust and the lithospheric mantle 

(e.g. Royden and Keen, 1980; Beaumont et al., 1982; Madon and Watts, 1998). 

5.3.2 Role of post-rift mantle dynamics: hotspot mechanism and margin uplift 

The calibration of maximum paleo-temperatures and heat fluxes against measured vitrinite 

reflectance suggests that the long-term, basin-scale post-rift paleo-geothermal development is 

complex. The modelled paleo-thermal regime indicates an interruption of the long-term post-break-

up thermal subsidence by successive phases of thermal perturbation and attendant uplift and 

erosion. As commonly inferred for basins in a rifted margin setting, post-rift paleo-thermal 

anomalies may be a result of either margin uplift activities or local magmatic and fluid flow effects 

(e.g. Allen and Allen, 2005, Hantschel and Kauerauf, 2009). The reconstruction of these post-rift 

thermal anomalies becomes even more problematic as there is no consensus regarding the timing, 

duration and processes of mantle-related epeirogenic uplift (and its accompanied magmatism, 

denudation and thermal effects) in southern Africa (e.g. Nyblade, 2003; de Wit, 2007; Tinker et al., 

2008). Our approach of thermal calibration (see Fig. 12) therefore becomes an important aspect of 

this study as it enables us to test the integration of the two major products of possible post-rift 

mantle dynamics, i.e. erosion and thermal perturbation. The very good agreement between 

measured and simulated vitrinite reflectance trends (Fig. 13) enables us to further corroborate the 

validity of the various geologic assumptions regarding the timing as well as the variations of post-

rift paleo-thermal anomalies in the WBB. 

 The variation of paleo-heat flow from ~90-94 mW/m2 (proximal) to about ~58-63 mW/m2 

(distal) during the late Cretaceous peak event at ~75 Ma (Fig. 14d and 15b-17b) supports the idea of 

a localised thermal anomaly which may have been related to less regional mantle-related activities. 

One probable option in this context is that these late Cretaceous thermal and erosive events at 84-75 

Ma might be associated to a mantle-related hotspot event and its attendant magmatic intrusions and 

basement uplift in late Cretaceous to early Tertiary times. As postulated earlier (Duncan, 1981), 

Davies (1997a and 1997b) and Roux (2007) have shown the NW-SE-striking alkaline intrusives, 

dated as Early Tertiary (62-52 Ma; Dingle et al., 1983), in the proximal western domain of the 

WBB as being within close proximity of the Shona hotspot track. It is therefore possible that the 

Santonian-Early Campanian (84-75 Ma) and Paleogene (43-38 Ma) erosion might be related to 

intrusions (including the emplacement of kimberlites and related rocks; Dingle et al., 1983; Smith et 
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al., 1985; Tinker et al., 2008) belonging to the late Cretaceous to early Tertiary hotspot events in 

southern Africa.  

 The youngest uplift and erosion (between 16 and 11 Ma) modelled, representing the most 

prominent one based on seismo-stratigraphy (Figs. 3 and 9), well correlation and measured vitrinite 

reflectance data, is considered as being related to the late Tertiary margin uplift event (at ~late 

Miocene; Dingle et al., 1983; Davies, 1997a, 1997b; Roux, 2007). Considering the amount of 

erosion reaching ~1000 m in the model proximal segment (Figs. 9 and 11d) as well as the lateral 

variation of paleo-heat flow (Fig. 15-17), this late Miocene event represents the most widespread 

post-rift thermal anomaly in the WBB. The popular postulation for the late Miocene epeirogenic 

uplift in southern African is the so-called “African Superswell” mantle plume head, which may be 

partly attributed to re-heating of the lithosphere in the Cenozoic as inferred from buoyant support 

by thermally perturbed upper mantle structures (Nyblade and Robinson, 1994; Hartnady and 

Partridge, 1995; Nyblade, 2003). This African Superswell is estimated to be responsible for 

topography and bathymetry anomalies of about 500 m wavelengths with many superimposed 

shorter-wavelengths features (Nyblade and Robinson, 1994; Nyblade, 2003). The presence of 

regions of low seismic wave speeds in the upper mantle beneath much of East Africa and the 

southeastern Atlantic Ocean basin has been suggested as possible strong evidence for this Cenozoic 

mantle anomaly (Nyblade, 2003).  

To further buttress the hypothesis of possible Cenozoic lithospheric re-heating, Hirsch et al. 

(2010) also suggested a renewed sub-crustal thinning to account for the late Miocene uplift and 

erosion in their tectonic evolution models of the Orange Basin in the adjacent southwestern South 

African margin. However, it is noteworthy to mention that owing to lack of conclusive evidence for 

solely ascribing the epeirogenic uplift within the southern African continental interior to this 

Cenozoic mantle re-heating of the lithosphere, other authors have considered as equally important 

the possible contribution from long-lived Mesozoic periods of denudation and uplift scenarios that 

may be related particularly to the Late Jurassic-Cretaceous volcanism in southern Africa (Nyblade, 

2003; de Wit, 2007; Tinker et al., 2008). Moreover, Davies (1997a, 1997b) hypothesised on the 

base of 1D burial and thermal modelling that hydrothermal discharge related to slumping activities 

(particularly within the Southern Outeniqua Basin; Dingle, 1977; Fig. 1a) may locally contribute to 

the height of the late Miocene thermal anomaly in the study area. Davies (1997a) further noted that 

these slumps might have probably been influenced by titling related to tectonic effects of the 

Cenozoic superswell.  
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6. Conclusions  

A consistent crust-scale 3D structural model of the WBB was utilised as a base to forwardly model 

the present-day- and paleo-thermal field regimes in the southern South Africa continental margin. 

The modelling approach implements validation and calibration workflows that allow the assignment 

of well-constrained boundary conditions and thermal properties, which has led us to robustly 

investigate the thermal evolution of the WBB since rifting times. An important advantage of our 

approach is that the present-day crustal thermal model readily provides first order constraints for the 

present-day basal heat flow. In general, the resultant thermal models exhibit a very reasonable 

agreement with measured borehole temperatures (i.e. overall correlation coefficient of cc=0.90 and 

an average deviation of -0.57 oC) and vitrinite reflectance data. In summary, our findings on the 

controlling mechanisms governing the distribution of present-day and past thermal field regimes in 

the WBB point out that:  

Present-day thermal field: 

1. Major controls on the present-day thermal field are exerted by: (a) the interplay of shallow 

and deep geotherms as governed primarily by the geometries of the heat-producing 

crystalline crust and sediments in conjunction with the stratigraphic units’ thermal properties 

and (b) basal heat flow from the mantle.  

2. The partitioning into colder and hotter regions, at the basin’s margins and NW-SE axis, 

respectively, reflects the superposition of low thermally conductive sediments over high 

thermally conductive and high radiogenic heat producing deeper crust (particularly from the 

granitic-dominated upper crust).  

3. The overall crustal thermal field suggests that the predicted variations in present-day surface 

heat flow in the Southern African continental margin are much more controlled by crustal 

heat generation, resulting from variations in crustal thicknesses, rather than by the present-

day mantle heat flow. This inference becomes readily more elucidative when the surface 

heat fluxes and crustal thickness variations of the WBB are compared with those of the 

Orange Basin in the adjacent southwestern South Atlantic Margin. 

Mesozoic-Cenozoic thermal evolution: 

1. The results of thermal calibration workflows indicate that the classic passively cooling post-

rift phase subsequent to syn-rift thermal anomaly fails to reproduce all available measured 

vitrinite reflectance data, thereby suggesting non-constant evolution of paleo-geothermal 
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gradients in the WBB. The best-fit forward model suggests that the basin is characterised by 

three major phases of thermal disequilibrium relating to different mechanisms of mantle 

dynamics firstly starting with a rift-type anomaly and later followed by two additional 

episodes during post-rift times. 

2. The height and width of the syn-rift thermal anomaly suggests that its mantle heat flow

contribution exerts the strongest control on the long-term basin thermal evolution, with the

variations of its heat fluxes and geothermal gradients reflecting a direct consequence of

instantaneous crustal stretching and rapid syn-rift burial rates. The lateral variations of syn-

rift heat flow also suggest a differential thinning of the lithosphere whereby the crust might

have been significantly more thinned than the lithospheric mantle, partly in response to the

strike-slip basin-forming mechanism.

3. The main post-rift heat flow peaks relate to uplift and erosion events that are associated to a

Late Cretaceous mantle-related hotspot event and another major episode of margin uplift

during late Miocene times. As indicated by measured vitrinite reflectance trends and

reconstructed erosion scenarios, the hotspot event represents a more localised and transient

thermal event, while the late Miocene event recording the highest amounts of post-rift

erosion represents a seemingly much more regional post-rift thermal event. Additional

minor contribution is provided by the Paleogene erosion which may speculatively reflect

additional hotspot-related magmatism during late Cretaceous to early Tertiary times.

4. Our results support the hypothesis of post-rift mantle dynamics as influencing the long-term

paleo-geothermal gradients in the WBB even though the precise mechanism for these mantle

processes is still problematic to establish.

 In line with the aforementioned, the presented 3D thermal model currently represents the most 

advanced insights on the thermal evolution of the WBB, and therefore serves as robust boundary 

conditions for constraining the models of organic matter maturation and timing of petroleum 

generation, migration, accumulation as well as possible past and present-day leakage episodes in the 

study area. The integrated thermal calibration workflow implemented in this study may also offer 

useful guide in other similar crust-scale thermal history studies. 
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CHAPTER 4 

Petroleum systems evolution within a transform-related passive margin setting: 

crustal scale 3D basin modelling of the Western Bredasdorp Basin (Area C/West 

Block 9), offshore South Africa 

A presentation of the prepared research paper 

This manuscript is prepared for submission to the research journal Marine and Petroleum Geology. I am the 

first author, and Prof Rolando di Primio, Dr Zahie Anka, and Prof Daniel Mikeš are the co-authors. 

This manuscript investigates the evolution of petroleum systems in a transform-involved continental margin 

through a three-dimensional numerical forward modelling approach. Based on the 3D structural and thermal 

models presented in Chapters 2 and 3, improved constraints on basin-scale burial and thermal histories could 

directly be utilised for accurate prediction of source rock maturation as well as the timing of hydrocarbon 

generation, migration and accumulation. Through sensitivity analysis that tested the roles of faulting activity, 

intrusion-related seal bypass system and facies heterogeneity, better insights into the timing and extent of 

migration paths leading to potential trapped hydrocarbons and possible seabed gas leakage were possible. 

Temporal contribution of source rocks to hydrocarbon accumulation and loss, linked to the prevalent tectonic 

and sedimentation processes, confirms the presence and activeness of operating petroleum systems in the 

modelled Western Bredasdorp Basin since the Early Cretaceous. The holistic petroleum system model 

contributed by this study is straightforwardly applicable to assessing the uncertainties and related risks 

associated with the prospectivity of the basin. 

The writing of the manuscript and the creation of all figures were fully carried out by me. All the aspects of 

data compilation, integration, analysis and interpretation and the 3D petroleum system modelling were led by 

me under the supervision of Prof Rolando di Primio and Dr Zahie Anka. I conceptualised the research idea 

including the synthesisation of the sensitivity analysis through extensive literature review and consultation 

with Prof Rolando di Primio, Dr Zahie Anka and Prof Daniel Mikeš who participated in the manuscript 

development as typical co-authors in the respective order. 
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Abstract 

To understand the controlling mechanisms governing the evolution of petroleum systems in a 

transform-involved rifted continental margin, we integrate offshore datasets into a consistent 3D 

crust-scale structural model. The latter subsequently was used as a basis for three-dimensional basin 

and petroleum system modelling. The pre-requisite quantification of the basin’s burial and 

temperature histories for hydrocarbon maturation gives a reasonable agreement with measured 

thermal maturity data. At present-day, the Type II/III Turonian source is immature, while the syn-

rift source rocks (pre-Valanginian, Mid Hauterivian and Late Hauterivian) and post-rift source 

rocks (Barremian and Aptian) are in the late oil (1.0-1.3 %Ro) to dry gas (2.0-4.0 %Ro) window and 

in the early (0.55-0.7 %Ro) to main (0.7-1.0 %Ro) oil window, respectively. By analysing the 

temporal and spatial distribution of critical moments for petroleum generation, migration and 

accumulation, we find that three periods, coinciding with the four main phases of petroleum 

generation and expulsion, characterise the reservoir filling history of the basin. The first period 

corresponds to the Early Cretaceous syn-rift heat flow peak and rapid subsidence/sedimentation 

rates. We find that the second and third periods controlled by the basal heat flow pulses of the Late 

Cretaceous-Early Tertiary hotspot mechanism and the Miocene margin uplift respectively, 

dominantly control the filling of reservoirs to the spill points in the Late Cretaceous-Paleocene and 

Oligocene-Early Miocene. As such, the timing and extent of hydrocarbon loss and possible gas 

leakage in the WBB dominantly correlates to these periods of reservoir spilling as well as the uplift 

and erosion scenarios of the Late Cretaceous, Eocene and Miocene. Sensitivity analysis reveals that 
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a combination of faulting activity, intrusive seal bypass system and facies heterogeneity decisively 

control the dynamics of migration paths in both time and space. In fact, the timing and 

quantification of past and present-day seafloor leakage of petroleum may be erroneously estimated 

if facies contrasts are not adequately considered. Irrespective of the tested geological scenarios, the 

largest numbers of petroleum accumulations are charged by syn-rift Late Hauterivian and Mid 

Hauterivian source rocks.  

Keywords: Southern South Atlantic; Basin modelling; Sensitivity analysis; Seal bypass system; 

Facies heterogeneity; Reservoir history; Seafloor leakage 

1. Introduction

The Southern African continental margin off the south coast of South Africa is a non-volcanic 

sheared margin that evolved in response to the Late Jurassic to Early Cretaceous Gondwanaland 

lithospheric stretching and break-up as Africa rifted away from South America along the Agulhas-

Falkland Fracture Zone (AFFZ) (Fig. 1a) (Scrutton and Dingle, 1976; Dingle et al., 1983; Ben-

Avraham, et al., 1993 and 1997; McMillan et al., 1997; Thomson, 1998 and 1999; Broad et al. 

2006). Epitomising this margin system as a complex geodynamic entity is the formation of a suite 

of five easterly trending sub-basins, viz. Bredasdorp, Infanta Embayment, Pletmos, Gamtoos and 

Algoa, in a ‘rift-transform-passive’ basin setting. These sub-basins are otherwise known 

collectively as the Outeniqua Basin, while their deepwater extension is known as the Southern 

Outeniqua Basin (Fig. 1a). This study focusses on the Western Bredasdorp Basin (Fig. 1a-b) which 

comprises the Area C (an open acreage) and west Block 9 as defined by the Petroleum Agency of 

South Africa (PASA). In the study area, the preserved basin-fill successions, which can 

approximately reach 7 km in thickness, are separated by basin-wide unconformities, of which the 

Late Hauterivian unconformity tectono-stratigraphically divides the entire sedimentary infill into 

syn-rift and post-rift sequences (Fig. 2). 

 Being to date, the most prospective petroleum province in South Africa, large volume of 

exploration data (Fig. 1b) dated as far back as 1970s are now available for research purposes. Most 

previous studies that utilised these datasets for assessing the petroleum potential and prospectivity 

of the basin remain largely unpublished, and where published comprehensive studies exist, the 

modelling approaches largely rely on 1D basin modelling technique (Davies, 1997a and 1997b). 

Therefore, the influence of three-dimensional response of basin configuration and burial and 

thermal histories on the evolution of petroleum system is not well understood.  
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Fig. 1: (a) Map showing the structural overview of the onshore and offshore Mesozoic sub-basins of southern South 
Africa and the location of the Western Bredasdorp Basin. (b) Bathymetry map of the study area offshore southern South 
Africa showing the integrated dataset for this study. AGA - Agulhas Arch; IFA - Infanta Arch; PAA - Port Alfred Arch; 
DMR - Diaz Marginal Ridge; COB - Continent-Ocean Boundary; AFFZ - Agulhas-Falkland Fracture Zone; m.a.s.l. - 
metre above sea-level; MB - Mossel Bay; PB - Plettenberg Bay; PE - Port Elizabeth. 

(a) 

(b) 
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Besides, no qualitative and quantitative assessment of the contribution of heat flow from the deep 

crust to source rock maturation and hydrocarbon generation in the Bredasdorp Basin exists. Despite 

the significance of syn-rift crustal thinning to the overall subsidence mechanism of the margin 

(Parsiegla et al., 2009; Sonibare et al., 2014), previous estimates (Davies 1997a) largely 

underestimate the contribution of early syn-rift source rocks to the total petroleum system of the 

WBB. As such, the contribution of individual source rocks, as well as the timing of petroleum 

generation, migration, accumulation and leakage is still poorly constrained in the study area.  

As has been similarly noted for continental margins and sedimentary basins around the world 

(e.g. Heggland, 1998; Gluyas and Swarbrick, 2004; Cartwritght et al., 2007; Gay et al., 2007; 

Løseth et al., 2009; Anka et al., 2012; Talukder, 2012), extensive hydrocarbon leakage features 

have been observed in the Bredasdorp Basin from seismic profiles. Such observations include e.g. 

gas chimneys and intrusive bypass system, wet-gas and dry-gas anomalies from a Sniffer Survey 

(Davies, 1997a; Roux, 2007 and this study). The geological emission of methane gas from both 

thermogenic and biogenic sources is now generally considered as an important contributor to the 

changing chemistry of the Earth’s ocean and atmosphere system through time (Judd, 2003; Anka et 

al., 2012; Hovland et al., 2012; Talukder, 2012 and references therein). In the study area and 

particularly in the southern offshore of South Africa (Fig. 1a), no previous estimates of these 

leakage and seepage features regarding their extent and timing of expulsion and underlying driving 

mechanisms have been conducted. Although several studies have focussed on the nature and 

governing mechanisms of natural gas leakage at many continental margins (e.g. in the adjacent 

Orange Basin of the southwest Atlantic margin of South Africa; Boyd et al., 2011; Khulmann et al., 

2011), the underlying geological controls such as syn-rift faulting (Eichhubl et al., 2000; Cartwright 

et al., 2007; Gay et al., 2007; Løseth et al., 2009; Talukder et al., 2012) and rapid subsidence, 

hotspot mechanism and intrusive bypass system (Cartwright et al., 2007), episodic uplift scenarios 

and sedimentary facies variations in a complex transform-involved rift setting have not been 

previously documented.  

To accurately predict the timing of source rock maturation as a first order impetus for 

deciphering migration pathways and dynamics, starting from expulsion to possible accumulation 

and leakage of hydrocarbons in the WBB, we employed a three-dimensional numerical forward 

modelling approach, which enables deterministic and quantitative estimates of petroleum evolution 

in a geo-system. Based on the gravity-constrained 3D model of Sonibare et al. (2014), a consistent 

crust-scale structural framework of the WBB was defined. The advantage of our 3D modelling 

technique is that it allows the integration of subsurface datasets (Figs. 1b and 3-6) in a manner that 

inter-related complex geological, geophysical and geochemical processes could be iteratively 
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simulated for improved constraints on the mechanisms that have controlled burial and thermal 

histories of the basin-fill successions, and their impact on source rock maturation and petroleum 

generation.  

To further gain fundamental insights into the mechanism governing the timing and extent of 

migration paths and dynamics, three geological scenarios including the role of faulting activity, 

intrusion-related seal bridging mechanism and facies heterogeneity were tested.  

Following this integrated approach, it is therefore possible to relate the prevalent tectonic 

events, i.e. rapid subsidence and faulting during the syn-rift phase and hotspot mechanism, igneous 

intrusions, uplift and erosion during the post-rift phase, and conceptual stratigraphic and 

sedimentary processes to: (1) the timing and spatial distribution of the critical moment (after 

Magoon and Dow, 1994) of all the modelled source rock intervals, (2) the timing of petroleum 

migration as it relates to the evolution and spatial distribution of accumulations and leakage, (3) the 

respective contribution of individual source rocks to petroleum accumulation and leakage, and (4) 

the possible identification of uncertainties and risks associated with assessing  the prospectivity of 

the study area, as well as  the quantification of petroleum leakage of a basin in which active 

petroleum systems have been operational since the Early Cretaceous. 

2. Geological setting

2.1 Basin structure and stratigraphy 

The initiation of the Bredasdorp Basin is related to the rifting and separation of west Gondwana into 

South America and Southern Africa along the Agulhas-Falkland Fracture Zone (AFFZ, Fig.1) 

which created a series of ‘rift-transform-passive’ sub-basins in the southerm offshore of South 

Africa during the Mesozoic. These sub-basins have been documented to demsonstrate limited 

onshore extensions as shown in Figure 1a. In Southern Africa, the propagation of associated rifting 

processes is generally believed to commence in the south (at ~136 Ma; Martin and Hartnady, 1986; 

Thomson, 1998), and becomes younger towards the north (at ~130 Ma; Broad et al., 2006).  

Tectono-stratigraphically, the Bredasdorp Basin is mainly characterised by two 

megasequences corresponding to syn-rift and post-rift phases. Further stratigraphic sub-division of 

the syn-rift and post-rift successions employs the hiatus and erosional unconformity nomenclature 

as described in detail by Brown et al. (1995) and Broad et al. (2006). The sedimentary successions 

associated with the pre-rift phase are poorly known in the Bredasdorp Basin. Based on offshore 

wells that reached shallow basement along the northern, southwestern and northeastern margins of 

the basin, the Ordovician to Devonian Cape Supergroup metaclastics (Bokkeveld shales and slates) 
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and Table Mountain metasandstones (McMillan et al., 1997; Johnson et al., 2006; Fig. 2-3) underlie 

the syn-rift and post-rift deposits. Biddle et al. (1986) and Cole (1992) proposed non-deposition or  

** Haq et al. (1987) 
*** Davies (1997a), Mc Millan et al. (1997), Broad et al. (2006), Roux (2007), PASA (2012) and this study 

Fig. 2: Generalised chronostratigraphic and sequence chart of the Bredasdorp Basin detailing all the petroleum system 

elements as incorporated in the 3D model.  
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erosion to explain the absence of the Karoo Supergroup rocks in the study area. Besides, a recent 

gravity-constrained 3D crustal model of the Western Bredasdorp Basin (WBB) by Sonibare et al. 

 (2014) suggests the presence of a pre-rift metasedimentary layer reaching in places ~3-5 km 

thickness beneath the seismically mapped basement horizon. According to the density conversion 

function of Christensen and Mooney (1995), average P-wave velocities of 5.0-5.5 km/s and a 

density of 2600 kg/m3 indicate that the pre-rift metasediments are dominated by metagreywacke. 

As evidenced by abundant seismic profiles, the syn-rift interval, bounded below and above 

respectively by Upper Jurassic basement and Late Hauterivian (6At1) unconformity, consists of 

block-faulted sedimentary packages (Fig. 3) initiated by rifting with extensional reactivation of the 

Cape Fold Belt (e.g. McMillan et al., 1997; Johnson et al., 2006) in the mid-late Jurassic times. A 

renewed phase of rift tectonics following Valanginian transform processes along the AFFZ (Van 

der Merwe and Fouché, 1992; McMillan et al., 1997; Thomson, 1998; Fig. 2) resulted in the sub-

sdivision of the syn-rift sediments into Syn-rift 1 (Upper Jurassic basement – Valanginian, 1At1) 

and Syn-rift 2 (Valanginian, 1At1 –  Late Hauterivian, 6At1) sequences. Locally, accumulated syn-

rift sediments within Syn-rift 1 and Syn-rift 2 half-graben faults reach approximately 1000-3500 m 

and 500-1700 m, respectively (Fig. 3). Early rift-related sediments representing the graben and half-

graben fills of Syn-rift 1 sequence consist of claystones, sandstones and conglomerates deposited in 

fluvio-lacustrine and alluvial environments with intercalated glauconitic sandstones. These 

glauconitic sandstones were deposited in shallow marine environment thereby representing the first 

marine incursion into the basin (McMillan et al., 1997; Roux, 2007). The overlying Syn-rift 2 

sediments mainly comprise deep marine shales that are organic-rich with a characteristic high 

gamma ray response (see Figure 4) and represent deposition during a rapid subsidence and 

widespread flooding associated with the AFFZ (e.g. McMillan et al., 1997; Sonibare et al., 2014) 

The transition of the basin setting from the syn-rift to the post-rift phase started with the 

deposition of early post-rift sediments (Late Hauterivian, 6At1 – Mid Albian, 14At1) above the Late 

Hautervian (6At1) unconformity mainly in shallow to deep marine environments when transform 

movements along the AFFZ are still prominent. During this transitional phase, numerous basin floor 

fan complexes developed, and a major episode of drowning resulted in a maximum flooding surface 

above the Early Aptian (13At) unconformity. During late Albian to Cenozoic times, continued 

subsidence resulting from post-rift thermal relaxation and possible eustatic effects created 

accomodation space for progradation and aggradation of interbedded argillaceous sediments as 

typical passive margin shelf and slope deposits in deltaic to shallow marine environments. The post-

rift composite thickess maps for Early Aptian (13At1) - Upper Cenomanian (15At1) and Upper  
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Fig. 3: Interpreted seismic profiles showing the mapped key basin-wide unconformities and major faults. (a) NW-SE 

profile along the basin axis indicating gas chimneys and natural gas leakage to the seafloor (red oval). (b) NE-SW 

profile showing the prominence of shallow basement in the proximal domain of the modelled WBB. For location see 

Figure 1b. TWT  – Two-Way Travel Time. 
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Cenomanian (15At1) – Seafloor  depicts the overall migration of preserved sedimentary successions 

to the distal SE domain of the WBB (Sonibare et al., 2014).  

Furthermore, the presence of minor proportions of igneous intrusions dated as Late Cretaceous 

to Early Tertiary have been reported for post-rift successions in the Bredasdorp Basin (e.g. Dingle 

et al., 1983). In the proximal western domain of the WBB, Davies (1997b) and Roux (2007) have 

shown the occurrence of NW-SE-striking undersaturated alkaline intrusives. This intrusion activity 

has been suggested by previous studies to be closely linked to hotspot tracks that traversed Southern 

Africa during late Cretaceous to early Tertiary times. Duncan (1981) and Thomson (1999) 

identified tracks of the Bouvet and Shona hotspots demonstrating the passage of the Bredasdorp 

Basin over these hotspots at ~80-60 Ma. Late Cretaceous to Cenozoic plume activities and related 

magmatism, thermal dis-equilibrium and Paleogene regional-/local-scale episodic uplift and erosion 

have also been suggested to be associated with this hotspot event (Dingle et al., 1983; Martin, 1987; 

Davies, 1997b; Thomson, 1999; Gohl and Uenzelmann, 2001; Broad et al., 2006; Tinker et al., 

2008). Another important post break-up event in Southern African is the plume development, 

otherwise known as the ‘African Superswell’, during late Miocene times (Nyblade and Robinson, 

1994; Hartnady and Partridge, 1995). The emplacement of this plume head possibly caused 

renewed lithospheric stretching of the Southern African margin (Nyblade, 2003) thereby resulting 

in the prominent Cenozoic basin tilting, uplift and erosion in the WBB (e.g. Burden, 1992; Davies, 

1997b; Roux, 2007; Sonibare et al., 2014). 

Furthermore, the presence of minor proportions of igneous intrusions dated as Late Cretaceous 

to Early Tertiary have been reported for post-rift successions in the Bredasdorp Basin (e.g. Dingle 

et al., 1983). In the proximal western domain of the WBB, Davies (1997b) and Roux (2007) have 

shown the occurrence of NW-SE-striking undersaturated alkaline intrusives. This intrusion activity 

has been suggested by previous studies to be closely linked to hotspot tracks that traversed Southern 

Africa during late Cretaceous to early Tertiary times. Duncan (1981) and Thomson (1999) provided 

tracks of Bouvet and Shona hotspots demonstrating the passage of the Bredasdorp Basin over these 

hotspots at ~80-60 Ma. Late Cretaceous to Cenozoic plume activities and related magmatism, 

thermal dis-equilibrium and Paleogene regional-/local-scale episodic uplift and erosion have also 

been suggested to be associated with this hotspot event (Dingle et al., 1983; Martin, 1987; Davies, 

1997b; Thomson, 1999; Gohl and Uenzelmann, 2001; Broad et al., 2006; Tinker et al., 2008). 

Another important post break-up event in Southern African is the plume development otherwise 

known as the ‘African Superswell’ during late Miocene times (Nyblade and Robinson, 1994; 

Hartnady and Partridge, 1995). The emplacement of this plume head possibly caused renewed 

lithospheric stretching of the Southern African margin (Nyblade, 2003) thereby resulting in the 
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most prominent Cenozoic basin tilting, uplift and erosion  in the WBB (e.g. Burden, 1992; Davies, 

1997b; Roux, 2007; Sonibare et al., 2014). 

2.2 Petroleum systems and prospectivity 

To date, the Bredasdorp Basin represents the most prospective hydrocarbon provinces out of all 

South Africa’s offshore sub-basins. Exploration wells, discovered oil and gas accumulations in both 

syn-rift and post-rift sediments and direct petroleum indicators provide evidence for the existence of 

working petroleum systems in the modelled WBB. Direct petroleum indicators suggesting 

petroleum leakage from underlying traps and/or source rocks include seismically mapped leakage 

and seepage features interpreted as gas chimneys and intrusive bypass system, and seafloor gas seep 

anomalies (i.e. dry-gas and wet-gas  anomalies) from a “Sniffer” survey conducted in 1984 in the 

Bredasdorp Basin (Fig. 5). The following sub-sections summarise the key geologic elements of 

these petroleum systems. 

2.2.1 Source rocks 

Intersected shale-dominated intervals in both wells (e.g. Fig. 4) and cores have demonstrated the 

presence of Late Jurassic to Cretaceous source rocks containing ~0.5 to 5% total organic carbon 

(TOC) within the syn-rift and post-rift sediments in the Bredasdorp Basin.  

Evidence for intersected Syn-rift 1 sources are relatively sparse due to limited penetrating 

depths of most drilled wells, but the available data and conceptualised depositional environments 

for early rift-related sediments in the region points to the existence of organic-rich lacustrine shales. 

Davies (1997a) and Roux (2007) have also reported the occurrence of Kimmeridgian lacustrine 

shales within a well located in the southern domain of the WBB. The accumulation of Syn-rift 2 

successions during a major flooding event in latest Valanginian to Hauterivian times favoured the 

deposition, possibly under anoxic conditions, of deep marine shales with a characteristic high 

gamma ray response, supporting the existence of potential source rocks. The Syn-rift 2 source 

potential in the Bredasdorp Basin is mainly wet-gas to oil-prone having up to 2.0% TOC levels and 

HI levels that range from >200 to approximately 400 (Roux, 2007; Davies, 1997a). 

The intersected post-rift source rocks in the Bredasdorp Basin are mainly deposited in shallow 

to deep marine environments and their ages are: Barremian, Aptian and Cenomanian-Turonian. The 

transition of the basin from the syn-rift to the post-rift phase as well as the geometries of 

reconstructed sediment thicknesses (Sonibare et al., 2014) supports the deposition of Barremian and 

Aptian source intervals under anoxic conditions when ocean circulation was still restricted (Davies, 
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1997a and 1997b). In contrast, Cenomanian-Turonian source rocks were deposited above the Upper 

Cenomanian (15At1) unconformity conforming to period when the basin might have already been 

fully open to the ocean (Sonibare et al., 2014) thereby indicating insufficient anoxic conditions for 

organic matter preservation. Within the Aptian strata of the offshore basins of South Africa, high 

quality marine source rocks containing oil-prone Type II kerogen with up to 4% TOC levels and HI 

of >400 have been identified (Davies, 1997a; van der Spuy, 2003; McMillan, 2003; Schmidt, 2004). 

The areal distribution of the Cenomanian-Turonian source is quite limited and contains only a very 

thin interval, which is mainly restricted to the eastern end of the Bredasdorp Basin. Identified 

potential source rocks within the Cenomanian-Turonian strata have been noted to contain Type 

II/III kerogen with about 1 to 3% TOC (Davies, 1997a; Brownfield, 2012).    

2.2.2 Reservoir rocks 

Potential reservoir facies with average porosity of about 10-24% and fair to good permeability have 

been encountered in both the syn-rift and post-rift successions. The syn-rift reservoirs are fluvial to 

shallow marine, while post-rift sandstones are deltaic and shallow to deep marine turbidite fan to 

channel complexes deposited as lowstand wedges during series of basinward progradation of 

sandstone facies.  

Within the Block 9’s F-A / E-M gas fields, located in the northeastern domain of the 

Bredasdorp Basin, gas and condensate have been produced from the upper shallow marine interval 

of the Syn-rift 1 successions. Roux (2007) identified four Hauterivian age reservoir intervals 

totalling 98 m of fair to good net sandstones from the D-B1 well situated in close proximity to the 

Arniston Fault in the proximal NW domain of the WBB (see Figs. 1b and 3). Similarly, discovered 

oil within the Sable and Oribi/Oryx fields located in the west Block 9 (i.e. towards the distal 

southeastern domain of the modelled WBB) have demonstrated the occurrence of Aptian and 

Albian turbidite reservoirs containing light oil with up to ~38-43 degree API gravity (Wood, 1995).   

2.2.3 Seals and trap mechanisms 

The Cretaceous marine mudstones and shales, particularly those belonging to the Syn-rift 2 and 

post-rift successions, provide the primary sealing rocks in the Bredasdorp Basin. Of all these seals, 

the most regionally extensive and, hence, that considered most effective is the Aptian shale facies 

interval deposited during a major drowning that resulted in the development of a maximum flooding 

surface above the Early Aptian (13At1) unconformity. The stacked nature of source rock intervals  
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Fig. 4: Well correlation panel of key stratigraphic horizons with the according vertical superposition of lithofacies for each well as delineated from gamma ray log. 

140 

Stellenbosch University  https://scholar.sun.ac.za



3D petroleum system modelling within a transform-related passive margin 

in the Bredasdorp Basin (Fig. 2) further suggests that they may serve as intra-formational seals in 

places.  

Fig. 5: (a) Seismic profile showing gas leakage features identified as igneous intrusive body and gas chimney (oval 

red). Note the bright spot on top of the intrusive body suggesting present-day gas leakage at the seafloor. Profile 

location is showing in Figure 6b. (b) The spatial distribution of seimically mapped gas leakage features in the study 

area. (c) A “Sniffer” survey in the study area showing wet-gas and dry-gas anomalies (modified after Roux, 2007). 
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The dominating traps within the syn-rift successions are: 4-way dip closures of domal 

structures forming as compactional drapes over paleo-structural and basement highs, 2- to 3-way 

dip closures of tilted fault blocks and stratigraphic traps formed mainly as subcropping pinch-outs 

by overlying 1At, 5At1 and 6At1 unconformities. Within the post-rift successions, the main traps 

are low relief domal closures and stratigraphic pinch-outs due to lateral permeability contrast as in 

the case of basin floor fan and channel sandbody geometries. In many instances, all trap 

mechanisms in the Bredasdorp Basin have demonstrated their occurrence as combination traps. 

Meanwhile, the most significant risk factors associated with the seal and trap integrity in the 

Bredasdorp Basin can be linked to the post break-up mantle dynamics in the Southern African 

continental margin in the form of a hotspot event, igneous intrusions, uplift and erosion (see above) 

potentially leading to fault rejuvenation and reduction of seal integrity.  

3. 3D modelling of the petroleum systems

To investigate the timing of source rock maturation, and subsequent generation, migration, 

accumulation and loss of petroleum, we modelled the evolution of the total petroleum system in the 

WBB (Fig. 1-2) by employing a three-dimensional numerical forward modelling approach based on 

the principles of basin modelling techniques described by e.g. Poelchau et al. (1997) and in detail 

by Hantschel and Kauerauf (2009). This 3D forward modelling approach consists of many 

interrelated iterative steps which are described in the following sub-sections. The petroleum system 

modelling used an integration of subsurface datasets (see below) and was performed with the 

software PetroMod v. 2012.2 (© by Schlumberger).  

3.1 Database 

The 3D basin model presented here is based on the 3D crust-scale structural model of Sonibare et 

al. (2014; Fig. 6) covering an area of about 14,900 km2 (i.e. 135.3 km in the E-W by 110 km in the 

N-S directions) with horizontal resolution of 275 m in both the northing and easting directions as a 

regular grid spacing. Vertically, the 3D model extends to a constant present-day depth of 10 km and 

consists of ten unconformity-bounded Mesozoic-Cenozoic sedimentary units that are underlain by a 

pre-rift metasedimentary layer and a granitic-granodioritic upper crustal unit (Fig. 6). The integrated 

datasets for this study include a total length of 2100 km of 2D seismic reflection profiles and well 

data from 47 offshore wells. Well data consisted of cores, well-logs, formation tops (in metres), 

checkshot data (for time to depth conversion of interpreted seismic horizons), well completion 

reports (WCRs) comprising lithologic, biostratigraphic and source rock information, borehole 
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temperatures and vitrinite reflectance. Two types of measured temperature records, i.e. corrected 

static bottom-hole temperatures (SBHTs) and fluid temperatures acquired during drill-stem tests 

(DSTs) were available from 24 wells (Fig. 1b). Whereas vitrinite reflectance (VR) data collected 

from rock cuttings, sidewall cores and cores were available from 17 wells (Fig. 1b), totalling 836 

measured data points.  

3.2 Model input and calibration 

3.2.1 Layers, lithofacies definition and age assignment 

The three-dimensional stratigraphy of the model is defined by a total of 12 depth maps consisting of 

two horizons within the deep crustal domain and ten interpreted horizons (including the top 

basement) from the 2D seismic dataset (Figs. 3 and 6). Details about time-to-depth conversion of 

interpreted horizons and faults using all available formation tops (in metres) and checkshot data (i.e. 

time to depth relations from individual wells) are provided in Sonibare et al. (2014). The deep 

crustal depth horizons were derived from the crustal model of Sonibare et al. (2014), while the 

seismic horizons representing erosional unconformities were established following the seismic 

stratigraphic terminologies of Brown et al. (1995). We sub-divided the stratigraphy to reflect 

vertical variations of lithofacies as observed from GR log-correlation and cores as well as to 

incorporate the variability of identified key petroleum system elements in the WBB (see Fig. 2). 

Thus, the 3D model consists of 22 stratigraphic layers with assigned lithologies and petrophysical 

properties (see below and Table 1-2). To incorporate lateral facies variations, lithofacies assignment 

to each of these layers was further refined by constructing lithofacies maps according to the well-

correlation (Fig. 4) and published lithological variations in the Bredasdorp Basin (McMillan et al., 

1997; Davies, 1997a; Roux, 2007; PASA, 2012). The differentiated vertical and lateral facies 

variations within the 3D model are exemplified in Figure 6. The corresponding petrophysical 

parameters, i.e. thermal conductivity, radiogenic heat production, specific heat capacity, porosity, 

and density were assigned to the respective lithologies by using the respective PetroMod standard 

values (Table 1). Thereafter, we assigned geological ages to the modelled stratigraphic layers 

according to the related timing of deposition, non-deposition (hiatus) and erosion as indicated by 

the available tectono-/chrono-stratigraphic information from WCRs and published data in the study 

area (Dingle et al., 1983; Brown et al., 1995; McMillan et al., 1997; Thomson, 1998; Broad et al., 

2006; Johnson et al., 2006; PASA, 2012). 
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Fig. 6: Cross-sectional profile through the consistent 3D structural model of the WBB indicating the modelled 22 stratigraphic layers with their according vertical and lateral 

lithofacies distribution and the areal distribution of potential source rocks.
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Table 1. Modelled stratigraphic layers and their input lithologies and petrophysical properties

Stratigraphic 
unit Lithofacies Thermo-mechanical properties 

Thermal conductivity 
 [W/(m*K)] 
20oC / 100oC / 200oC 

Heat capacity 
kcal/kg/K 
20oC / 100oC / 200oC 

Radiogenic heat 
[µW/m3] 
20%ϕ / 40%ϕ 

17At - Seafloor Sandstone (typical) 
Shaly Sandstone (ss60sh40) 
Sandy Shale (sh50ss50) 

3.35 / 2.95 / 2.63 
2.78 / 2.53 / 2.33 
2.55 / 2.36 / 2.21 

0.21 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 

0.88 / 0.66 
0.99 / 0.74 
1.10 / 0.82 

K – 17At Sandstone (ss75sh25) 
Shaly Sandstone (ss60sh40) 

2.80 / 2.54 / 2.34 
2.78 / 2.53 / 2.33 

0.21 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 

1.07 / 0.80 
0.99 / 0.74 

15At – K Sandstone (typical) 
Sandy Shale (sh50ss50) 
Shale (typical) 
Shale (organic rich, typical) 

3.35 / 2.95 / 2.63 
2.55 / 2.36 / 2.21 
1.64 / 1.69 / 1.73 
1.25 / 1.41 / 1.53 

0.21 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 
0.21 / 0.24 / 0.27 
0.21 / 0.25 / 0.28 

0.88 / 0.66 
1.10 / 0.82 
1.63 / 1.22 
1.83 / 1.37 

14At – 15At Sandstone (typical) 
Sandstone (ss75sh25) 
Shaly Sandstone (ss60sh40) 

3.35 / 2.95 / 2.63 
2.80 / 2.54 / 2.34 
2.78 / 2.53 / 2.33 

0.21 / 0.24 / 0.27 
0.21 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 

0.88 / 0.66 
1.07 / 0.80 
0.99 / 0.74 

13At – 14At Sandstone (ss75sh25) 
Shaly Sandstone (ss60sh40) 
Sandy Shale (sh50ss50) 
Shale (typical) 
Shale (organic rich, typical) 

2.80 / 2.54 / 2.34 
2.78 / 2.53 / 2.33 
2.55 / 2.36 / 2.21 
1.64 / 1.69 / 1.73 
1.25 / 1.41 / 1.53 

0.21 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 
0.21 / 0.24 / 0.27 
0.21 / 0.25 / 0.28 

1.07 / 0.80 
0.99 / 0.74 
1.10 / 0.82 
1.63 / 1.22 
1.83 / 1.37 

6At – 13At Sandstone (typical) 
Shaly Sandstone (ss60sh40) 
Shale (typical) 
Shale (organic rich, typical) 

3.35 / 2.95 / 2.63 
2.78 / 2.53 / 2.33 
1.64 / 1.69 / 1.73 
1.25 / 1.41 / 1.53 

0.21 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 
0.21 / 0.24 / 0.27 
0.21 / 0.25 / 0.28 

0.88 / 0.66 
0.99 / 0.74 
1.63 / 1.22 
1.83 / 1.37 

5At – 6At Sandstone (ss75sh25) 
Shaly Sandstone (ss60sh40) 
Shale (typical) 
Shale (organic rich, typical) 

2.80 / 2.54 / 2.34 
2.78 / 2.53 / 2.33 
1.64 / 1.69 / 1.73 
1.25 / 1.41 / 1.53 

0.21 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 
0.21 / 0.24 / 0.27 
0.21 / 0.25 / 0.28 

1.07 / 0.80 
0.99 / 0.74 
1.63 / 1.22 
1.83 / 1.37 

1At – 5At Sandstone (ss75sh25) 
Sandy Shale (sh50ss50) 
Shale (typical) 
Shale (organic rich, typical) 

2.80 / 2.54 / 2.34 
2.55 / 2.36 / 2.21 
1.64 / 1.69 / 1.73 
1.25 / 1.41 / 1.53 

0.21 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 
0.21 / 0.24 / 0.27 
0.21 / 0.25 / 0.28 

1.07 / 0.80 
1.10 / 0.82 
1.63 / 1.22 
1.83 / 1.37 

Basement – 1At Conglomerate 
Sandstone (typical) 
Sandstone (ss90sh10) 
Sandy Shale (sh60ss40) 
Shale (typical) 
Shale (organic rich, typical) 

2.30 / 2.18 / 2.45 
3.35 / 2.95 / 2.63 
3.12 / 2.78 / 2.51 
2.33 / 2.20 / 2.10 
1.64 / 1.69 / 1.73 
1.25 / 1.41 / 1.53 

0.20 / 0.23 / 0.26 
0.21 / 0.24 / 0.27 
0.21 / 0.24 / 0.27 
0.20 / 0.24 / 0.27 
0.21 / 0.24 / 0.27 
0.21 / 0.25 / 0.28 

0.68 / 0.51 
0.88 / 0.66 
0.96 / 0.72 
1.20 / 0.90 
1.63 / 1.22 
1.83 / 1.37 

Pre-rift 
metasediments 

Metasediments 2.79 / 2.54 / 2.34 0.20 / 0.23 / 0.26 1.07 / 0.80 

Upper crust Granite 2.6 / 2.4 / 2.25 0.19 / 0.22 / 0.25 2.66 / 1.99 

ϕ = porosity 
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3.2.2 Source rock definition and petroleum generation kinetics 

All the identified source rock intervals in the Bredasdorp Basin were considered in this study for 

organic matter maturation and petroleum generation. Thus, the modelled source rock intervals 

correspond to three syn-rift source rocks, i.e. pre-Valanginian, Mid Hauterivian and Late 

Hauterivian, and three post-rift source rocks, i.e. Barremian, Aptian and Turonian. The assigned 

source parameters for these source rocks are provided in Table 2. We primarily defined source 

parameters based on the provided source rock properties for the available wells in the WBB. Where 

sparse data is recorded for any source interval particularly for the Upper Jurassic and Turonian 

source rocks, we constrained this limitation by incorporating source rock information from the 

studies of Davies (1997a, 1997b) and Roux (2007). Aerial distribution and thicknesses of the 

respective source intervals (Fig. 7 and Table 2) were constrained from well-correlation with further 

guidance from the source rock distribution maps of Davies (1997a, 1997b). TOC and HI were 

assigned as average values to each source rock interval. Of all the modelled source intervals, the 

Aptian source rock records the best source potential consisting of Type II kerogen with 4% TOC 

and HI of 400 mgHC/gTOC. The plot of HI (see Table 2) versus Tmax (i.e. maximum temperature 

for S2 peak of pyrolysis) documents Type II to Type III source potential for the remaining modelled 

source rocks. For reaction rate of kerogen conversion to hydrocarbon, we adopted a four-component 

compositional kinetic model of di Primio and Horsfield (2006) based on Type II Kimmeridge Clay 

from the North Sea assuming primary and secondary cracking. The four hydrocarbon components 

are: C1 (dry gas), C2-5 (wet gas), C6-14 (light oil) and C15+ (black oil), and we restricted secondary 

cracking to the liquid fraction, the product being methane. 

Table 2. Input parameters for the modelled source rock intervals in the 3D model 

** Four-component compositional kinetics after di Primio and Horsfield (2006). 

Source Rock 
Interval 

Kerogen 
Type 

Thickness 
Range 

[m] 

TOC 
Value 

[%] 

HI Value 

[mgHC/gTOC] 
**Kinetics 

pre-Valanginian II/III 30 - 120 1.35 185 Kimmeridge Clay_Compositional 4C 

Mid Hauterivian  II/III 100 - 200 2.35 220 Kimmeridge Clay_Compositional 4C 

Late Hauterivian II/III 80 - 200 1.70 210 Kimmeridge Clay_Compositional 4C 

Barremian II/III 65 - 200 1.80 205 Kimmeridge Clay_Compositional 4C 

Aptian II 30 - 250 4.00 400 Kimmeridge Clay_Compositional 4C 

Turonian II/III 20 - 85 1.50 135 Kimmeridge Clay_Compositional 4C 
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3.2.3 Paleo-geometries 

Paleo-water depths and erosion magnitudes were implemented in the 3D model according to the 

thermal evolution study of Sonibare et al. (subm.). Paleo-water depth maps were roughly 

constructed from biostratigraphic information and depositional facies concept from WCRs and 

published literature (i.e. McMillan et al., 1997; Davies, 1997a and 1997b; Broad et al., 2006; 

PASA, 2012). 

As for erosion magnitudes, we constructed eroded thickness maps for four phases of erosion, 

namely the Hauterivian (134-133 Ma), Campanian (84-75 Ma), Eocene (43-38 Ma) and late 

Miocene (16-11 Ma). Of the four erosive events, the Hauterivian amounts of erosion are limited to 

the proximal NW domain of the WBB ranging from ~40-240 m, and were mapped on seismic 

profiles as an erosional truncation of the Valanginian (1At1) unconformity by the Mid-Hauterivian 

(5At1) unconformity (Fig. 3b). For the late Miocene event, we find indications (based on seismic 

interpretation and well correlation; Fig. 3-4) for ~1000 m of eroded material in the NW proximal 

parts of the basin from where they decrease towards the east, which corresponds to the range of 

eroded material estimated by Sonibare et al. (2014) from present-day states of compaction.  

3.2.4 Boundary conditions 

The three-dimensional numerical basin modelling technique requires the definition of boundary 

conditions at the 3D model’s limits (e.g. Tissot and Welte, 1984; Poelchau et al., 1997; Allen and 

Allen, 2005; Hantschel and Kauerauf, 2009). At the upper boundary corresponding to the present-

day seafloor, we defined the sediment-water interface temperature (SWIT) through time following 

the approach of Wygrala (1989) incorporating paleo-latitude variations for our study locality. The 

assigned surface temperature gives a present-day SWIT as warm as 18 oC, which corresponds well 

with the seafloor temperature described by Goutorbe et al. (2008).  

Similarly, the lower boundary is defined by the amount of heat entering the 3D model at its 

base (e.g. Allen and Allen, 2005; Hantschel and Kauerauf, 2009). We initially assigned a map of 

laterally varying heat fluxes at present-day 10 km depth (Fig. 7b) from the three-dimensional crustal 

thermal field model of Sonibare et al. (subm.) as the model basal heat flow. At this present-day 

constant depth of 10 km, the heat flow is in the range of 44-62 mW/m2 (Fig. 7b). This basal heat 

flow definition is believed to be advantageous as it incorporates previous knowledge about Moho 

heat flow and deep crustal heat production. For the initial simulation case, we assumed that the 

assigned basal heat fluxes were constant through geological time since such crustal paleo-heat 

fluxes/geothermal gradients do not exist for the Bredasdorp Basin. To improve model predictions, 
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we calibrated the model against vitrinite reflectance data, and then employed observed (in-) 

consistencies with measured vitrinite profiles to stepwise modify the time-specific basal heat flux 

maps.  

3.2.5 Thermal calibration 

To ensure that the numerical simulation of thermal maturity is consistent with measured data, the 

model was calibrated with borehole temperatures and vitrinite reflectance data (Fig. 9c). The 

calibration procedure was performed in two stages: first, the present-day temperature was To ensure 

that the numerical simulation of thermal maturity is consistent with measured data, the model was 

calibrated with borehole temperatures and vitrinite reflectance data (Fig. 7c). The calibration 

procedure was performed in two stages: first, the present-day temperature was reconstructed based 

on well temperatures, and then the paleo-temperature distributions were reconstructed using 

vitrinite reflectance data, which is controlled by maximum paleo-temperature, honouring the 

regional geotectonic history of the study area. The thermal evolution study of Sonibare et al. 

(subm.) contains a detailed description of the calibration workflow and procedure employed for the 

thermal calibration presented in this study.  

We achieved a straightforward calibration of the present-day borehole temperatures and surface 

heat flow model of Sonibare et al. (subm) using the heat fluxes at present-day 10 km depth level 

(see Fig. 7) as constant-through-time basal heat flow. By analysing the misfit between modelled and 

measured VR trends at single wells following the interpreted VR sub-domains, i.e. 0.35-1.27 VRo% 

(proximal), 0.47-2.16 VRo% (central) and 0.35-1.39 VRo% (distal) (Figs. 5b and 7c), we modified 

two paleo-geological scenarios i.e. erosion and basal heat flow, which are mostly unknown and 

equally very important for accurate reconstruction of maximum burial and paleo-temperatures of 

the respective stratigraphic sequences in the 3D model.  

The best-fit Mesozoic-Cenozoic thermal maturity trends are here presented as burial history 

diagram and time plots of heat fluxes (Fig. 8) for selected wells in the proximal, central and distal 

domains (Figs. 1b and 5b). The burial plots reveal the structural and thermal evolution through time 

whereby the evolving depths of stratigraphic and lithofacies boundaries are shown superimposed by 

maximum paleo-temperatures and dictated paleo-water depths. Thus, subsidence and uplift history 

can directly be related to the WBB’s thermal maturity trends. The paleo-thermal perturbations for 

both the syn-rift and post-rift phases are clearly shown by the upward displacement of heat flow 

trends and temperature isotherms at the four selected wells (Fig. 8).  
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Fig. 7: Present-day heat fluxes at (a) the seafloor and (b) the constant 10 km depth (Sonibare et al., subm.). (c) 

Calibration of thermal model against measured temperature and vitrinte reflectance data at well locations in the 

proximal, central and distal sub-domains of the basin. 

(a) (b) 

(c) 
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For the rifting phase, the magnitude of the upward bulge of isotherms increases with rapid burial 

rates at ~136-126 Ma correlating with the ages of rift-related unconformities (i.e. 1At1, 5At1 and 

6At1; Broad et al., 2006; PASA, 2012; Figs. 2-4 and 6). The most deeply buried sediments within 

syn-rift half-grabens (Figs. 3 and 6), such as in wells D-A1, E-BD2 and E-AA1, reach temperatures 

of ~97-110 oC, ~136-145 oC and ~110-128 oC, respectively (Fig. 8a-c). Long-term thermal cooling 

interrupted by three short-lived periods of renewed heating, associated with periods of hotspot-

transition and margin-uplift erosion and thermal peaks, typifies the post-rift phase (Fig. 8a-d). Of all 

the three domains, basal heat fluxes for the three thermal peaks are highest for the proximal domain 

(Figs. 5b, 7c and 8d). In this proximal domain, basal heat fluxes are in the range ~60-80 mW/m2 for 

syn-rift, ~75-90 mW/m2 for the late Cretaceous hotspot event and ~55-73 mW/m2 for the late 

Miocene thermal peak (e.g. Fig. 8d). In both the central to distal domains, these heat fluxes are in 

the range ~40-70 mW/m2, ~40-63 mW/m2 and ~38-65 mW/m2 for the syn-rift, late Cretaceous 

hotspot and late Miocene thermal events, respectively (Fig. 8d).   

3.2.6 Petroleum migration modelling 

Petroleum migration was modelled using the hybrid method of the PetroMod v. 2012.2 software (© 

by Schlumberger). This migration calculation allows a three-phase (water, oil and gas) fluid-flow 

approach through combination of Darcy flow and flowpath techniques. Darcy flow calculates a 

multi-component three-phase flow based on the relative permeability and capillary pressure of the 

transporting medium. The flowpath technique represents buoyancy-driven fluid-flow through which 

lateral petroleum migration occurs instantaneously on geologic time scales only in high-

permeability layers (i.e. sandstone facies). Thus, in a hybrid approach, flowpath analysis is 

implemented in high-permeability domains while Darcy flow is calculated in low-permeability 

lithofacies (i.e. shales and siltstones). To allow the required domain decomposition into low and 

high permeability regions, we set a permeability threshold of 10-2 mD at 30% porosity as minimum 

permeability value for carrier rocks (Hantschel and Kauerauf, 2009). Since faults play a crucial role 

for migration and trapping of petroleum, a total of 56 listric-normal faults (Fig. 3) were 

incorporated into the 3D model. In addition, we also activated source-tracking to enable tracing of 

expelled petroleum that migrates into potential reservoirs and/or contributes to possible leakage. 
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Fig. 8: Burial history and temperature evolution at representative well locations from (a) the proximal, (b) central and (c) distal sub-domains of the WBB. (d) Basal heat flow 

evolution through time at the representative wells given in (a), (b) and (c) showing the implemented erosion scenarios in the 3D model. The respective heat flow peaks are 

calibrated against vitrinite reflectance data.  
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3.2.7 Model sensitivity analysis 

To reduce the uncertainty related to petroleum accumulation and losses, we performed a sensitivity 

analysis with respect to faulting activity, intrusion-related seal bridging mechanism and facies 

heterogeneity. Firstly, we tested the role of faults as potential fluid conduits or barriers for 

petroleum by modelling the faults as either closed or open permeability paths. These fault-related 

geological scenarios were modelled for the entire geologic time span covering different phases of 

fault propagation and rejuvenation, and they are considered in this study as the “1st scenario”. 

Thereafter, we performed other scenarios by coupling geological processes in a stepwise manner. 

While we coupled the role of faults and intrusive bypass mechanism for the “2nd scenario”, we 

coupled the role of faults, intrusive bypass mechanism and facies heterogeneity for the “3rd 

scenario”. Since the effect of seal efficiency is meant to investigate the bridging of seal efficiency 

by the igneous intrusions primarily associated with the post-rift Late Cretaceous-Early Tertiary 

hotspot mechanism and its associated magmatism in the study area, we reduced the efficiency of the 

potential sealing rocks in the 3D model by 50%. Similarly, we tested the effect of facies 

heterogeneity on migration and trapping of petroleum by simply varying the lateral lithofacies 

distribution (i.e. enabling porosity and permeability contrasts) of reservoir rocks, in particular, for 

those sedimentary successions (i.e. Late Hauterivian, 6At1 – Mid Albian, 14At1 sequence; see Fig. 

2-4) favouring the development of channel and basin-floor fan complexes.  

4. Results

4.1 Source rock maturation and petroleum generation 

This section describes the trends of source rock maturity including potential present-day kitchen 

areas as well as the timing and amounts of generated petroleum in the WBB. The results of 

assessing the potentiality of all the modelled source rock intervals are hereby presented as maps of 

modelled present-day vitrinite trends and transformation ratios, time plots of transformation ratios 

(TR) and bulk generation rates at multiple well (drilled and synthetic) locations and cumulative time 

plots of petroleum generation and expulsion (see Figures 9 to 12). 

4.1.1 Present-day maturity 

Syn-rift source rocks 

At present-day, the modelled syn-rift rock intervals are mainly in the late oil (1.0-1.3 %Ro) to dry 

gas (2.0-4.0 %Ro) window (Fig. 12). However, source potential for oil (0.7-1.0 %Ro) to wet gas 
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(1.3-2.0 %Ro) generation (Fig. 9a, 9c and 9e) are found in the northern portion of the source rock 

areal extent. The aforementioned pattern of maturity trends thus indicates a partitioning of the 

modelled source rocks into two maturation domains, i.e. northern and southern domains along the 

NW-SE trending axis of the WBB. As indicated by vitrinite trends and transformation ratios (TR), 

the southern domain, representing approximately >70% of the source spatial distribution, is 

generally more mature than the northern domain (Fig. 9).  

Of all the modelled syn-rift source rock intervals, the pre-Valanginian source exhibits the highest 

rate of kerogen conversion, having reached mostly 100% transformation ratio with the exception of 

spatially limited domains in the proximal northwestern domain of the modelled interval (Fig. 9a-b). 

Consequently, present-day kitchen areas, having ~30-60% TR with potential for main to late oil 

generation, are restricted only to the Mid Hauterivian and Late Hauterivian source intervals (Fig. 

9c-f). As indicated by transformation ratios, well D-B1 located in the proximal NW of the WBB 

(Figs. 1b and 9c-d) has the potential for present-day oil generation from the Mid Hauterivian source 

rock interval. The pre-Valanginian and Mid Hauterivian source rocks exhibit an overall decreasing 

trend of remaining petroleum potential from NW to SE. In contrast, the Late Hauterivian source, as 

shown by the selected locations in Figure 9f and 12c, depicts a NE-SW decrease of remaining 

potential. 

Post-rift source rocks 

Of all the modelled post-rift source rocks, the Turonian source is presently immature (0.25-0.55 

%Ro) having a characteristic <10% present-day transformation ratio (see Fig. 10e-f). At present-

day, the Barremian and Aptian source intervals are mainly in the early (0.55-0.7 %Ro) to main (0.7-

1.0 %Ro) oil window with the Barremian interval having potential for late oil (1.0-1.3 %Ro) to wet 

gas (1.3-2.0 %Ro) generation towards the southern portion of the VR data-delineated central to 

distal sub-domain of the modelled WBB (see Figs. 5b and 10a-d). Akin to the syn-rift maturation 

trends, the mature post-rift source rocks also depict a north to south increasing transformation ratios 

along the NW-SE axis of the WBB. Higher rates of kerogen conversion reaching up to ~90-100% in 

places are recorded by the Barremian source rocks (Fig. 10a-b). As depicted in Figure 10d, no part 

of the modelled Aptian source interval has reached a 100% present-day TR.  

4.1.2 Mesozoic-Cenozoic maturity and generation 

The cumulative petroleum generation chart given in Figure 11a shows the evolution of petroleum 

generation in the modelled WBB spanning the entire Cretaceous to Cenozoic time. From at least the  
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Fig. 9: Maps of present-day vitrinite reflectance and transformation ratio (TR) of the syn-rift source intervals: (a) and 

(b) pre-Valanginian source rock, (c) and (d) Mid Hauterivian source rock, and (e) and (f) Late Hauterivian source rock. 
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Fig. 10: Maps of present-day vitrinite reflectance and transformation ratio (TR) of the post-rift source intervals: (a) and 

(b) Barremian source rock, (c) and (d) Aptian source rock, and (e) and (f) Turonian source rock. 
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early transitional phase of the basin the amount of petroleum generated and expelled increases 

gradually for all the modelled source rock intervals (Fig. 11). In our model, the onset of petroleum 

generation takes place in Hauterivian time between ~132 and 129 Ma correlating with the syn-rift 

heat flow peak and rapid burial rates (see Figs. 8 and Fig. 11a). Subsequent to the onset of 

generation, four main phases of petroleum generation are documented; the first occurs during the 

latest stage of the syn-rift phase at around 130-126 Ma, while the remaining three phases 

correspond to the respective maximum burial depths and post-rift heat flow peaks and as shown in 

Figure 8. The peak of generation occurs during the Miocene time at 16 Ma. 

Furthermore, the critical moment, i.e. the time that best depicts the highest probability of 

entrapment and preservation of most petroleum within the total petroleum systems (e.g. Magoon 

and Dow, 1994; Al-Hajeri et al., 2009) of the modelled WBB is recorded during early Miocene at 

~22 Ma (Fig. 11a). In this study, this critical moment is assumed to correspond to the age when the 

source rock had generated 50% of the convertible kerogen, i.e. representing the cumulative 50% 

transformation ratio of the modelled source rocks (see Fig. 11a). At present-day, the syn-rift source 

rocks have contributed around 60% of the total amount of generated petroleum in the modelled 

WBB (Fig. 11b).  

Syn-rift source rocks 

As shown in Figures 9a-b and 12a, the modelled 100% TR for the bulk of the pre-Valanginian 

source interval was reached during early Cretaceous time, correlating with periods of peak syn-rift 

heat flow and rapid burial rates. Thus, the main stage of petroleum generation for the pre-

Valanginian source rock ranges from 135 to 125 Ma, having a predicted critical moment at ~128.5 

Ma (Fig. 12a). While the more mature southern domain of the Mid Hauterivian source achieved 

>50% TR during the syn-rift and hotspot-related thermal events, the less mature northern domain is 

predicted to achieve the 50% TR at a much later stage during early Eocene and early Miocene times 

(see Figs. 9c-d and 12b). The critical moment for the Mid Hauterivian source is recorded at 85 Ma 

i.e. prior to the late Cretaceous hotspot-related heat flow peak in the modelled WBB (Figs. 8d and 

12b).  

As for the upper source interval of the Syn-rift 2 Sequence, i.e. Late Hauterivian source rock (Figs. 

2-4 and 6), the main stage of petroleum generation mainly took place during late Cretaceous to 

Paleogene time. The first indication for 50% TR is of Early Paleocene age at ~65 Ma, and mainly 

found within the more mature northern domain along the NE-SW present-day maturation trends 

(see Figs. 9e-f and 12c). Our model also indicates that the Late Hauterivian source interval achieved 

its critical moment in the Early Eocene at 52 Ma.  
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Fig. 11: (a) Time plot of cumulative source rock maturation in the WBB showing the total sum of generated and 

expelled petroleum as well as the main phases of petroleum generation. Also note the cummulative 50% transformation 

ratio, i.e. the ovearall critical moment at ~22 Ma (b) Histogram showing the maturation and potentiality of the five 

mature source rock intervals.  

(a) 
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Fig. 12: Evolution of source rock maturation and petroleum generation extracted for each modelled source rock as bulk 

generation rate and transformation ratio at selected well (drilled and synthetic) locations: (a) pre-Valanginian source 

rock, (b) Mid Hauterivian source rock, (c) Late Hauterivian source rock, (d) Barremian source rock, (e) Aptian source 

rock and (f) Turonian source rock. For well locations see Figures 12 and 13. Dashed red line is the critical moment of 

the source interval at 50% transformation ratio. 

Post-rift source rocks 

All the modelled post-rift source intervals indicate that the highest rate of kerogen conversion is 

recorded during the Early Miocene (Fig. 12d-f). While the onset of petroleum generation is shown 

by our model results to be of Late Albian age (at ~102 Ma) for the Barremian source, the modelled 

timing of maturation trends for the Aptian source depicts that this generation onset occurs during 

the Turonian at ~93 Ma. As indicated by Figure 12d, the most mature regions of the Barremian 

source (located majorly in the southern SE domain of the source spatial distribution; see Fig. 10a-b) 

achieved their 50% TR during the Eocene and Oligocene, while the least mature areas, particularly 

in the proximal northern NW domain, are at present-day below the 50% TR. Similarly, the Aptian 

source interval reaches 50% TR in Miocene time only within its more mature southern SE domain 

(see Figs. 10c-d and 12e). Furthermore, the critical moment for the Barremian source occurs in 

early Miocene time at 18 Ma (Fig. 12d). However, the critical moment for the Aptian source is yet 

to be reached thereby making it the source interval in the WBB with the largest remaining 

petroleum potential (see Figs. 11b and 12).  

4.2 Migration paths and petroleum accumulation 

The overall petroleum flow dynamics reflecting all the complex phases of migration (primary, 

secondary and tertiary, i.e. leakage) that led to all possible accumulations and losses of petroleum in 

the modelled WBB are depicted in Figures 13 to 17. As dictated by the buoyancy-driven migration 

of the hybrid method (see above), up-dip migration of petroleum through carrier rocks and along 

permeable faults follows regional to localised structural and stratigraphic highs (Figs. 14, 15c and 

16-17). 

 In line with the mass balance calculation of our 3D migration modelling, the amounts of 

accumulated petroleum only account for ~8.5% of the total generated petroleum in the basin (Fig. 

11b and 18a). While about 62-70% of the generated amounts occur as vertical and lateral losses 

(Figs. 13 and 18a), the generation differential balance mainly constitutes the fractions that are 

adsorbed to the source rocks (Fig. 11b). Spatially, the western domain of the WBB depicts more gas  
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Fig. 13: Results of sensitivity analysis presented as time plot of sum accumulated hydrocarbons in reservoirs and sum 
hydrocarbon losses presented as outflow side and outflow top for the 1st scenario (testing the role of faults), 2nd scenario 
(combining the role of faults and intrusive seal bridging effect) and 3rd scenario (combining the role of faults, intrusion-
related seal bridging effect and facies heterogeneity). For each geological scenario, faults are tested as having either closed 
or open permeability properties. 

160 

Stellenbosch University  https://scholar.sun.ac.za



3D petroleum system modelling within a transform-related passive margin 

Syn-rift accumulations Post-rift accumulations 
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Fig. 14: Modelled petroleum accumulations within the syn-rift and post-rift reservoir sequences in the WBB as 
predicted by the 3rd sensitivity scenario (see Fig. 13 for details). The 3rd scenario gives the best correlation to known 
petroleum discoveries and leakage features in the Bredasdorp Basin. Predicted oil and gas accumulations have been 
charged by multiple source rocks due to different phases of petroleum generation as well as secondary and tertiary 
migration dynamics. Purple lines are drainage-area boundaries as estimated by the hybrid migration method (see text for 
details). Also note the higher gas and higher oil potential respectively of the syn-rift and post-rift reservoir sequences. 

accumulations than the eastern domain (Fig. 14). Within the post-rift successions, more oil 

accumulations are found than that predicted for the syn-rift successions (see Figs. 14 and 16-17).  

Furthermore, our model generally predicts more present-day seafloor gas leakages at the 

shallow margins, particularly in the northwestern margin, than at the deeper axial domains of the 

basin (see Fig. 15c). Moreover, the hybrid fluid-flow technique reasonably reproduces the locations 

of observed gas leakage features on seismic data (gas chimneys, igneous intrusion, deep and 

seafloor bright spots) and as indicated by the “Sniffer” survey (Figs. 3a and 5). 

4.2.1 Sensitivity analysis: accumulation and loss of hydrocarbons 

The results of sensitivity tests performed to understand the dominant controlling fluid-flow 

mechanisms under which petroleum accumulations and gas leakages in the modelled WBB were 

developed are presented in Figure13. Of the three tested scenarios (see sub-section 3.2.7), the 3rd 

scenario representing the combination of open faults, intrusive bypass system and facies 

heterogeneity gives the best reproduction of the discovered accumulations (mainly restricted to the 

distal SE domain of the WBB e.g. PASA, 2012; Fig. 2) as well as observed leakage features in the 

Bredasdorp Basin (see Figs. 3a and 5). The spatial distribution of accumulations, the total migration 

paths indicating present-day leakage sites at the seafloor and the evolution of accumulations 

depicted in Figures 14 to 17and Table 3 were extracted from this best-fit migration model (3rd 

scenario).    

 As indicated by the three scenarios (Fig. 13), the amounts of petroleum losses resulting from 

vertical migration are always more than losses due to lateral migration during the syn-rift phase. 

This magnitude of losses is even larger when the faults are open, as clearly demonstrated by the 1st 

and 2nd scenarios (see Figure 13). As for the 3rd scenario (Fig. 13), the increase of vertical losses 

over lateral continues into the post-rift phase until the Mid Paleogene time at ~50 to 48 Ma. 

Similarly for the rifting to transitional phase, when syn-rift faults are more active, the amounts of 

trapped petroleum are higher than losses due to lateral migration for all tested scenarios. 
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Fig. 15: Evolution of petroleum accumulations within the syn-rift (a) and post-rift (b) sandstone reservoirs. Note the 
prevalence of loss of previously accumulated petroleum mainly during the post-rift different phases of uplift and 
erosion scenarios (see Fig. 8 and text for details). Black arrow = critical moment of each source interval assuming 50% 
transformation ratio. Red arrow = overall critical moment assuming cumulative 50% transformation ratio. A = pre-
Valanginian source; B = Mid Hauterivian source; C = Late Hauterivian source; D = Barremian source. (c) 3D view of 
modelled present-day migration vectors for oil (green) and gas (red) migration pathways as predicted by the 3rd 
sensitivity scenario, indicating the resultant petroleum leakages at the seafloor. Many of these modelled petroleum 
leakage correspond to observed gas leakage features in the western domain of the WBB (see Fig. 5). Dashed blue line = 
shallow basement high boundary. AGA - Agulhas Arch; IFA – Infanta Arch.  

During the Cenozoic, the most prominent mechanism of petroleum losses is through lateral 

migration as predicted particularly by the 1st and 2nd scenarios. However, for the 3rd scenario, both 

lateral and vertical mechanisms of petroleum losses are quite significant. 

 The amount of total present-day accumulated petroleum is relatively uniform for all the three 

scenarios (Fig. 18a). As for petroleum losses, the 1st and 2nd scenarios generally predict more total 

losses than the 3rd tested scenario. While the 1st and 2nd scenarios show more lateral losses, the 3rd 

scenario gives more vertically directed losses (see Fig. 18a). As shown in Figure 18b-d, irrespective 

of the tested geological scenarios, the Late Hauterivian and Mid Hauterivian source rocks 

respectively contributed the most to petroleum accumulations and losses in the modelled WBB. 

5. Discussion

5.1 Roles of basin-forming mechanisms on source maturation and petroleum generation 

To understand the dominant mechanisms, controlling the temporal and spatial distribution of source 

rock maturation and petroleum generation within the total petroleum system of the WBB, this study 

links the present-day configuration and related tectonic/geodynamic evolution of the basin at a 

crustal scale (Sonibare et al., 2014) with the local- to regional-scale thermal histories of the 

Southern African continental margin (Davies, 1997b; Goutorbe et al., 2008; Sonibare et al. subm.). 

First, we find that four main phases of petroleum generation resulted in the different ages of critical 

moment (corresponding to 50% transformation ratio- TR), i.e. the time of generation, migration and 

accumulation of most hydrocarbons in a petroleum system (Magoon and Dow, 1994; Al-Hajeri et 

al., 2009; Hantschel and Kauerauf, 2009) which characterise the total petroleum system of the WBB 

(Fig. 11a and 15a-b).  

 The first and second main phases of petroleum generation occur respectively at ~130-126 Ma 

and ~92-88 Ma, both of which indicate the causal relationship between the syn-rift rapid burial 
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depths and heat flow peak (Fig. 8) and the recorded critical moments  in the basin at 128.5 Ma and 

85 Ma (Fig. 12a and 15a-b). This finding suggests that significant petroleum generation commenced 

in the basin as early as the Early Cretaceous from the syn-rift source rocks (Fig. 11-12) as opposed 

to the Late Cretaceous (with first expulsion probably occurring shortly afterwards) from the post-

rift Aptian source rocks proposed by Davies (1997a). The aforementioned scenario could partly be 

linked to improved constraints on syn-rift subsidence mechanism and sedimentation rates which this 

current study incorporated from the study of Sonibare et al. (2014). According to Sonibare et al. 

(2014), subsidence mechanism in the Bredasdorp Basin is dominantly controlled by mantle-

involved strike-slip tectonics leading to rapid and short-lived syn-rift subsidence typical of 

transtensional pull-apart basin (Xie and Heller, 2009, Wu et al., 2009).  

The most prolonged main phase of petroleum generation is recorded in the basin between 77 

and 53 Ma thereby aiding the critical moment of the syn-rift Late Hauterivian source rocks at 52 Ma 

(Fig. 11-12). The long-lived nature of this main generation phase reflects the impact of hotspot 

transit heat flow peak (Duncan, 1981; Thomson, 1999) and maximum post-rift burial depths (Fig. 

8). While the hotspot event represents a more localised and transient thermal event depicting the 

greatest heating effect in the proximal domain of the WBB (Sonibare et al., subm.; Fig. 8d), the 

maximum burial depths are more regionally widespread and are related to episode of increased 

onshore denudation rates (Tinker et al., 2008) and post-rift sedimentation rates (Tinker et al., 2008; 

Sonibare et al. 2014) in southern Africa particularly during the Cenomanian. 

The last main generation phase which occurs at ~24-17 Ma (Fig. 11a) indicates that petroleum 

generation during this period is most sensitive to the heat flow peak (Fig. 8) associated with the 

Miocene reheating of the lithospheric mantle in southern Africa (Nyblade and Robinson, 1994; 

Hartnady and Partridge, 1995 and Nyblade, 2003). In addition, this generation phase constitutes the 

most significant phase of petroleum generation which resulted in the basin’s maximum peak of 

generation and an overall critical moment respectively at 16 Ma and 22 Ma.  

Even though the Aptian source interval spatially depict 50% TR particularly in the southern 

domain of its areal distribution, our 3D model confirms that its critical moment is yet to be reached. 

Despite the latter, the Aptian source interval contributes significant amounts of generated petroleum 

in the modelled WBB even more than the more mature pre-Valanginian and Barremian source rocks 

(see Figs. 11b and 12). This occurrence corroborates all the favourable maturation indices, i.e. 

timing of deposition, heating episodes and source quality which have been widely reported for the 

Aptian strata across the offshore sub-basins of Southern Africa (Davies, 1997a; van der Spuy, 2003; 

McMillan, 2003; Schmidt, 2004 (Fig. 8d and Table 2).  
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Another interesting finding of this study is the contribution of maximum burial depths to the 

overall petroleum maturation of the basin. The overall partitioning of the present-day source 

maturation trends into less mature northern and more mature southern domains along the NW-SE  
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Fig. 16: A composite NW-SE cross-sectional profile showing the evolution of syn-rift petroleum saturations and 
accumulations in the WBB as predicted by the 3rd sensitivity scenario, covering the different phases of burial and 
thermal histories in Cretaceous and Cenozoic times. In addition to the sealing rocks of the overlying base of post-rift 
successions, all the modelled source rocks act as intra-formational seals in places. The trapping mechanisms mostly 
occur as a combination of compactional drapes and fault closures. The preserved present-day accumulations in the 
proximal sub-domain are generally not filled to spill during the syn-rift phase. Also, the earlier accumulations 
particularly in the central to distal sub-domains are either completely lost during tertiary migration due to fault 
rejuvenation and intrusive seal bridging or experienced continued maturation into the gas window during phases of 
post-rift thermal peaks. The present-day titling of the basin at the western sub-domain subsequent to the Miocene 
margin uplift probably aid the up-dip migration of petroleum laterally through the carrier systems to the shallow 
margins leading to either accumulations or leakages (see Fig. 15c and text for details).  
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Fig. 17: A composite NW-SE cross-sectional profile showing the evolution of post-rift petroleum saturations and 
accumulations in the WBB as predicted by the 3rd sensitivity scenario, covering the different phases of post-rift heat 
flow pulses, uplift and erosion scenarios. The regionally extensive Aptian sealing rocks deposited during a basin-wide 
transgression (Mc Millan et al., 1997; Broad et al., 2006) above the Early Aptian (13At) unconformity preserve the 
most reservoired hydrocarbons within the post-rift successions. The trapping mechanisms mostly occur as a 
combination of compactional drapes and stratigraphic traps. Most of the previously accumulated hydrocarbons in the 
Late Cretaceous and Early-Mid Miocene were lost subsequent to the Mid-Late Miocene margin uplift that tilted the 
basin at the western margin of domain, thereby resulting in less present-day preserved accumulations. The location of 
saturations and accumulations above structural and stratigraphic closures and closely adjacent to source rocks indicates 
short vertical fluid migration into potential traps as particularly induced by fault conduits and facies heterogeneity (see 
text for details).  

trending axis of the WBB (Fig. 9-10) reflects the spatial distribution of the preserved overburden 

thicknesses. The NNE-SSW and roughly NE-SW- trending fault-bounded thickness maxima of the 

syn-rift sequences are characteristically separated prominent paleo-highs (Roux, 2007; Dingle et al., 

1983) which geometrically confine these half-graben successions in the NW and SE domains. 

Subsequent depocentre migration to the (S)SE of the WBB during the post-rift phase is apparent 

above the Upper Cenomanian (15At) unconformity (Sonibare et al., 2014). 

Although the accompanied thermal perturbations of the post-rift mantle dynamics in Southern 

Africa generally aided the timing and extent of petroleum maturation in the WBB, their attendant 

uplift and erosion scenarios adversely affected source rock maturity trends. Resultantly, source rock 

kitchen areas were completely switched off subsequent to the Late Cretaceous (84-75 Ma), Eocene 

(43-38 Ma) and Late Miocene (16-11 Ma) erosion events. 

5.2 Possible effects of faulting activity, seal bypass and facies heterogeneity on petroleum 

migration, accumulation and leakage 

Here, we discuss the results of the sensitivity tests (Fig. 13) performed to investigate the driving 

mechanisms of migration dynamics that resulted in the accumulation and leakage of petroleum in 

the modelled WBB (Figs.14-18).  

Based on the results of the tested migration scenarios, it is found that there is no significant 

difference between the accumulation and loss history of the 1st (i.e. role of faults) and 2nd (i.e. role 

of faults and intrusion-related seal bridging mechanism) scenarios. During the syn-rift phase of 

these two scenarios (Fig. 13), vertical migration dynamics and pathways predominate as dictated by 

the role of syn-rift fault architecture. This inference is corroborated by the trapping and loss of more 

petroleum when the faults are respectively characterised by closed and open permeability 
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(a) (b)

(c) (d)
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Fig. 18: (a) Histogram showing the total sum of accumulated hydrocarbons and total sum of hydrocarbon losses as 
outflow top and outflow side for the three tested sensitivity scenarios. (b), (c) and (d) Histogram showing source rock 
contribution to petroleum accumulation and loss in the WBB for the three tested sensitivity scenarios. 1st Scenario = FC 
and FO; 2nd Scenario = FC+SB and FO+SB; 3rd Scenario = FC+SB+LFH and FO+SB+LFH (see Fig. 13 and text for 
details). FC – Fault closed; FO – Fault open; SB – Intrusive seal bypass; LFH – Facies heterogeneity. 

properties. As for the post-rift phase, long distance lateral migration through permeable carrier 

rocks prevails as inferred from the lateral loss of petroleum. By invoking capillary failure of the 

seals due to intrusion-related bridging mechanism, the 2nd scenario gives more lateral loss of 

petroleum thereby representing its only distinguished factor from the 1st scenario (Fig. 18a). As 

indicated by the overall migration vectors and the calculated drainage areas for the respective 

accumulations (Fig. 14), this lateral fluid migration through carrier beds in the WBB may be up to 

10’s of kilometres, particularly within the post-rift successions with less fault configuration (see 

Figures 15-17). 

The introduction of the facies heterogeneity concept into the sensitivity tests (Fig. 13) reveals 

additional insights into the timing of migration pathways and the extent of petroleum loss in the 

Bredasdorp Basin. First, in contrast to the predictions of the 1st and 2nd scenarios, we see the 

prevalence of vertical migration, as evidenced from the amounts of outflow-top loss, up till the 

Eocene (at ~50 Ma) and the abrupt reduction in the amounts of petroleum loss via lateral migration 

during the Cenozoic (Fig. 13). Secondly, the predicted total sum of petroleum loss by this 3rd 

scenario is generally less than the 1st and 2nd scenarios.  

The increase of top outflow, i.e. petroleum loss via vertical migration for the 3rd scenario 

(Figs. 13 and 18a) suggests the inducement of permeability contrast within the carrier system 

resulting from juxtaposition of shale-dominated lithofacies (i.e. low-permeability facies) against 

sandstone-dominated lithofacies (i.e. high-permeability facies). As a consequent, vertical fluid-

flows are better enhanced than lateral migration dynamics. In this case, the inter-channels (typically 

levee and overbank facies-type) and inter-fans fine-grained deposits provide the flow barrier 

mechanism. Whereas the implemented sand-rich channel and basin-floor fan architecture (having a 

higher net to gross) (Wood, 1995; Brown et al., 1995; McMillan et al., 1997; Jungslager, 1999; 

Roux, 2007) particularly within the Upper Hauterivian (6At)-Upper Cenomanian (15At) 

successions (Wood, 1995; Brown et al., 1995; McMillan et al., 1997; Jungslager, 1999; Roux, 2007; 

Fig. 6) constitutes the flow units. In reservoir-scale permeability anisotropy studies (e.g. 

Muggeridge et al., 2002; Burton and Wood, 2013), frequently spaced shales in heterolithic 
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Table 3. Detailed ranking of source contribution to reservoir accumulations as predicted by the best-fit 3D migration model coupling open fault, seal bypass and facies heterogeneity. 

* The age corresponding to 50% transformation ratio of each source rock interval.

Reservoir interval Modelled ages 
Reservoir accumulations Critical Moment* 

[Ma] Accumulated Mass 
[Mtons] 

Source rock Fraction [%] Source-HC ranking 

Syn-rift Sequences Gas Oil Bulk 

Basement – 1At Valanginian 119.05 

pre-Valanginian 
Mid Hauterivian 
Late Hauterivian 
Barremian 

77.03 
0.24 
0.05 
0.02 

20.12 
2.21 
0.32 
0.01 

97.15 
2.45 
0.37 
0.03 

1st 
2nd 
3rd 
4th 

128.5 
85 
52 
18 

1At – 5At Mid Hauterivian 391.81 

pre-Valanginian 
Mid Hauterivian 
Late Hauterivian 
Barremian 

5.85 
26.11 
12.28 
0.78 

3.25 
36.57 
13.46 
1.69 

9.1 
62.68 
25.74 
2.47 

3rd 
1st 
2nd 
4th 

128.5 
85 
52 
18 

5At – 6At Late Hauterivian 1384.04 

Pre-Valanginian 
Mid Hauterivian 
Late Hauterivian 
Barremian 

0.19 
1.33 

12.21 
1.97 

0.46 
8.93 

66.11 
8.8 

0.65 
10.26 
78.32 
10.77 

4th 
3rd 
1st 
2nd 

128.5 
85 
52 
18 

Post-rift Sequences 

6At – 13At Early Aptian 570.61 

pre-Valanginian 
Mid Hauterivian 
Late Hauterivian 
Barremian 
Aptian 

0.05 
0.24 
0.9 

14.02 
0.05 

0.09 
1.23 
2.81 

80.37 
0.25 

0.14 
1.47 
3.71 

94.39 
0.3 

5th 
3rd 
2nd 
1st 
4th 

128.5 
85 
52 
18 
not yet 

13At – 14At Albian 245.39 

pre-Valanginian 
Mid Hauterivian 
Late Hauterivian 
Barremian 
Aptian 

0.07 
1.31 
0.11 
3.07 

12.89 

0.12 
9.98 
0.47 
3.49 

68.51 

0.19 
11.29 
0.58 
6.56 
81.4 

5th 
2nd 
4th 
3rd 
1st 

128.5 
85 
52 
18 
not yet 

14At – 15At Late Cenomanian 153.14 

pre-Valanginian 
Mid Hauterivian 
Late Hauterivian 
Barremian 
Aptian 

0.12 
2.6 

1.32 
0.27 
6.63 

0.73 
25.85 
15.01 
1.57 

45.91 

0.85 
28.45 
16.33 
1.84 

52.54 

5th 
2nd 
3rd 
4th 
1st 

128.5 
85 
52 
18 
not yet 

15At – 17At Santonian – Campanian 130.99 

pre-Valanginian 
Mid Hauterivian 
Late Hauterivian 
Barremian 
Aptian 

0.035 
0.32 
1.84 
3.66 

3.985 

0.235 
3.155 
4.92 

37.725 
44.125 

0.27 
3.475 
6.76 

41.385 
48.11 

5th 
4th 
3rd 
2nd 
1st 

128.5 
85 
52 
18 
not yet 
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reservoirs consisting of fine-grained interbeds have been suggested to result in longer vertical fluid 

pathways.  

Moreover, we find that open faults generally promote short distance vertical migration for all 

the tested scenarios, an indication that is evident from the increase of vertical loss of petroleum (see 

Figs. 13 and 18a). The linking of source rocks to the adjacent reservoirs and seals by the syn-rift 

faults may suggest invocation of additional capillary and fracture failure of the sealing rocks 

(Gluyas and Swarbrick, 2004; Cartwright et al., 2007; Gay et al., 2007; Løseth et al., 2009) 

especially if these faults are open due to tectonic reactivation. The latter also applies to the intra-

formational seal integrity of all the modelled source rocks in the 3D model. In the study area, fault 

rejuvenation is a probable possibility due to complex post-rift mantle dynamics of the Southern 

African continental margin (e.g. Duncan, 1981; Dingle et al., 1983; Thomson, 1999; Nyblade and 

Robinson, 1994; Hartnady and Partridge, 1995; Nyblade, 2003). Further evidence for extensive 

short distance vertical migration can also be gained from the fact that the sandstone-dominated 

sequence that directly overlies a source interval receives the largest amount of generated and 

expelled petroleum from that source interval (Fig. 16-17; Table 3). 

Theretofore, it is obvious that the WBB has demonstrated the prevalence of extensive tertiary 

migration due to trap failure that probably causes previously trapped petroleum to leak and re-

migrate (Figs. 13 and 15-17). Evidently, this trap failure is clearly associated with the modelled 

uplift and erosion events in the Late Cretaceous, Eocene and Miocene, as reservoir accumulation 

generally shows rapid decline that correlates with increased petroleum loss (Fig. 13). Of these 

erosion events, the most regionally severe is the Miocene margin uplift (Nyblade and Robinson, 

1994; Hartnady and Partridge, 1995; Nyblade, 2003; Sonibare et al., 2014) which resulted in the 

most prominent uplift and tilting of the basin at the northwestern portion of the WBB as shown in 

Figures 16 and 17. 

In addition, the significant increase of both the accumulation and loss of petroleum during the 

Late Cretaceous-Paleocene and Oligocene-Early Miocene (Fig. 13) reflects an interesting 

relationship between the timing of trap formation and the potential filling of reservoirs to the spill 

points in our 3D model. During these two periods, the amounts of petroleum loss are by order of 

magnitude more than the reservoired petroleum. The possible explanations for the occurrence of the 

latter are that: (i) the traps are formed during or close to the critical moment of the Mid Hauterivian, 

Late Hauterivian, Barremian and Aptian source rocks, (ii) these traps are thereafter over-filled to the 

spill points, and (iii) the displaced petroleum beyond these spill points are re-migrated up-dip where 

they are either accumulated in another traps or result in the loss of petroleum. 
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5.2.1 Source rock contribution to accumulation and leakage 

The implementation of source tracking during the 3D modelling of generation and migration made 

it geochemically, dynamically and genetically possible to correlate source rocks to the respective oil 

and gas accumulations and possible leakages in the modelled WBB. This approach allows an 

improved constraint on the quantification of source rock contributions to potential accumulation and 

leakages in the Bredasdorp Basin. 

As summarised in Table 3, all the reservoir sequences are charged by more than one source 

interval, thereby suggesting that most of the previously reservoired petroleum during the main 

phases of petroleum generation (see above) were leaked and re-migrated both laterally and 

vertically. This filling of accumulations from multiple source rocks corroborates the earlier results 

of biomarker correlation of source rocks to reservoired petroleum by Davies (1997a) in the 

Bredasdorp Basin. Correlating with the critical moment of the Mid Hauterivian source rocks, our 

3D model gives the most paleo-reservoir accumulation within the Syn-rift 2 Valanginian-Mid 

Hauterivian (1At-5At) Sequence between the Late Cretaceous to Paleocene (Fig. 15a-b). The 

subsequent rapid loss of this significant petroleum accumulation is mainly due to the Eocene and 

Miocene uplift events (Figs. 8 and 15a), and this could explain why the Mid Hauterivian source 

rocks contribute the most to petroleum loss (see Figure 18b-d).  

The Late Hauterivian source rock contributes the largest amount of accumulated petroleum 

(Figs. 15a-b and 18b-d) in the 3D model. This occurrence reflects the favourable timing of the Late 

Hauterivian source maturation whereby its critical moment, i.e. >50% transformation ratio (Figs. 12 

and 15a-b) occurs almost concurrently with the Eocene uplift and erosion (Fig. 8). 

6. Conclusions

This study has defined a consistent crust-scale 3D basin model of the Western Bredasdorp Basin 

(WBB) through an integration of subsurface datasets. Our ensuing 3D model gives a reasonable 

agreement with measured thermal maturity data, i.e. borehole temperatures and vitrinite reflectance. 

As such, our model represents the first attempt that links the present-day configuration and related 

geodynamic evolution (i.e. tectonic and thermal regime) of the basin at a crustal scale with the 

timing of source rock maturation and petroleum generation, migration, accumulation and possible 

past and present-day leakages. The modelling approach also allows improved constraints on 

evaluating the impact of geological controls on the quantification of source rocks contribution to 

petroleum accumulations and losses. The aforesaid thus enables the following conclusions to be 
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drawn about the Mezosoic to Cenozoic evolution of petroleum systems within the transform-

involved Southern African continental margin:  

• The temporal and spatial distribution of critical moment (i.e. 50% transformation ratio) of

the five mature Upper Jurassic-Upper Cretaceous source rocks culminate in the four main

phases of petroleum generation which typifies the total petroleum systems of the WBB.

• Whilst the earlier two main generation phases (~130-126 Ma and ~92-88 Ma) are sensitive

to the heat flow peak and rapid subsidence typically of a transtensional pull-apart

mechanism during the basin’s rifting stage, the succeeding two phases (~77-53 Ma and ~24-

17 Ma) are most sensitive to the heat flow pulses that accompanied the Late Cretaceous-

Early Tertiary hotspot-transit mechanism and Miocene margin uplift in southern Africa.

• Based on the critical moment of each source interval, petroleum preservation started in the

WBB as early as the Early Cretaceous, however, sufficient preservation could not be

achieved until the Miocene at 22 Ma due to episodic tertiary migration which caused

previously trapped petroleum to leak and re-migrate.

• At present-day, the southern domain of all the modelled source rocks depict higher maturity

than the northern domain, which is a reflection of the overall influence of maximum burial

depths as the basin’s depocentre migrate to the south-south east during the post-rift phase. In

this southern domain, petroleum maturation is presently at late oil to dry gas window (for

syn-rift source rocks) and main oil to wet gas window (for post-rift source rocks).

• The pervasiveness of the basin’s tertiary migration leading to significant petroleum losses

particularly in the latest Cretaceous to Cenozoic times is mainly controlled by the

Campanian, Eocene and Late Miocene uplift and erosion scenarios.

• Two additional periods of petroleum loss due to possible reservoir filling to the spill points

occur during the Late Cretaceous-Paleocene and Oligocene-Early Miocene.

• The timing and extent of migration dynamics and pathways leading to trapped and leaked

petroleum in the WBB are most sensitive to the scenario that coupled role of faults, intrusive

seal bridging effect and facies heterogeneity.

• It is also found that if the effect of facies heterogeneity is not properly considered in

petroleum system-scale migration modelling, the quantification and location of past and

present-day leakages at the seabed may be either erroneously overestimated or

underestimated.

• The complexity associated with the mechanisms of migration dynamics and pathways in the

WBB resulted in the charging of petroleum accumulations by multiple source rocks. On the
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whole, the syn-rift source rocks contribute the most to petroleum accumulations and 

leakages. In terms of reservoir fluid content, the syn-rift sequences are more gas-prone while 

the post-rift sequences are more oil-prone. 

• Thus, the concert of complex tectonic regime, fault activity, intrusive seal bridging effect

and facies heterogeneity constitutes the greatest risks to predicting and assessing the

petroleum prospectivity of the basin.

Lastly, the presented 3D basin model presently provides the most advanced insights into the 

structure and evolution of petroleum systems in the Western Bredasdorp Basin. Therefore, our 

integrated modelling approach has clear implications in contributing to the assessment of associated 

risks in basin or prospect evaluation of the underexplored sub-basins of the southern South African 

continental margin. The employed modelling workflow may also serve as a useful guide for 

quantifying the effect of hydrocarbon leakage on Earth’s past and present climate.  
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CHAPTER 5 

Discussion 

5.1 Present-day basin structure and thermal field 

By investigating the deep crust underlying the Western Bredasdorp Basin (WBB), this thesis 

employed an integration of isostatic, 3D gravity and 3D thermal modelling to understand the 

present-day density and thermal structures of the southern South African continental margin. 

According to the best-fit crustal model with measured free-air gravity anomalies, the deep crust of 

the WBB is characterised by the existence of density heterogeneities. This inhomogeneity of the 

crystalline crust occurs as a tripartite deep crustal domain consisting of an uppermost highly 

compacted pre-rift metasediments [ρ = 2650 kg/m3] that is underlain by a middle granitic-

granodioritic upper crust [ρupper crust = 2700 kg/m3] and a lowermost granodioritic-dioritic lower 

crust [ρlower crust = 2800 kg/m3]. The latter indicates the absence of “high-density” bodies within the 

crustal structure such as those found along the southwest African margin and interpreted as 

underplated materials (e.g. Gladczenko et al., 1998; Bauer et al., 2000; Séranne and Anka, 2005; 

Hirsch et al., 2007, 2009). Thus, this finding corroborates the classification of the southern South 

African margin as non-magmatic in its origin by previous regional studies (e.g. Scrutton and 

Dingle, 1976; Parsiegla et al., 2007).  

Another interesting outcome of the 3D gravity modelling is the 3D configuration of the 

modelled pre-rift deposits which prior to this study was unknown in the study area. These pre-rift 

metasediments confirm reported borehole (Dingle et al., 1983; McMillan et al., 1997; Broad et al., 

2006) and deep seismic (Parsiegla et al., 2007) evidence for a pre-break-up basin-fill in the southern 

South African margin. The preserved W-E to (N)NW-(S)SE trending thickness maxima (~3 to 5 

km) within a series of local structural domains are believed to represent at least pre-Upper Jurassic 

sedimentary deposits (Johnson et al., 2006) belonging to subsidence phase prior to the Gondwana 

lithospheric separation in the greater South Atlantic Margin. If the structural trends of this pre-rift 

metasedimentary layer are graben-fills, then the proposed formation of the Southern African margin 

as an extensional reactivation of pre-Late Jurassic pre-existing structural grain and crustal scale 

anisotropy probably related to the Cape Fold Belt (e.g. Ben-Avraham et al., 1997; Thomson, 1998; 

Paton and Underhill, 2004; Johnson et al., 2006) may not be ruled out. 

 At greater depths reaching up to 15 km within the deep crust, high temperatures are localised 

at the sediment-filled axial domains as opposed to the basin-fill margins where crystalline crust is 

thick and low temperatures are focussed. Thus, the modelled lower (~65 to 70 mW/m2) and higher 
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(~72 to 80 mW/m2) surface heat flow respectively at the axes and margins of the WBB support the 

hypothesis of thermal blanketing (e.g. Wangen, 1995; Allen and Allen, 2005, Hantschel and 

Kauerauf, 2009; Vilà et al., 2010). This blanketing effect mainly relates to the sediments being of 

lower heat conductivity and producing capacity than the granitic-dominated deep crust and thus 

confirms other previous observations at rifted continental margins (e.g. Ondrak et al., 1998; Noack 

et al., 2010; Scheck-Wenderoth and Maystrenko, 2013).  

Since low temperatures mimic the W-E shallowing trend of the Moho topography, the degree 

of surface heat flow at the margin can be said to depend on the preserved W(NW)-E(SE) crustal 

thinning trend. By comparing the non-magmatic WBB with the magmatic Orange Basin (located in 

the adjacent southwest Atlantic Margin), the importance of crustal configuration for the spatial 

distribution of thermal field at continental margins becomes evident. The modelled surface heat 

flow in the WBB is found to be interestingly higher than the Orange Basin. Considering the deeper 

isothermal LAB (lithosphere-asthenosphere boundary) beneath the WBB than the Orange Basin 

(Fishwick, 2010), one should expect the latter heat flow relationship to be the opposite. As 

radiogenic heat by the sediments is found to be within the same range (Goutorbe et al., 2008; Hirsch 

et al., 2010; see Chapter 3) for the compared sedimentary basins, then the difference in their surface 

heat flow is mainly related to absolute heat production as dictated by crustal thicknesses. Mean 

crystalline crustal thickness ranges from 10-15 km in the Orange Basin (Maystrenko et al., 2013), 

whereas in the WBB, crystalline crust is much thicker having 20-30 km thickness for ~70% of the 

modelled area.  

Furthermore, the localisation of modelled thermal anomalies at depths <~2 km indicates 

additional shallow influences on the present-day surface heat flow at the margin. The latter directly 

relates to the intrinsic thermo-mechanical properties of the sediments. The dependence of thermal 

conductivity largely on lithology (i.e. quartz content) and depth-dependent porosity (Midttømme 

and Roaldset, 1999; Bjørlykke, 2010) thus constitutes the obvious reason for the more porous and 

younger post-rift sandstone-dominated sequences to be less conductive than its more compacted 

(less porous) and older syn-rift equivalents. Being essentially shale-dominated, the Mid-Late 

Hauterivian successions are linked to these shallow thermal anomalies due to their richness in 

radioactive materials, and hence a higher capacity for radiogenic heat (Wollenberg and Smith, 

1987; Bjørlykke, 2010; Vilà et al., 2010). 

5.2 Evidence of transtensional pull-apart mechanism 

The developed crust-scale 3D model of the WBB links the present-day configuration of the shallow 

sedimentary basin-fill to the deep crustal structure, which allows a holistic characterisation of some 
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aspects of margin and basin evolution (Figs. 1-4). Mimicking the NW-SE trending axis of syn-rift 

half grabens and the W-E Moho shallowing trend, the overall W(NW)-E(SE) thinning trend of the 

sub-sedimentary crystalline crust suggests the occurrence of crustal thinning and the creation of 

syn-rift accommodation space with a characteristic non-uniform behaviour of the crust. This 

changing direction of crustal thinning kinematics in the WBB inferrably indicates a NE-SW 

directed extension for the fault-controlled, syn-rift sedimentary infill and a N-S directed extension 

for the deep crust (Fig. 1).  

 

 

Fig. 1: Summary map of inferred extensional domains for the Western Bredasdorp Basin as reconstructed from a 

combination of syn-rift faults/basin-fill orientation and Moho shallowing trend, depicting the different orientations 

of extension for the shallow and deep domains of the crustal structure.
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The apparent deviation between shallow and deep kinematic directions supports the concepts 

of differential thinning of the crust and the mantle-lithosphere purportedly associated with strike-

slip movement along the Agulhas-Falkland Fracture Zone (AFFZ) (Figs. 2 and 3a). Considering the 

correlation of the NE-SW orientation of the syn-rift spreading ridge with the far-field expression of 

the AFFZ (Fig. 3a), an apparent deviation of up to 45o between the deep crustal block and the 

principal displacement zone (i.e. AFFZ) (Xie and Heller, 2009; Wu et al., 2009) indicates a 

transtensional pull-apart mechanism for the WBB (Fig. 3b-c). 

Moreover, the spatial inconsistency between syn-rift mantle upwelling and syn-rift basin-fill 

qualifies the WBB as an isostatically undercompensated basin (Madon and Watts, 1998). According 

to Madon and Watts (1998), undercompensation can occur if extension in the brittle upper crust is 

detached fom the lower crust and mantle along a low-angle intracrustal shear zone. Further 

corroborating the isostatic state of the WBB is the significant difference between the gravity-

constrained Moho and the Moho calculated according to Airy’s (1855) isostatic concept. The latter 

indicates that the system of the WBB is not isostatically compensated at the Moho level at present-

day due to a mass excess, probably linked to a compensating rise of the asthenospheric mantle 

(Rowley and Sahagian, 1986; White and McKenzie 1989; White, 1997; Allen and Allen, 2005) in 

the eastern domain of the basin. 

 

 

 

 

Fig. 2: Two end-member models of lithospheric stretching (modified after Rowley and Sahagian, 1986 and Allen and 

Allen, 2005). (a) geometry immediately after instantaneous uniform stretching in which the crust and lithospheric 

mantle extend by same amounts (McKenzie, 1978); (b) geometry immediately after discontinuous non-uniform 

stretching in which the crust and lithospheric mantle extend by different amounts, i.e. differential thinning of the 

lithosphere (Royden and Keen, 1980; Beaumont et al., 1982; Hellinger and Sclater, 1983). Probably related to the AFFZ 

strike-slip faulting during the formation of the Southern African transform margin, the differential thinning model is 

postulated to be the most appropriate for the Western Bredasdorp Basin. 
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Assuming the uniform lithospheric stretching model (McKenzie, 1978; Fig. 2), the derived 

lithospheric stretching factors of ~1.5-1.75 for the main basin axis are expected to produce post-rift 

thermal subsidence of more or less equal magnitude to the syn-rift tectonic subsidence. In contrast, 

the latter is not case in the WBB as inferred from the syn-rift sedimentation rates that are three to 

four times higher than the post-rift sedimentation even if the total amounts of possible post-rift 

erosion (Fig. 4) are considered. This rapid and short-lived syn-rift subsidence has also been 

proposed for basins in strike-slip settings (Pitman and Andrews, 1985; Allen and Allen, 2005; Xie 

and Heller, 2009). 

5.3 Mesozoic-Cenozoic thermal evolution and possible exhumation scenarios 

According to the results of the 3D paleo-thermal modelling, three episodes of thermal perturbation 

characterise the Mesozoic-Cenozoic thermal field distribution in the WBB (Fig. 4). The first 

episode directly relates to syn-rift heat-flow peak during the continental break-up phase of the 

southern South Atlantic Margin between ~150-130 Ma (e.g. Thomson, 1998; Watkeys, 2006; Broad 

et al., 2006) (Fig. 4). The hypothesised syn-rift paleo-temperatures and paleo-heat flow in the 

modelled WBB therefore refer to the compensating rise of the asthenospheric mantle during crustal 

thinning (White and McKenzie, 1989) (Fig. 2). Assuming constant thickness and negligible 

decreasing effect of radiogenic productivity since break-up, the mantle heat flow contribution 

during the syn-rift phase differs from the present-day mantle heat flow (~38 mW/m2) by about 

20-30 mW/m2 (see Chapter 3). The corresponding syn-rift thermal event may thus be linked to the 

Karoo plume postulated to be centred in the region of Mozambique, and which is hypothetically 

inferred to be associated with volcanism and the formation of the Karoo Large Igneous Province in 

southern Africa during the break-up of Africa from South America and Antarctica (Burke and 

Dewey, 1972; White and McKenzie, 1989; Cole, 1992; Cox, 1992; Thomson, 1999; Watkeys, 

2006).  

The achievable syn-rift burial depth maximum indicates the occurrence of more rapid of 

subsidence and sedimentation during the syn-rift phase than the post-rift phase (Fig. 4). According 

to Jackson and Pollack (1984), rapid sedimentation concomitant with syn-rift subsidence may 

additionally contribute to syn-rift transient thermal pulse as heat transfer is inhibited by insulating 

sediments. In the WBB, the vertical distances between temperature isolines of the burial and 

thermal history diagrams are smaller and generally at shallower depths for the syn-rift phase than 

the post-rift phase, thereby indicating that paleo-geothermal gradients are higher during syn-rift 

times due to rapid subsidence and sedimentation. As similarly learnt from the present-day thermal 

field (see above), the localisation of these higher geothermal gradients is closely related to 
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Fig. 3: (a) Pre-break-up configuration of Late Jurassic to Early Cretaceous rift basins in the southern South Atlantic (modified after Jungslager, 1999; Watkeys, 2006). Note the 

correlation of the AFFZ dextral (right-lateral) strike-slip movement with the inferred NE-SW extension domain for the syn-rift basin-fill of the Western Bredasdorp Basin. (b)

and (c) General characteristics of a pull-apart basin in a dextral side-stepping fault system (after Wu et al., 2009). A pull-apart mechanism is developed in pure-strike when α = 0o 

and in transtension when 0o < α ≤ 45o. 
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rapid sedimentation rates concomitant with the conductivity contrast invoked by the shale-

dominated Hauterivian syn-rift sequences.   

Another interesting outcome for the syn-rift thermal evolution is the relative decrease of heat 

flow peak from the proximal (W)NW to the distal (E)SE of the modelled area, which represents a 

lateral decrease of ~10-15 mW/m2. This lateral heat flow decrease reflects spatial inconsistency 

between the highest values of modelled heat flow and the largest thinning of the crystalline crust 

particularly in the distal SE domain of the basin. A possible explanation for this syn-rift heat flow 

pattern, which shows the largest lateral gradients in (S)W-(N)E direction (see above and Chapter 3) 

would be the strike-slip nature of the basin-forming mechanism that may have resulted in locally 

variable stretching factors between the crust and the lithospheric mantle (e.g. Royden and Keen, 

1980; Beaumont et al., 1982; Madon and Watts, 1998) (Fig. 2 and 3b-c). 

Based on the procedure and results of thermal calibration, the modelled second and third 

thermal episodes during the post-rift phase are inferrably linked to the Late Cretaceous-Early 

Cenozoic hotspot transit and Miocene margin uplift, respectively in Southern Africa. Additionally 

contributing to the postulated interruption of long-term post-break-up thermal subsidence are the 

predicted phases of uplift and erosion scenarios, i.e. the Santonian-Early Campanian at ~84-75 Ma, 

the Eocene at ~43-38 Ma and the Miocene at ~16-11 Ma.  

Given the spatial distribution of these heat flow peaks and erosion magnitude, the proximal 

western domain of the basin appears to have been the most significantly affected by the attendant 

effects of these post-rift mantle dynamics. The NW-SE-striking alkaline intrusives, dated as Early 

Cenozoic (62-52 Ma; Dingle et al., 1983) are spatially distributed in this proximal western domain 

of the WBB (GETECH, 1992; Davies, 1997a; Roux, 2007). Given the ages and spatial distribution 

of these intrusions (including probably the emplacement of kimberlites and related rocks; Dingle et 

al., 1983; Smith et al., 1985; Tinker et al., 2008), associated heating and magmatism of the Late 

Cretaceous to Early Cenozoic hotspot events in southern Africa may also be related to the 

Santonian-Early Campanian (84-75 Ma) and Eocene (43-38 Ma) uplift and erosion scenarios. 

In the southeastern portion of the southern South African continental margin, extensive 

erosion of younger Cenozoic sedimentary strata spanning particularly the Oligocene to Holocene 

sediments have been linked to mass movements associated with the so-called Agulhas Slump 

(Dingle et al., 1977; Dingle et al., 1987) and intense oceanic current circulation (Uenzelmann-

Neben and Huhn, 2009). As evidenced from seismic observation and present-day state of sediment 

compaction (see Chapters 2 and 3), the postulated margin uplift related to a Miocene mantle 

superswell (Nyblade and Robinson, 1994; Hartnady and Partridge, 1995; Nyblade, 2003) (Fig. 4) is 

believed to be the major triggering factor for basin tilting at the northwestern domain of the WBB. 
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Fig. 4: Chronostratigraphic chart summarising the Late Jurassic to Cenozoic sedimentation rates, local tectonic subsidence 

and uplift history, thermal evolution as well as denudation history of the Western Bredasdorp Basin as part of the southern 

South African rift-transform-passive margin setting. Also shown, as reconstructed by this study, is the nature of the pre-

Jurassic sub-sedimentary crustal structure of the southern South African continental margin. This basin evolutionary history 

dictates the timing of source rock maturation as well as the four main phases of petroleum generation in the study area.  
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There, inferred erosion reaches up to ~1-1.2 km. To corroborate the latter, Roux (2007) also noted 

the truncation of the Upper Cenomanian (15At1) unconformity by the seafloor at ~25–30 km 

south of the present-day coastline in the WBB. The postulated erosional bypass due to large-scale 

slumping event (Dingle et al., 1977) may also imply an up-dip tilting of the southern South African 

margin at the northwestern domain due to a regional margin uplift associated with this Miocene 

mantle swell (Fig. 4). Thus, considering the timing and extent of heat flow peak and erosion 

magnitude during the Miocene, it is obvious that petroleum generation and migration in the WBB 

would to a large extent be dictated by this Miocene margin uplift.  

5.4 Controlling mechanisms of petroleum systems evolution  

This section discusses the evolution of petroleum system elements and processes (Magoon and 

Dow, 1994) in the WBB, which is based on a quantitative three-dimensional basin modelling 

technique (Tissot and Welte, 1984; Poelchau et al., 1997; Al-Hajeri et al., 2009; Hantschel and 

Kauerauf, 2009) and summarised in Figure 5. The deterministic approach of the 3D modelling 

procedure in concert with the series of sensitivity analysis on migration paths allow both qualitative 

and quantitative assessment of the controlling factors of source rock maturation as well as the 

timing of petroleum generation, migration, accumulation and possible leakage. 

5.4.1 Source rocks of the Western Bredadorp Basin and their present-day maturity trends 

All the reported Upper Jurassic to Cretaceous source rocks in the Bredasdorp Basin, representing 

three syn-rift source rocks, i.e. pre-Valanginian, Mid Hauterivian and Late Hautervian, and three 

post-rift source rocks, i.e. Barremian, Aptian and Turonian (Davies, 1997a and 1997b; McMillan et 

al., 1997; Roux, 2007), were modelled in this study for maturity trends both in time and space.  

At present-day, the modelled syn-rift rock intervals are mainly in the late oil (1.0-1.3 %Ro) to 

dry gas (2.0-4.0 %Ro) window with the pre-Valanginian source rocks exhibiting the highest rate of 

kerogen conversion that mostly reaches 100% transformation ratios. The post-rift Barremian and 

Aptian source rocks are in the early (0.55-0.7 %Ro) to main (0.7-1.0 %Ro) oil window. The 

modelled present-day quality of these Barremian and Aptian source rocks thus confirms the 

widespread occurrence of oil-prone marine source rocks within the Early Cretaceous sedimentary 

successions off the coasts of South Africa and Namibia (Davies, 1997a; van der Spuy, 2003; 

McMillan, 2003; Schmidt, 2004). The immaturity of the Turonian source rocks corroborates other 

previous source maturation studies (e.g. Davies, 1997a; Khulmann et al., 2011) in the South 

Atlantic Margin. Generally, the present-day source maturation is partitioned into less mature 

northern and more mature southern domains along the NW-SE trending axis of the WBB. This 
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maturity partition directly reflects the spatial distribution of maximum burial depths as the 

previously confined basin depocentres during the syn-rift phase depict an overall migration of 

active depocentres to the SE domain of the basin during the post-rift phase. 

5.4.2 Timing of source maturation and petroleum generation 

According to the results of the 3D basin modelling, it is found that main phases of petroleum 

generation as well as the achievable critical moment of each source interval are ultimately 

dependent on the controlling basin-forming mechanisms during the syn-rift and post-rift stages of 

the WBB. The first and second main phases of petroleum generation occur respectively at ~130-126 

Ma and ~92-88 Ma, both of which are causally related to the recorded critical moments  in the basin 

at 128.5 Ma (for pre-Valanginian source) and 85 Ma (for Mid Hauterivian source). As such, 

significant petroleum generation can be said to have commenced from syn-rift source rocks in the 

basin as early as the Early Cretaceous due to syn-rift heat flow pulse and rapid subsidence typically 

of a transtensional pull-apart mechanism (Fig. 4-5). This finding confirms the occurrence of giant 

petroleum fields in pull-apart basins that have developed with transtensional strike-slip movement 

(e.g. Madon and Watts, 1984; Fuchs and Hamilton, 2006). So, the earlier proposition of Late 

Cretaceous generation (with first expulsion occurring shortly afterwards) from the post-rift Aptian 

source rocks (Davies, 1997a) may have largely underestimated the source potential of the 

Bredasdorp Basin.  

The third main phase of petroleum generation which is recorded between 77 and 53 Ma, 

constitutes the most prolonged generation phase in the basin and also correlates to the critical 

moment of the syn-rift Late Hauterivian source rocks at 52 Ma. Thermal sensitivity of this 

generation phase mostly reflects the impact of postulated heat flow peak associated with the Late 

Cretaceous hotspot transit in Southern Africa (Duncan, 1981; Thomson, 1999). So the long-lived 

nature of this generation phase beyond the hypothetical 10 myr. duration probably reflects thermal 

maturation due to greater depth of burial possibly related to increased onshore denudation rates 

(Tinker et al., 2008) and offshore sedimentation rates (Tinker et al., 2008; Sonibare et al. 2014) 

during the Cenomanian in Southern Africa. 

The last main generation phase occurring at ~24-17 Ma and correlating to the critical moment 

of the Barremian source interval at ~18 Ma, indicates the sensitivity of the timing of petroleum 

generation to the accompanied heat flow pulse of the Miocene margin uplift in southern Africa 

(Nyblade and Robinson, 1994; Hartnady and Partridge, 1995 and Nyblade, 2003). This generation 

phase constitutes the most significant phase of petroleum generation which resulted in an overall 

critical moment of the basin at ~22 Ma. Besides, a major adverse effect on source maturation in the 
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basin may be linked to the attendant uplift and erosion of this Miocene margin uplift which 

switched off source kitchens and hence led to the maximum peak of generation at ~16 Ma. 

Fig. 5: Event chart showing the chronology of elements and processes of petroleum system for the Western Bredasdorp 

Basin. Note the occurrence of active petroleum system since the Early Cretaceous initiation of the basin as well as the 

potential risks to petroleum accumulation.  
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5.4.3 Petroleum migration paths, accumulation and leakage 

Three periods coinciding with the main phases of petroleum generation as well as the distribution of 

critical moments (Fig. 5 and see above) characterise the reservoir filling history of the WBB. The 

first period corresponds to the Early Cretaceous syn-rift heat flow pulse, rapid subsidence and high 

sedimentation rates. The second and third periods refer to the heating effect of post-rift thermal 

subsidence, Late Cretaceous hotspot transit and the Miocene thermal perturbation. This filling 

history which commences as early as the basin initiation further buttresses the significance of 

transtensional pull-apart mechanism to the preservation of accumulation in the modelled WBB.   

One way to understand the driving mechanisms of fluid migration, both in terms of processes 

and timing beyond observations from seismic studies has been the use of basin modelling 

techniques (e.g. Al-Hajeri et al., 2009; Hantschel and Kauerauf, 2009). However, local 

heterogeneities particularly lithofacies variations in sedimentary basins are not commonly captured 

adequately. Based on the results of three sensitivity scenarios that tested the role of faults, intrusive 

seal bypass mechanism and facies heterogeneity, extensive secondary and tertiary migration suggest 

that petroleum accumulations and losses are mainly charged by both vertical and lateral migration 

paths depending on the prevailing relationship of tectonic, structural and sedimentation processes 

during the syn-rift and post-rift phases of the basin.  

The testing of permeability contrasts resulting from facies heterogeneity, i.e. the juxtaposition 

of shale-dominated lithofacies (i.e. low-permeability facies) against sandstone-dominated 

lithofacies (i.e. high-permeability facies) within the carrier system reveals interesting insights into 

the timing and extent of the dynamics of migration paths. It is found that vertical fluid-flows are 

better enhanced when facies heterogeneity, as observed from well correlation, is introduced. In this 

case, the inter-channels (typically levee and overbank facies-type) and inter-fans fine-grained 

deposits provide the flow barrier mechanism. The implemented sand-rich channel and basin-floor 

fan architecture (having a higher net to gross) (Wood, 1995; Brown et al., 1995; McMillan et al., 

1997; Jungslager, 1999; Roux, 2007) particularly within the Upper Hauterivian (6At)-Upper 

Cenomanian (15At) successions (Wood, 1995; Brown et al., 1995; McMillan et al., 1997; 

Jungslager, 1999; Roux, 2007; Fig. 6) constitute the flow units. In reservoir-scale permeability 

anisotropy studies (e.g. Muggeridge et al., 2002; Burton and Wood, 2013), frequently spaced shales 

in heterolithic reservoirs consisting of fine-grained interbeds have been suggested to result in longer 

vertical fluid pathways. Due to the enhancement of vertical migration, the 3rd scenario, combining 

the role of faults, intrusive bypass mechanism and facies heterogeneity predicted more petroleum 

losses potentially through the seabed than the 1st (testing role of faults) and 2nd (testing role of faults 
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and intrusive bypass mechanism) scenarios. The latter resulted in underestimation of cumulative 

vertical loss of petroleum up to approximately 1000 Megatons (see Chapter 4). 

During the syn-rift phase when basin configuration is typically very well confined and fault-

bounded, migration paths are mainly dominated by short distance vertical migration due to 

permeability contrasts resulting from faulting activity and superposition of lateral facies variations 

(Fig. 5). Dictated by the capillary and fracture failure of the sealing rocks, (Gluyas and Swarbrick, 

2004; Cartwright et al., 2007; Gay et al., 2007; Løseth et al., 2009) more petroleum losses through 

bypassing of the pore network occur especially when the faults are dominated by open permeability 

properties particularly during the periods of active tectonism. 

Moreover, it is found that the combination of vertical and lateral migration dominate the post-

rift migration mechanisms of the basin. While the vertical migration indicates the impacts of 

faulting activity and facies heterogeneity, the lateral migration components are due to the lesser 

confinement of the post-rift basin configuration and breaching of seal integrity by the intrusive 

bodies associated with the Late Cretaceous-Early Cenozoic hotspot mechanism. In the southwestern 

domain of the WBB, seafloor bright spot and velocity pull-down effects (e.g. Gay et al., 2006; 

Løseth et al., 2009) indicative of gas migration effect and leakage are focussed above a seismically 

mapped intrusive body as wide as ~0.9-1.1 km. 

Apart from petroleum losses that are directly related to prevailing conditions of secondary 

migration dynamics, extensive tertiary migration is mainly related to two types of short-term and 

focussed petroleum loss, which are inferrably linked to uplift scenarios and reservoir filling to the 

spill points (Fig. 5). As such, reservoir accumulations generally give rapid decline which correlates 

to the predicted uplift and erosion events in the Late Cretaceous, Eocene and Miocene. Potential 

losses of petroleum due to reservoir spilling are recorded during the Late Cretaceous-Paleocene and 

Oligocene-Early Miocene. The possible sequence of scenarios for loss at the spill point, which is 

located at the base of the trapping structure, is that: (i) the traps are formed during or close to the 

respective critical moment of each source interval (Fig. 5); (ii) these traps may be over-filled to the 

spill points, and (iii) the displaced petroleum beyond these spill points is re-migrated up-dip under 

buoyancy where it is either accumulated in another traps or resulted in the loss of hydrocarbons. 

5.4.4 Source rock contribution to accumulation and leakage 

The first attempt that correlates source rocks to accumulated petroleum in the Bredasdorp Basin was 

conducted by Davies (1997a) using a geochemical proxy that relied principally on biomarkers in the 

reservoired hydrocarbons and source rock bitumens. The geochemical analysis of Davies (1997a) 
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represents a qualitative assessment, and thus does take into account quantitative estimates in terms 

of contribution of source rocks to potential accumulations and leakages- a requirement that is so 

crucial for adequately assessing the total petroleum system and prospectivity of the basin.  

 Based on the results of the hybrid migration approach, all the reservoir sequences of the WBB 

are charged by more than one source interval, which reflects the extent of tertiary migration in the 

WBB. This charging of accumulations by multiple source rocks also confirms earlier study in the 

Bredasdorp Basin (Davies, 1997a). The Late Hauterivian source interval contributes the largest 

amount (i.e. about 40-50%) of accumulated petroleum  in the 3D model, which is an indication of 

the favourable timing of source rock maturation. The critical moment (i.e. >50% transformation 

ratio) of the Late Hauterivian source maturation occurs almost concurrently with the Eocene uplift 

and erosion.  

The syn-rift source rocks account for about 65-70% of the total loss of petroleum in the basin, 

which could be attributed to early maturation and late stage loss of previously trapped petroleum 

due to the Campanian, Eocene and Miocene uplift and erosion scenarios. Of these losses, the Mid 

Hauterivian source rocks contributed the most. Charged mostly by the Mid Hauterivian source 

rocks in the Late Cretaceous to Paleocene, the previous accumulations of the syn-rift 2 reservoir 

sequence (Valanginian-Mid Hauterivian) are subsequently lost due to the Eocene and Miocene 

uplift and erosion scearios. The extent of this petroleum loss poses significant implications for the 

changing chemistry of the ocean and atmosphere (e.g. Judd, 2003; Anka et al., 2012; Hovland et al., 

2012; Talukder, 2012) particularly during the Cenozoic at the southern South Atlantic Margin. 

According to Hovland et al. (2012), these paleo- to present-day gas seeps may also induce spatial 

heterogeneity in the microbial activity and faunal zonation on the seafloor.  
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CHAPTER 6 

Conclusions 

Through a novel integration of multi-scale offshore dataset ranging from potential field data  to 

1200 km length of 2D seismics and 38 well data (i.e. well-logs and cores), this study has developed 

the first crust-scale 3D present-day structural and thermal models for the Western Bredasdorp Basin 

(WBB). Complimented by geochemical data (i.e. borehole temperatures, vitrinite reflectance, rock-

eval pyrolysis and kinetic data) and a concept of numerical forward modelling approach in three 

dimensions, the latter provides well-constrained boundary conditions for a robust assessment of 

paleo-heat flow and paleo-temperatures, source rock maturation as well as the timing of petroleum 

generation, expulsion, migration and accumulation. Following this hierarchical modelling approach, 

this study also represents the first attempts that link the qualitative and quantitative impacts of crust-

mantle dynamics to understanding the controlling mechanisms of subsidence, past and present-day 

geothermal fields, and petroleum system evolution at the southern South African continental 

margin. In summary, the major findings of this study about a continental margin with a 

documentation of complex interactions of extension and strike-slip tectonicsm during its origin and 

evolution are as follows:  

• The gravity-constrained 3D crustal configuration of the WBB confirms the non-magmatic

nature of the southern South African continental margin as density heterogeneities within

the sub-sedimentary crystalline crust lack the presence of high-density underplated

magmatic bodies.

• Based on the differing orientations of extensional domains as indicated by the apparent

deviation between shallow and deep kinematic directions, basin initiation is believed to be

typical of pull-apart mechanism associated with the right-lateral strike-slip motion of the

Agulhas-Falkland Fracture Zone (AFFZ) in the Early Cretaceous. The divergence angle,

which could be up to 45o between the deep crustal block and the intra-crustal principal

displacement zone (i.e. AFFZ), confirms the strike-slip regime of the margin as a

transtensional pull-apart mechanism.

• Due to this strike-slip mechanism, the derived lithospheric stretching factors (e.g. β = 1.5-

1.75 for the main basin axis) and the estimated syn-rift and post-rift sedimentation rates are

significantly inconsistent, thereby leading to the prevalence of rapid and short-lived

subsidence during the syn-rift phase.

• The gravity-constrained Moho and the isostatic Moho show spatial inconsistency from
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which incomplete isostatic compensation of the thinned crust beneath the WBB could be 

inferred. The observed mass excess, possibly referring to a mantle high having formed 

during crustal extension, in the eastern parts of the basin where Late Cenomanian–Cenozoic 

sedimentation predominantly occurred confirms this present-day isostatic disequilibrium.  

• At present-day, crustal heat production and conductivity contrasts as dictated by the internal 

architecture of the 3D crust-scale configuration majorly control the spatial distribution of 

hotter and colder regions respectively at the axial and marginal domains of the WBB. 

However, the pronounced local thermal anomalies at shallow depths of <2 km mainly refer 

to related contrasts in thermal properties of the sediments. 

• The Mesozoic-Cenozoic thermal regime of the WBB is typified by three episodes of thermal 

disequilibrium resulting in a rift-type thermal anomaly being succeeded by two post-rift 

thermal anomalies related to the Late Cretaceous hotspot mechanism and Miocene margin 

uplift in Southern Africa. 

• As such, the combination of pull-apart subsidence mechanism and these paleo-heat flow 

pulses decisively control the timing and extent of source rock maturation as well as the 

critical moment of each modelled source interval. This maturation history thus leads to four 

main generation and three main accumulation phases which characterise the total petroleum 

systems of the WBB. 

• Reflecting the overall influence of maximum burial depths (i.e. preserved overburden 

thicknesses) on source rock maturation, the present-day maturity trends of the modelled 

Upper Jurassic to Early Cretaceous source rocks are generally partitioned into less mature 

northern and more mature southern domains. In this southern domain, petroleum maturation 

is presently at late oil (1.0-1.3 %Ro) to dry gas (2.0-4.0 %Ro) window and main oil (0.7-1.0 

%Ro) to wet gas (1.3-2.0 %Ro) window respectively for the syn-rift and post-rift source 

rocks. 

• Based on the critical moment of each source interval, petroleum preservation started in the 

WBB as early as the Early Cretaceous. However, sufficient preservation could only be 

achieved as from the Miocene at 22 Ma due to the Campanian, Eocene and Miocene uplift 

scenarios which episodically halted source maturation and caused tertiary migration of 

previously trapped petroleum. 

• In addition, the timing and extent of migration pathways leading to accumulated and lost 

petroleum in the WBB are also dependent on faulting activity, intrusive seal bridging effect, 

facies heterogeneity and spill point of each trap configuration. 
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Conclusions 

• In fact, the timing and amount of petroleum loss may be erroneously estimated if the 

prediction of facies heterogeneity is not sufficiently incorporated. For models that do not 

incorporate facies heterogeneity, predicted cumulative seafloor leakage is underestimated by 

approximately 1000 Megatons of thermogenic methane. 

• The syn-rift source rocks particularly Mid Hauterivian and Late Hauterivian source intervals 

significantly control the extent of petroleum accumulation and loss in the basin due to early 

maturation and late stage tertiary migration mechanisms.  

• Thus, the combination of present-day 3D crustal configuration and Mezosoic to Cenozoic 

thermal evolution of the WBB confirms that a model of differential thinning of the 

lithosphere typically of a transtensional pull-apart mechanism rather than a classic uniform 

lithospheric stretching is the most applicable for accurately predicting the evolution of basin 

and petroleum systems of the southern South African continental margin. 

Lastly, this PhD thesis currently represents a single volume of research projects consisting of 

the most advanced insights into the structure and evolution of basin and petroleum system in the 

southern South Atlantic Margin. As a consequence, the presented 3D models of the Western 

Bredasdorp Basin have clear implications for assessing associated risks in basin or prospect 

evaluation of the underexplored offshore sub-basins of the southern South Atlantic Margin as well 

as other similar continental margins around the world. Most specifically the lateral continuity of 

the pre-rift metasediments should be tested across the margin for improved constraints on the 

relationship between subsidence mechanism and isostatic behaviour of a transtensional pull-apart 

mechanism. The integrated thermal calibration workflow implemented in this study may also offer 

a useful guide in other similar crust-scale thermal history studies. Likewise, the estimated timing 

and extent of petroleum leakage as well as the employed modelling workflow may serve as useful 

guides for quantifying the effect of thermogenic gas leakage on Earth’s past and present climate 

particularly in the South Atlantic Margin. 
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Appendix A 

APPENDIX A 

Core-based Lithofacies  

This appendix contains the description of lithofacies successions from two exemplarily chosen 

cored wells, i.e. D-D1 and E-BD2 (see Chapters 3 and 4 for location). By combining the direct 

observations of sedimentary facies from cores with the interpretations of well-logs, this study was 

able to establish a detailed lithofacies framework. The latter provides the basis for the assignment of 

lithologies and their according petrophysical properties to the respective stratigraphic intervals of 

the 3D model. A generalised description of the cored intervals in terms of tectonic phase, 

stratigraphic sequence, depositional age as well as depositional setting is summarised in the Table 

A.1 below.  

 

Table A.1: A summarised description of the cored intervals. 

Well name Interval (m) Tectonic phase Stratigraphic sequence Age of deposition Depositional setting 

D-D1 2672m – 2700.73m, 

i.e. 28.73m core 

length  

Syn-rift Basement – 1At1  pre-Valanginian Fluvial to Lacustrine 

E-BD2 2691m – 2703.38m, 

i.e. 12.38m core 

length 

Post-rift 13At1 – 14At1 Aptian Deep marine 

progradational succession 

 

  

The sedimentary log profiles of the two cores are thus presented as follows: 
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Calc. concretion (4cm diameter)
Minor deformation

Massive sand bed

Massive

Minor flasery lam. Very dark.

Massive sandstone
(structureless)

11 core plugs

Base of Core 1

Massive; clean sad towards the top;

some clay clay clasts at the middle

Top of Core 2

Massive (structureless) claystone
with minor hor. lam. towards
the base.

Massive  (structureless)  claystone

Massive (structureless) claystone
with minor hor. lam. and sand
lenses.

Also, minor soft-sediment
deformation towards the top

Base of Core 2
Base MD 2579 m (Base of core)

Top MD 2603 m (End of core)

Top of Core 1

Massive sandstone;
with dispersed clay clasts

Minor deformation and conglomerate;
also preservation of parallel
laminations towards the base
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APPENDIX B 

Figure B.1: Gravity-constrained 3D crust-scale model of the Western Bredasdorp Basin (offshore South Africa). 
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Appendix C 

APPENDIX C 

Seafloor Temperature 

Table C.1: Compilation of present-day seafloor temperatures in the Bredasdorp Basin as estimated by Goutorbe et al. (2008), and employed in this study to 
constrain the upper boundary condition of the present-day and paleo- thermal field modelling (Chapters 3 and 4). Wells in bold letters are part of this study’s 
well database. 
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D-D1 Bredasdorp 35 1.3 20 59 77 20 3 30 1.7 
E-AA1 Bredasdorp 35 11.2 21 35.6 121 18 6 37 
E-AE1 Bredasdorp 35 16.5 21 21.1 115 18 3 34 
E-AH1 Bredasdorp 35 11.2 21 8.6 91 19 3 33 1.9 
E-AM1 Bredasdorp 35 10.7 21 48.8 124 18 3 39 1.7 3 64 11 0-3488 
E-AP1 Bredasdorp 34 58.1 21 10.5 84 20 2 30 
E-AT1 Bredasdorp 35 4 22 0.3 118 18 2 39 1.7 2 65 11 0-3562 
E-AV1 Bredasdorp 35 5.2 21 30 108 19 2 32 1.8 2 57 11 0-2897 
E-BJ1 Bredasdorp 35 16.9 21 39.9 125 18 4 36 1.7 4 61 10 0-2973 
E-BL1 Bredasdorp 35 23.3 21 59.2 145 17 2 34 1.8 
E-CB1 Bredasdorp 35 22.4 21 47.9 135 18 2 39 1.5 2 58 12 0-2584 
E-D4 Bredasdorp 35 28.6 21 46.6 139 18 7 34 1.8 4 66 15 1601-3460 
E-E1 Bredasdorp 34 56.3 21 50.6 110 19 4 35 
E-G2 Bredasdorp 35 16 21 28.3 118 18 3 37 2.1 
E-G3 Bredasdorp 35 17.5 21 30.5 120 18 4 36 1.8 
E-I1 Bredasdorp 34 50.2 21 45.7 93 19 2 33 1.9 
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E-J1 Bredasdorp 34 51.7 21 36.8 89 19 3 37 2 
E-K1 Bredasdorp 34 59.8 21 36.2 87 19 2 29 
E-L1 Bredasdorp 35 6.1 21 11.7 89 19 2 34 1.9 
E-M01P Bredasdorp 34 55.1 21 38.1 94 19 2 39 
E-
M02PZ1 Bredasdorp 34 55.2 21 38.1 95 19 2 38 
E-N1 Bredasdorp 35 10.2 21 17.9 97 19 6 34 1.9 6 63 9 0-4735 
E-P1 Bredasdorp 35 27.1 21 29.2 123 18 2 34 1.5 2 46 13 0-1989 
E-Q1 Bredasdorp 35 43.4 21 45.3 160 17 2 25 1.6 
E-Q2 Bredasdorp 35 47.8 21 59 197 16 2 32 1.5 2 52 12 0-2146 
E-V1 Bredasdorp 34 56.8 21 25.5 89 19 2 33 2 
E-W2 Bredasdorp 34 59.1 21 47.1 114 18 4 36 1.9 
F-AG1 Bredasdorp 35 2.4 22 13.9 116 18 3 38 1.8 
F-J1 Bredasdorp 35 3.8 22 24.9 119 18 2 37 1.7 
F-L2 Bredasdorp 35 33.8 22 13.5 193 16 3 34 1.7 3 58 12 0-2628 
F-R1 Bredasdorp 35 9.4 22 36 177 17 5 36 1.8 5 64 10 0-4352 
F-S1 Bredasdorp 35 9.5 22 41.7 229 15 3 39 
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Appendix D 

 
APPENDIX D 

Source rock: Pyrolysis data 

Definitions: 
HI=S2*100/TOC, Full HI = (S1+S2)*100/TOC, OI=S3*100/TOC.  
R=reference cuttings (washed/sieved on rig and same as litholog description), C=core, S=Sidewall core (SWC), M=mud. 
Immature samples are based on a Tmax range between ~380 and 435.        
 

Table D.1: Compilation of pyrolysis data based on immature source rock samples for the Upper Jurassic Basement - 1At1 (Valanginian) 
sequence.  

Well Depth Sample type Tmax S1 S2 S3 TOC HI Full HI OI Calcite Dolomite 
D-A1 2455 R 400 0.04 0.01 0.14 0.22 5 23 64 0 1 
D-A1 2470 R 385 0.01 0.03 0.1 0.2 15 20 50 0 2 
D-A1 2515 R 405 0.06 0.04 0.21 0.66 6 15 32 0 1 
D-A1 2590 R 416 0.03 0.01 0.08 0.2 5 20 40 0 2 
E-B1 1380 R 430 0.03 0.28 1.04 0.48 58 65 217 0 6 
E-B1 1400 R 430 0.02 0.1 0.57 0.24 42 50 238 0 3 
E-B1 1419 R 426 0.05 0.41 0.98 0.62 66 74 158 0 4 
E-B1 1450 R 426 0.07 0.47 0.86 0.67 70 81 128 0 4 
E-B1 1480 R 420 0.13 0.47 1.14 0.98 48 61 116 0 4 
E-B1 1510 R 421 0.1 0.47 0.98 0.81 58 70 121 0 4 
E-B1 1540 R 425 0.14 0.55 1.06 0.87 63 79 122 0 4 
E-B1 1570 R 424 0.1 0.34 0.73 1.03 33 43 71 0 5 
E-B1 1600 R 415 0.07 0.29 1.14 1.12 26 32 102 0 5 
E-B1 1630 R 422 0.13 0.57 1.06 1.56 37 45 68 0 3 
E-B1 1720 R 419 0.07 0.28 1.14 1.12 25 31 102 1 3 
E-B1 1750 R 416 0.09 0.43 1 1.29 33 40 78 0 4 
E-B1 1780 R 417 0.05 0.15 1.19 0.75 20 27 159 0 5 
E-B1 1840 R 421 0.06 0.17 0.81 0.86 20 27 94 1 2 
E-B1 1870 R 431 0.08 0.22 0.81 0.94 23 32 86 1 3 
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E-B1 1930 R 417 0.07 0.23 0.71 1.04 22 29 68 0 4 
E-B1 1960 R 418 0.06 0.37 0.86 1.3 28 33 66 1 2 
E-L1 3522 R 434 0.45 0.74 0.75 1.54 48 77 49 1 3 
E-L1 3540 R 439 0.21 0.33 0.92 0.74 45 73 124 2 5 
E-L1 3552 R 436 0.23 0.34 0.96 0.79 43 72 122 2 5 
E-L1 3561 R 436 0.15 0.23 0.93 0.57 40 67 163 3 5 
E-L1 3564 S 464 0.1 0.18 1.05 0.45 40 62 233 3 4 
E-L1 3632 S 429 0.02 0.39 1.44 0.16 244 256 900 1 1 
E-L1 3780 R 426 0.45 0.83 1.35 0.68 122 188 199 1 3 
E-L1 3785 S 434 0.03 0.68 0.49 0.1 680 710 490 1 0 
E-L1 3822 R 318 0.04 0.09 1.25 0.17 53 76 735 1 6 
E-L1 3882 R 434 0.04 0.02 0.39 0.05 40 120 780 1 2 

 

Table D.2: Compilation of pyrolysis data based on immature source rock samples for the 1At1 (Valanginian) – 5At1 (Mid Hauterivian) 
sequence.  

Well Depth Sample type Tmax S1 S2 S3 TOC HI Full HI OI Calcite Dolomite 
D-A1 2220 R 435 0.08 0.57 0.21 1.08 53 60 19 1 4 
D-A1 2250 R 432 0.18 1.58 0.38 1.57 101 112 24 0 2 
D-A1 2265 R 427 0.21 1.25 0.36 1.55 81 94 23 0 8 
D-A1 2285 R 430 0.27 0.27 0.27 1.36 20 40 20 6 3 
D-A1 2295 R 432 0.18 0.8 0.26 1.39 58 71 19 1 5 
D-A1 2310 R 435 0.2 0.83 0.38 1.58 53 65 24 0 5 
D-A1 2350 R 435 0.13 0.26 0.36 1.24 21 31 29 4 3 
D-B1 1850 R 418 0.05 0.73 0.96 1.24 59 63 77 1 4 
D-B1 1871 R 423 0.03 0.68 0.84 0.89 76 80 94 5 5 
D-B1 1892 R 428 0.04 1.02 0.96 1.28 80 83 75 2 4 
D-B1 1910 R 429 0.05 1.76 1.04 1.69 104 107 62 1 5 
D-B1 1920.4 S 431 0.02 0.91 0.33 1.41 65 66 23 1 0 
D-B1 1931 R 430 0.07 1.95 0.94 1.74 112 116 54 4 4 
D-B1 1940.5 S 431 0.05 2.66 0.74 1.76 151 154 42 0 1 
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D-B1 1952 R 421 0.08 2.38 1.08 1.9 125 129 57 1 5 
D-B1 1970 R 423 0.05 1.08 0.78 1.11 97 102 70 26 4 
D-B1 1991 R 425 0.04 1.31 0.97 1.41 93 96 69 4 10 
D-B1 1991 S 426 0.05 2.25 1.26 1.52 148 151 83 8 3 
D-B1 2009.7 S 430 0.03 0.38 0.32 0.7 54 59 46 1 1 
D-B1 2012 R 425 0.05 1.19 1.06 1.46 82 85 73 3 9 
D-B1 2030 R 423 0.06 1.58 0.89 1.52 104 108 59 5 6 
D-B1 2031.3 S 431 0.07 3.28 0.84 1.79 183 187 47 0 3 
D-B1 2050 R 427 0.11 4.46 1.14 2.31 193 198 49 4 5 
D-B1 2051.4 S 430 0.16 8.42 0.89 2.68 314 320 33 2 5 
D-B1 2055.2 S 429 0.17 7.54 1.09 2.6 290 297 42 0 5 
D-B1 2072 R 426 0.11 3.85 0.61 1.91 202 207 32 12 3 
D-B1 2077.5 S 433 0.08 2.63 0.92 1.29 204 210 71 1 3 
D-B1 2088.3 S 431 0.13 4.71 0.91 1.81 260 267 50 7 4 
D-B1 2090 R 427 0.11 4.57 0.91 1.95 234 240 47 12 5 
D-B1 2108.3 S 424 0.38 12.8 1.46 3.1 413 425 47 16 3 
D-B1 2111 R 428 0.11 4.04 0.44 1.82 222 228 24 11 2 
D-B1 2118.5 S 431 0.24 6.43 1.3 1.83 351 364 71 46 5 
D-B1 2120.9 S 431 0.25 8.41 1.41 2.16 389 401 65 36 3 
D-B1 2132 R 426 0.1 4.28 0.59 1.75 245 250 34 13 2 
D-B1 2151 S 434 0.08 1.72 1.11 0.97 177 186 114 4 3 
D-B1 2153 R 427 0.1 2.8 1.03 1.57 178 185 66 14 2 
D-B1 2154.5 S 433 0.1 3.23 1.07 1.35 239 247 79 6 5 
D-B1 2165 S 431 0.13 1.65 1.29 0.94 176 189 137 42 2 
D-B1 2171 R 428 0.1 2.86 0.67 1.59 180 186 42 14 3 
D-B1 2181.9 S 430 0.03 0.2 0.49 0.33 61 70 148 1 1 
D-B1 2192 R 427 0.11 2.31 1.3 1.51 153 160 86 16 2 
D-B1 2199.8 S 428 0.4 7.91 1.23 2.21 358 376 56 2 4 
D-B1 2206.4 S 434 0.06 1.27 1.61 0.79 161 168 204 12 4 
D-B1 2209.8 S 430 0.03 0.19 0.45 0.33 58 67 136 1 0 
D-B1 2210 R 428 0.09 2.08 1.18 1.4 149 155 84 0 1 
D-B1 2231 R 426 0.06 1.06 0.94 1.18 90 95 80 19 3 
D-B1 2252 R 430 0.07 1.87 1.67 1.51 124 128 111 17 3 
D-B1 2270 R 427 0.03 0.67 0.65 0.88 76 80 74 20 5 
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D-B1 2271.3 S 434 0.08 2.24 1.21 1.03 217 225 117 9  
 

D-B1 2291 R 429 0.11 2.81 0.61 1.5 187 195 41 20 3 
D-C1 1660 R 431 0 0.04 0.61 0.21 19 19 290 1 0 
D-C1 1672 R 428 0 0.15 0.41 0.25 60 60 164 1 0 
D-C1 1719 S 429 0.01 0.31 0.31 0.67 46 48 46 1 1 
D-C1 1720 R 435 0 0.24 0.76 0.57 42 42 133 3 2 
D-C1 1732 R 435 0.01 0.76 0.84 0.83 92 93 101 2 1 
D-C1 1747 S 434 0.06 5.22 1.13 1.64 318 322 69 17 0 
D-C1 1750 R 434 0.01 1.19 0.94 0.83 143 145 113 16 0 
D-C1 1762 R 433 0.02 1.27 1.74 0.88 144 147 198 17 0 
D-C1 1770 S 431 0.02 1.28 0.99 1 128 130 99 3 4 
D-C1 1771 R 433 0.01 1.15 1.52 0.89 129 130 171 13 0 
D-C1 1780 R 430 0.01 0.7 0.84 0.73 96 97 115 9 3 
D-C1 1792 R 435 0.01 0.82 1.42 0.73 112 114 195 17 0 
D-C1 1861 R 434 0 0.1 0.46 0.26 38 38 177 1 1 
D-C1 1951 R 435 0 0.09 0.52 0.24 38 38 217 2 1 
D-C1 2131 R 416 0 0.09 0.57 0.22 41 41 259 2 0 
D-C1 2209 S 429 0.01 0.13 0.22 0.1 130 140 220 1 0 
D-C1 2221 R 417 0 0.08 0.51 0.16 50 50 319 1 0 
D-C1 2251 R 429 0 0.08 0.59 0.14 57 57 421 2 0 
D-C1 2281 R 419 0 0.04 0.63 0.12 33 33 525 1 0 
D-C1 2311 R 434 0 0.03 0.64 0.15 20 20 427 1 0 
D-D1 2500 M 420 0.4 3.54 6.91 1.61 220 245 429 2 4 
D-D1 2501 R 429 0.81 6.04 2.45 2.2 275 311 111 7 1 
D-D1 2510 R 429 0.66 6.14 3.22 2.59 237 263 124 8 2 
D-D1 2522 R 430 0.63 5.66 3.25 2.32 244 271 140 7 2 
D-D1 2582 R 433 0.59 2.89 2.06 1.68 172 207 123 3 5 
D-D1 2591 R 432 0.93 5.31 1.66 2.12 250 294 78 3 5 
D-D1 2600 M 425 0.56 4.11 7.44 1.79 230 261 416 2 4 
D-D1 2600 R 432 1 5.37 1.32 2.18 246 292 61 1 4 
D-D1 2630 R 423 0.03 7.78 2.86 4.18 186 187 68 0 3 
D-D1 2651 R 435 0.18 1.2 2.1 0.85 141 162 247 17 3 
D-D1 2660 R 432 0.11 0.61 1.63 0.62 98 116 263 2 8 
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E-AP1 3167 S 433 0.04 0.09 0.43 0.15 60 87 287 1 0 
E-L1 3400 M 419 0.54 0.76 2.27 3.75 20 35 61 1 

 E-L1 3450 R 431 0.6 0.94 1.32 1.85 51 83 71 8 
 E-L1 3462 R 434 0.9 1.26 1.58 2.22 57 97 71 10 
 E-L1 3500 M 424 0.33 0.59 2.26 3.27 18 28 69 1 
 E-L1 3501 R 434 0.48 0.9 0.97 1.7 53 81 57 2   

E-N1 3451 R 425 11.75 3.35 1.88 1.78 188 848 106 1 5 
E-N1 3460 R 432 0.34 0.52 1.52 1.09 48 79 139 0 1 
E-N1 3523 R 418 0.52 1.46 1.28 1.09 134 182 117 0 0 
E-N1 3550 R 433 0.3 0.56 1.02 0.91 62 95 112 1 3 
E-N1 3631 R 428 0.31 0.89 1.68 1.23 72 98 137 1 3 
E-N1 3640 R 423 0.3 0.93 0.98 1.12 83 110 88 0 4 
E-N1 3649 R 428 0.23 0.52 1.46 1.05 50 71 139 3 2 
E-N1 3658 R 428 0.25 0.52 1.34 1.09 48 71 123 3 3 
E-N1 3667 R 433 0.22 0.52 0.82 1.09 48 68 75 5 3 
E-N1 4030 R 422 8.66 17.4 1.6 4.05 430 643 40 0 2 
E-N1 4336 R 423 3.87 5.76 2.54 3.14 183 307 81 0 9 
E-N1 4354 R 410 0.19 0.38 1.54 0.79 48 72 195 8 7 
E-N1 4705 R 433 0.35 1.06 1.82 1.8 59 78 101 1 4 

 

Table D.3: Compilation of pyrolysis data based on immature source rock samples for the 5At1 (Mid Hauterivian) – 6At1 (Late Hauterivian) 
sequence.  

Well Depth Sample type Tmax S1 S2 S3 TOC HI Full HI OI Calcite Dolomite 
D-A1 1920 R 433 0.16 0.87 0.48 1.3 67 79 37 0 7 
D-A1 1965 R 433 0.21 2.18 0.08 1.45 150 165 6 2 4 
D-A1 1995 R 434 0.21 1.6 0.22 1.16 138 156 19 2 4 
D-A1 2010 R 435 0.2 1.22 0.26 1.08 113 131 24 2 3 
D-A1 2025 R 435 0.16 0.68 0.25 0.88 77 95 28 1 4 
D-A1 2105 R 432 0.21 1.62 0.3 1.54 105 119 19 2 3 
D-B1 1181 R 430 0.08 3.24 2.14 1.8 180 184 119 0 3 
D-B1 1211 R 419 0.15 1.74 4.01 1.2 145 158 334 4 8 
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D-B1 1241 R 421 0.05 1.04 2.52 1.41 74 77 179 2 7 
D-B1 1271 R 418 0.04 0.41 2.25 0.81 51 56 278 0 10 
D-B1 1301 R 390 0.14 0.9 1.05 0.72 125 144 146 0 5 
D-B1 1361 R 400 0.06 0.24 1.52 0.55 44 55 276 1 4 
D-B1 1421 R 379 0.04 0.18 1.17 0.4 45 55 293 0 3 
D-B1 1451 R 399 0.05 0.2 1.17 0.46 43 54 254 0 5 
D-B1 1481 R 419 0.05 0.24 0.68 0.56 43 52 121 0 7 
D-B1 1511 R 417 0.06 0.44 1.12 0.7 63 71 160 1 15 
D-B1 1544 R 418 0.07 0.35 0.59 0.78 45 54 76 1 5 
D-C1 1410 R 430 0 0.3 0.76 0.57 53 53 133 1 4 
D-C1 1432 R 435 0.01 0.43 4.05 0.59 73 75 686 1 7 
D-C1 1461 S 429 0 0.11 0.25 0.07 157 157 357 0 0 
D-C1 1480 R 429 0.01 0.35 2.17 0.47 74 77 462 1 2 
D-C1 1492 R 433 0.01 0.32 1.43 0.49 65 67 292 1 1 
D-C1 1496 S 431 0 0.11 0.23 0.16 69 69 144 2 0 
D-C1 1591 R 396 0 0.33 1.09 0.48 69 69 227 2 0 
D-C1 1600 R 416 0 0.38 0.84 0.32 119 119 263 1 0 
D-C1 1651 R 434 0.01 0.1 0.78 0.24 42 46 325 2 0 
D-D1 2380 R 435 0.37 3.58 1.02 1.38 259 286 74 3 2 
D-D1 2390 R 435 0.08 0.67 1.43 0.79 85 95 181 0 4 
D-D1 2400 M 423 0.26 2.58 4.69 1.56 165 182 301 0 2 
D-D1 2410 R 435 0.39 3.51 1.2 1.43 245 273 84 1 3 
E-AP1 2812 R 434 0.28 1.65 0.73 0.89 185 217 82 1 4 
E-AP1 2821 R 431 0.32 1.59 0.69 0.89 179 215 78 1 2 
E-AP1 2830 R 431 0.23 1.16 0.73 0.78 149 178 94 2 5 
E-AP1 2851 R 429 0.25 1.29 0.85 0.76 170 203 112 4 3 
E-AP1 2860 R 434 0.28 1.47 0.83 0.82 179 213 101 3 4 
E-AP1 2890 R 434 0.39 1.77 0.67 0.94 188 230 71 2 5 
E-AP1 2902 R 434 0.32 1.53 0.83 0.88 174 210 94 3 3 
E-AP1 2911 R 431 0.27 1.24 0.93 0.8 155 189 116 2 3 
E-AP1 2941 R 434 0.34 1.52 1.13 1 152 186 113 1 7 
E-AP1 2950 R 429 0.37 1.78 1.29 0.96 185 224 134 2 5 
E-AP1 3001 R 434 0.32 1.34 1.02 0.96 140 173 106 1 8 
E-B1 1300 R 427 0.03 0.29 1.23 0.71 41 45 173 0 4 
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E-B1 1320 R 430 0.02 0.22 1.61 0.39 56 62 413 0 4 
E-B1 1340 R 429 0.05 1.18 1.76 0.81 146 152 217 0 6 
E-B1 1360 R 427 0.13 3.87 1.09 1.12 346 357 97 0 6 
E-L1 3000 M 419 0.64 2.59 5.42 2.21 117 146 245 1 1 
E-L1 3100 M 421 0.65 2.75 5.15 2.35 117 145 219 1 0 
E-N1 3136 R 423 0.6 1.4 1.11 1.18 119 169 94 6 2 
E-N1 3145 R 435 0.6 1.4 0.85 1.21 116 165 70 0 5 
E-N1 3154 R 428 0.8 1.6 0.79 1.29 124 186 61 0 4 
E-N1 3163 R 428 0.5 1.1 1.07 1.05 105 152 102 0 4 
E-N1 3172 R 425 0.3 0.7 1.32 1.6 44 63 83 1 3 
E-N1 3181 R 428 0.4 0.5 0.65 0.84 60 107 77 0 4 
E-N1 3190 R 425 0.3 0.5 0.73 0.73 68 110 100 2 1 
E-N1 3199 R 425 0.3 0.5 0.97 0.72 69 111 135 0 3 
E-N1 3200 M 430 0.75 1.2 8.25 2.91 41 67 284 1 4 
E-N1 3208 R 420 0.2 0.4 1.08 0.64 63 94 169 0 2 
E-N1 3217 R 424 0.3 0.4 0.83 0.64 63 109 130 0 2 
E-N1 3226 R 427 0.2 0.3 1.54 0.64 47 78 241 0 3 
E-N1 3235 R 420 0.2 0.5 0.83 0.71 70 99 117 0 3 
E-N1 3265 R 432 0.3 1.2 0.94 1.49 81 101 63 0 2 
E-N1 3271 R 423 0.3 0.6 0.62 0.31 194 290 200 0 5 
E-N1 3280 R 428 0.3 0.7 0.85 0.31 226 323 274 1 2 
E-N1 3289 R 427 0.23 0.45 1.68 0.97 46 70 173 0 2 
E-N1 3298 R 431 0.23 0.53 0.98 1.19 45 64 82 0 5 

 
Table D.4: Compilation of pyrolysis data based on immature source rock samples for the 6At1 (Late Hauterivian) – 13At1 (Early Aptian) 
sequence.  

Well Depth Sample type Tmax S1 S2 S3 TOC HI Full HI OI Calcite Dolomite 
D-A1 1065 R 432 0.14 14.01 1.06 6.13 229 231 17 0 9 
D-A1 1080 R 426 0.06 1.29 0.5 2.5 52 54 20 1 11 
D-A1 1095 R 428 0.3 14.11 3.28 7.51 188 192 44 1 10 
D-A1 1140 R 431 0.08 2.95 0.64 2.71 109 112 24 1 8 
D-A1 1200 R 428 0.03 1.64 1.32 2.35 70 71 56 0 25 
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D-A1 1335 R 432 0.08 0.66 2.27 1.17 56 63 194 0 10 
D-A1 1365 R 430 0.06 0.56 0.98 0.86 65 72 114 1 10 
D-A1 1380 R 432 0.05 0.4 0.86 0.88 45 51 98 0 11 
D-A1 1395 R 435 0.08 0.56 1.14 0.85 66 75 134 0 8 
D-A1 1425 R 423 0.06 0.99 1.03 1.19 83 88 87 0 3 
D-A1 1545 R 435 0.09 0.69 2.4 1.56 44 50 154 0 12 
D-A1 1610 R 428 0.38 1.35 0.51 1.48 91 117 34 0 3 
D-A1 1710 R 434 0.14 0.46 0.84 0.96 48 63 88 1 5 
D-B1 837 S 428 0 0.26 0.87 0.28 93 93 311 1 1 
D-B1 855 R 419 0.04 0.63 1.49 1.32 48 51 113 0 3 
D-B1 885 R 427 0.03 0.71 1.14 1.48 48 50 77 0 3 
D-B1 970 R 418 0.03 0.46 1.63 1.08 43 45 151 0 7 
D-B1 1154 R 416 0.07 0.57 2.63 1.23 46 52 214 0 4 
D-C1 1000 R 430 0.01 1.21 2.13 1.38 88 88 154 1 0 
D-C1 1020 R 433 0.01 1.52 0.9 0.48 317 319 188 1 1 
D-C1 1040 R 428 0.02 0.5 1.36 0.56 89 93 243 1 0 
D-C1 1060 R 429 0.02 0.85 1.72 0.1 850 870 1720 1 0 
D-C1 1080 R 428 0.03 0.85 1.57 0.95 89 93 165 1 1 
D-C1 1100 R 424 0.01 0.57 1.91 0.93 61 62 205 1 0 
D-C1 1110 R 426 0.01 0.39 1.92 0.72 54 56 267 1 0 
D-C1 1130 R 429 0 0.5 1.07 0.62 81 81 173 1 1 
D-C1 1225 S 434 0.01 0.15 0.64 0.29 52 55 221 0 0 
D-C1 1270 R 429 0.01 0.57 0.72 1.3 44 45 55 1 0 
D-C1 1290 R 419 3 2.67 1.31 1.17 228 485 112 1 1 
D-C1 1300 S 429 0.01 0.2 0.43 0.37 54 57 116 1 0 
D-C1 1330 R 425 0.01 1.07 0.75 0.4 268 270 188 1 0 
D-C1 1350 R 424 0.01 1.08 0.71 0.39 277 279 182 1 0 
D-C1 1370 R 420 0.02 0.75 0.76 0.36 208 214 211 1 0 
D-C1 1390 R 425 0.02 1.15 0.74 0.4 288 293 185 1 1 
D-D1 1690 R 426 0.07 0.29 1.03 0.41 71 88 251 1 8 
D-D1 1720 R 430 0.07 0.43 1.63 0.79 54 63 206 1 5 
D-D1 1780 R 428 0.04 0.4 1.76 0.65 62 68 271 1 3 
D-D1 1800 M 428 0.06 1.4 3.91 1.18 119 124 331 1 2 
D-D1 1900 R 432 0.06 0.41 4.6 0.63 65 75 730 0 9 
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D-D1 1900 M 424 0.07 1.77 4.86 1.32 134 139 368 0 2 
D-D1 1960 R 427 0.08 0.6 2.48 1.06 57 64 234 0 4 
D-D1 1980 R 429 0.12 0.62 1.47 0.81 77 91 181 1 4 
D-D1 2000 M 425 0.07 1.3 5 1.33 98 103 376 0 2 
D-D1 2040 R 431 0.08 0.69 2.99 0.95 73 81 315 1 6 
D-D1 2070 R 434 0.07 0.54 1.54 0.86 63 71 179 1 5 
D-D1 2100 R 427 0.13 0.77 1.16 0.9 86 100 129 1 3 
D-D1 2100 M 424 0.14 1.79 5.23 1.44 124 134 363 1 2 
D-D1 2130 R 430 0.15 0.85 1.12 0.89 96 112 126 1 3 
D-D1 2160 R 433 0.09 0.9 1.05 1.05 86 94 100 0 3 
D-D1 2200 M 423 0.14 2.04 4.86 1.42 144 154 342 1 1 
D-D1 2220 R 428 0.15 0.71 1.29 0.81 88 106 159 0 4 
D-D1 2250 R 431 0.07 0.57 1.43 0.87 66 74 164 1 4 
D-D1 2280 R 434 0.14 0.75 1.37 0.81 93 110 169 0 3 
D-D1 2290 R 434 0.13 0.72 1.31 0.81 89 105 162 1 3 
D-D1 2300 R 431 0.13 0.7 1.21 0.91 77 91 133 1 3 
D-D1 2300 M 419 0.16 2.06 5 1.39 148 160 360 0 1 
D-D1 2310 R 432 0.17 0.93 1.28 0.96 97 115 133 1 4 
D-D1 2320 R 433 0.12 0.99 1.66 1.03 96 108 161 0 3 

E-AH1 2401 R 434 0.21 1.93 1.18 1.2 161 178 98 1 0 
E-AH1 2410 R 432 0.09 1.44 2.08 1.37 105 112 152 1 2 
E-AH1 2422 R 432 0.08 1.3 1.67 1.15 113 120 145 1 3 
E-AH1 2431 R 434 0.07 1.38 1.41 1.25 110 116 113 1 2 
E-AH1 2452 R 432 0.1 2.58 0.83 1.41 183 190 59 1 1 
E-AH1 2455 S 429 0.3 3.95 0.21 1.68 235 253 13 1 0 
E-AH1 2478.5 C 434 0.3 4.17 0.13 1.97 212 227 7 1 0 
E-AH1 2512 R 434 0.14 2.29 1.09 1.27 180 191 86 1 4 
E-AH1 2530 R 434 0.15 2 1.12 1.13 177 190 99 2 3 
E-AH1 2542 R 431 0.2 3.33 0.43 1.48 225 239 29 1 1 
E-AH1 2555 S 431 0.32 3.76 1.09 1.52 247 268 72 3 9 
E-AH1 2581 R 434 0.23 2.28 0.73 1.26 181 199 58 1 1 
E-AH1 2632 R 434 0.16 1.95 0.69 1.32 148 160 52 1 1 
E-AH1 2740 R 431 0.29 2.7 0.99 1.6 169 187 62 3 1 
E-AH1 2761 R 434 0.3 2.64 1.02 1.62 163 181 63 2 3 

 
231 

 

Stellenbosch University  https://scholar.sun.ac.za

Stellenbosch University  https://scholar.sun.ac.za



 Appendix D 
 

E-AK1 2531 R 436 0.26 3.08 0.61 1.22 252 274 50 1 2 
E-AK1 2554 S 437 0.42 2.58 0.42 1.34 193 224 31 -1 -1 
E-AK1 2561 R 436 0.28 2.4 0.83 1.16 207 231 72 2 3 
E-AK1 2678.5 S 437 0.37 2.5 0.71 1.27 197 226 56 -1 -1 
E-AP1 1990 R 434 0.05 0.92 1.85 0.73 126 133 253 1 6 
E-AP1 2002 R 434 0.04 0.49 2.31 0.44 111 120 525 1 6 
E-AP1 2011 R 436 0.01 0.43 1.73 0.62 69 71 279 1 5 
E-AP1 2032 R 434 0.02 0.24 2.18 0.46 52 57 474 1 8 
E-AP1 2272 R 436 0.04 0.17 1 0.3 57 70 333 1 1 
E-AP1 2362 R 434 0.03 0.48 4.12 0.66 73 77 624 1 5 
E-AP1 2392 R 434 0.04 0.23 1.98 0.4 58 68 495 1 7 
E-AP1 2422 R 434 0.04 0.51 1.07 0.69 74 80 155 1 1 
E-AP1 2482 R 434 0.04 0.72 2.54 0.96 75 79 265 1 4 
E-AP1 2512 R 434 0.06 0.58 2.01 0.77 75 83 261 1 3 
E-AP1 2542 R 434 0.07 0.81 2.24 0.95 85 93 236 1 3 
E-AP1 2572 R 436 0.07 0.6 1.45 0.71 85 94 204 1 2 
E-AP1 2602 R 434 0.06 0.38 1.14 0.54 70 81 211 1 3 
E-AP1 2632 R 431 0.09 0.77 0.91 0.72 107 119 126 2 5 
E-AP1 2692 R 434 0.15 0.38 1.17 0.47 81 113 249 1 3 
E-AP1 2722 R 436 0.1 0.54 1.74 0.74 73 86 235 1 4 
E-AP1 2731 R 429 0.26 1.22 1.22 0.89 137 166 137 1 4 
E-AP1 2740 R 429 0.18 0.97 0.83 0.71 137 162 117 1 7 
E-AP1 2760 S 434 0.38 1.98 0.71 1.22 162 193 58 0 2 
E-AP1 2761 R 436 0.33 2.5 1.09 1.24 202 228 88 1 5 
E-AP1 2775 S 432 0.52 4.19 0.8 1.56 269 302 51 1 3 
E-AP1 2782 R 436 0.42 3.2 1.03 1.25 256 290 82 1 6 
E-B1 1160 R 422 0.07 0.36 1.89 0.82 44 52 230 0 3 

E-BD2 2622 R 436 0.68 1.51 1.72 1 151 219 172 1 10 
E-BD2 2626.9 C 436 0.29 2.81 0.37 1.16 242 267 32 0 2 
E-BD2 2627.2 C 434 0.28 2.86 0.41 1.24 231 253 33 1 1 
E-BD2 2629.07 C 434 0.39 5.05 0.12 1.44 351 378 8 1 2 
E-BD2 2670 R 436 0.34 3.15 1.11 1.44 219 242 77 1 6 
E-BD2 2682 R 434 0.29 2.42 1.29 1.33 182 204 97 2 6 
E-BD2 2726.2 S 430 1.18 15.69 0.4 4.85 324 348 8 1 0 
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E-BD2 2755.6 S 435 0.2 3.3 0.59 1.59 208 220 37 1 2 
E-L1 2200 M 424 0.28 2.87 5.52 1.86 154 169 297 2 3 
E-L1 2300 M 421 0.54 3.11 6.26 1.82 171 201 344 2 2 
E-L1 2370 R 434 0.06 1.02 0.67 1.03 99 105 65 1 1 
E-L1 2377 S 429 0.07 0.59 0.47 1.05 56 63 45 1 0 
E-L1 2382 R 434 0.06 0.98 0.43 0.93 105 112 46 1 0 
E-L1 2400 M 421 0.47 3.18 5.86 1.73 184 211 339 2 2 
E-L1 2451 R 434 0.06 0.58 0.47 0.59 98 108 80 1 0 
E-L1 2500 M 419 0.39 3.04 5.6 1.7 179 202 329 1 3 
E-L1 2600 M 421 0.33 2.75 5.95 1.69 163 182 352 1 1 
E-L1 2700 M 419 0.37 2.8 5.85 1.75 160 181 334 2 1 
E-L1 2772 R 434 0.2 1.6 0.34 1.07 150 168 32 1 2 
E-L1 2800 M 419 0.57 3.09 6.5 1.77 175 207 367 2 1 
E-L1 2820 R 434 0.34 2.39 0.42 0.88 272 310 48 1 3 
E-L1 2862 R 434 0.63 1.81 0.52 1.05 172 232 50 1 3 
E-L1 2898 S 419 0.36 1.2 0.78 1.08 111 144 72 1 0 
E-L1 2900 M 419 0.66 3.09 7.13 1.82 170 206 392 1 1 
E-N1 2695 R 435 0.5 1.9 0.71 1.82 104 132 39 0 2 
E-N1 2713 R 434 0.39 3.64 0.66 2.02 180 200 33 0 2 
E-N1 2722 R 435 0.38 3.41 0.56 1.93 177 196 29 1 1 
E-N1 2758 R 435 0.42 3.24 0.74 1.8 180 203 41 0 2 
E-N1 2767 R 433 0.43 3.13 0.73 1.92 163 185 38 1 2 
E-N1 2775 R 434 0.42 2.9 0.78 1.91 152 174 41 2 2 
E-N1 2785 R 433 0.42 3.07 0.79 1.87 164 187 42 2 2 
E-N1 2794 R 434 0.43 2.77 0.83 1.88 147 170 44 2 1 
E-N1 2803 R 434 0.4 2.92 0.87 1.98 147 168 44 3 1 
E-N1 2821 R 434 0.44 3.01 0.73 2 151 173 37 2 3 
E-N1 2873 R 434 0.35 2.52 0.78 1.93 131 149 40 1 10 
E-N1 2900 M 421 0.74 1.19 3.07 2.31 52 84 133 0 4 
E-N1 2902 R 435 0.24 1.3 0.96 1.7 76 91 56 0 5 
E-N1 2920 R 434 0.33 2.3 0.59 2.07 111 127 29 2 1 
E-N1 3001 R 434 0.41 1.81 0.47 1.23 147 180 38 0 2 
E-N1 3019 R 434 0.78 2.84 0.61 1.57 181 231 39 1 2 
E-N1 3037 R 434 0.8 1.8 0.53 1.37 131 190 39 0 4 
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E-N1 3046 R 430 0.9 1.4 0.64 1.29 109 178 50 3 2 
E-N1 3055 R 430 0.8 1.2 0.57 1.17 103 171 49 2 2 
E-N1 3064 R 426 0.8 1.1 0.85 1.13 97 168 75 0 4 
E-N1 3073 R 427 1 1.1 0.67 2.06 53 102 33 2 2 
E-N1 3082 R 431 0.8 2.1 1.03 1.29 163 225 80 0 4 
E-N1 3100 R 430 0.5 0.8 1.88 0.89 90 146 211 1 2 
E-N1 3127 R 424 0.5 0.9 1.15 0.95 95 147 121 1 2 

Table D.5: Compilation of pyrolysis data based on immature source rock samples for the 13At1 (Early Aptian) – 14At1 (Albian) sequence. 

Well Depth Sample type Tmax S1 S2 S3 TOC HI Full HI OI Calcite Dolomite 
D-A1 930 R 426 0.08 0.68 0.63 1.69 40 45 37 8 0 
D-A1 1020 R 431 0.06 0.67 0.43 1.42 47 51 30 12 3 
D-B1 735 R 415 0.13 5.6 2.72 3.27 171 175 83 0 5 
D-B1 755 S 415 2.03 59.97 9.88 19.85 302 312 50 1 0 
D-B1 760 R 398 0.41 15.76 7.85 10.08 156 160 78 0 1 
D-B1 790 R 394 0.38 17.62 9.56 9.54 185 189 100 0 0 
D-B1 825 R 413 0.11 6.21 4.72 4.66 133 136 101 0 2 
D-C1 760 R 424 0.02 1.07 2.36 1.07 100 102 221 1 0 
D-C1 920 R 418 0.28 15.01 4.32 8.83 170 173 49 1 0 
D-C1 940 R 423 0.1 7.49 3.06 5 150 152 61 1 0 
D-C1 960 R 424 0.03 2.94 5.86 2.18 135 136 269 1 0 
D-C1 980 R 428 0.02 2.44 2.13 1.63 150 151 131 1 0 
D-D1 1400 M 430 0.07 2.12 1.65 1.83 116 120 90 1 2 
D-D1 1570 R 433 0.07 1.82 4.23 1.46 125 129 290 1 2 

E-AH1 1922 S 429 0.07 2.09 0.4 1.87 112 116 21 1 1 
E-AH1 1980 R 429 0.08 3.12 0.99 2.45 127 131 40 1 4 
E-AH1 1989 S 419 0.07 1.81 0.34 1.5 121 125 23 0 0 
E-AH1 1990 R 432 0.05 1.89 1.04 1.62 117 120 64 0 6 
E-AH1 2000 R 427 0.04 1.52 1.26 1.3 117 120 97 8 0 
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E-AH1 2010 R 434 0.04 1.43 1.13 1.17 122 126 97 1 7 
E-AH1 2070 R 429 0.58 3.08 3.02 2.3 134 159 131 1 4 
E-AH1 2090 R 422 0.57 11.91 0.94 8.09 147 154 12 1 5 
E-AH1 2100 R 419 0.57 12.74 0.47 4.84 263 275 10 0 1 
E-AH1 2110 R 432 0.24 2.7 0.51 1.46 185 201 35 1 3 
E-AH1 2120 R 432 0.27 3.03 0.46 2.04 149 162 23 1 1 
E-AH1 2130 R 424 0.26 4.15 0.68 2.81 148 157 24 1 5 
E-AH1 2140 R 429 0.22 2.2 0.59 2.12 104 114 28 0 4 
E-AH1 2150 R 434 0.17 2.91 0.65 1.57 185 196 41 1 10 
E-AH1 2160 R 434 0.09 1.18 0.49 1.04 113 122 47 1 8 
E-AH1 2170 R 434 0.13 1.37 0.46 1.29 106 116 36 0 3 
E-AH1 2180 R 429 0.15 3.36 0.43 1.99 169 176 22 1 4 
E-AK1 2100 R 434 0.14 1.51 1.15 1.51 100 109 76 1 9 
E-AK1 2130 R 434 0.13 3.86 0.66 2.04 189 196 32 1 4 
E-AK1 2140 R 434 0.15 4.11 1.13 1.95 211 218 58 1 5 
E-AK1 2150 R 434 0.16 4.37 1.07 1.83 239 248 58 1 6 
E-AK1 2162 R 434 0.14 3.79 1.36 1.61 235 244 84 3 7 
E-AK1 2294 S 433 0.27 4.44 3.38 2.22 200 212 152 -1 -1 
E-AK1 2329 S 433 0.27 4.62 1.18 2.17 213 225 54 -1 -1 
E-AP1 1870 R 431 0.03 1.27 1.47 1.26 101 103 117 1 8 
E-AP1 1880 R 434 0.04 1.58 1.55 1.26 125 129 123 4 9 
E-AP1 1890 R 429 0.03 1.25 1.6 1.09 115 117 147 2 14 
E-AP1 1898 S 429 0.24 3.56 0.66 1.72 207 221 38 1 2 
E-AP1 1972 R 431 0.04 0.78 0.77 0.78 100 105 99 1 23 
E-AP1 1981 R 431 0.06 1.47 1.26 1.15 128 133 110 0 15 
E-BD2 2195 S 430 0.26 6.18 0.57 2.47 250 261 23 0 1 
E-BD2 2226.3 S 430 0.45 9.54 0.72 2.49 383 401 29 1 3 
E-BD2 2258.2 S 424 0.25 7.52 1 3.22 234 241 31 1 2 
E-BD2 2303.3 S 434 0.15 4.92 0.38 2.71 182 187 14 0 1 
E-BD2 2315.6 S 430 0.38 12.82 0.35 3.74 343 353 9 1 1 
E-BD2 2322 R 429 0.31 7.44 0.82 2.68 278 289 31 1 4 
E-BD2 2325.5 S 429 0.46 9.9 0.48 2.85 347 364 17 0 1 
E-BD2 2331 R 431 0.26 6.4 0.53 2.35 272 283 23 1 4 
E-BD2 2333.5 S 433 0.3 8.59 0.38 2.67 322 333 14 0 1 
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E-BD2 2340 R 429 0.34 7.54 1.1 2.57 293 307 43 0 5 
E-BD2 2350.3 S 429 0.56 11.83 1 3.01 393 412 33 2 5 
E-BD2 2352 R 429 0.36 8.24 1.45 2.52 327 341 58 5 4 
E-BD2 2361 R 429 0.34 7.37 1.13 2.47 298 312 46 1 3 
E-BD2 2370 R 429 0.12 2 1.01 1.35 148 157 75 1 3 
E-BD2 2472 R 434 0.07 1.13 1.41 1.08 105 111 131 1 5 
E-BD2 2502 R 434 0.13 1.62 2.46 1.34 121 131 184 6 7 
E-L1 2030 R 431 0.1 2.44 0.89 2.31 106 110 39 1 6 
E-L1 2110 R 429 0.11 1.06 0.54 0.96 110 122 56 1 3 
E-L1 2060 R 429 0.06 1.78 0.63 1.36 131 135 46 1 7 
E-L1 2000 M 424 0.23 2.71 5.86 1.9 143 155 308 2 3 
E-L1 1900 M 426 0.31 2.89 6.15 1.88 154 170 327 2 3 
E-L1 2100 M 421 0.31 2.94 5.77 1.9 155 171 304 2 2 
E-L1 1800 M 424 0.35 2.99 6.78 1.84 163 182 368 2 3 
E-L1 2050 R 429 0.11 3.55 0.88 1.96 181 187 45 1 5 
E-L1 2040 R 421 0.19 6.88 0.75 2.65 260 267 28 1 3 
E-N1 2254 R 418 7.6 3.5 2.13 2.76 127 402 77 0 10 
E-N1 2416 R 433 0.3 4.5 0.95 3.22 140 149 30 0 1 
E-N1 2425 R 421 0.3 6.32 0.79 2.4 263 276 33 0 0 
E-N1 2434 R 424 0.27 4.84 0.85 3.26 148 157 26 0 1 
E-N1 2443 R 429 0.29 5.07 0.83 2.98 170 180 28 0 2 
E-N1 2452 R 429 0.46 9.81 0.87 3.17 309 324 27 0 4 
E-N1 2461 R 429 0.55 10.54 0.81 3.38 312 328 24 4 1 
E-N1 2470 R 429 0.55 9.41 0.92 2.56 368 389 36 1 4 
E-N1 2479 R 430 0.54 9.44 0.65 2.75 343 363 24 3 1 
E-N1 2488 R 425 0.53 8.73 0.74 2.7 323 343 27 0 4 
E-N1 2497 R 429 0.72 10.85 0.82 3.24 335 357 25 3 1 
E-N1 2509 R 429 0.73 7.95 1.15 2.97 268 292 39 5 1 
E-N1 2512 R 429 0.5 6.81 0.93 3.09 220 237 30 2 2 
E-N1 2518 R 430 0.49 6.32 0.86 2.81 225 242 31 0 4 
E-N1 2524 R 435 0.41 6.45 0.76 2.58 250 266 29 0 6 
E-N1 2533 R 430 0.45 5.88 0.79 2.59 227 244 31 0 3 
E-N1 2542 R 434 0.39 5.24 0.75 2.3 228 245 33 0 3 
E-N1 2551 R 429 0.41 4.9 0.83 2.44 201 218 34 2 1 
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E-N1 2560 R 429 0.37 4.1 0.98 2.37 173 189 41 2 2 
E-N1 2578 R 433 0.4 5.53 1.06 2.68 206 221 40 0 3 
E-N1 2587 R 434 0.44 3.71 1.08 2.39 155 174 45 0 4 
E-N1 2596 R 434 0.35 3.39 1.05 2.39 142 156 44 0 3 
E-N1 2605 R 431 0.32 3.09 0.96 2.42 128 141 40 0 2 
E-N1 2614 R 435 0.23 2.41 1.19 2.02 119 131 59 0 3 
E-N1 2632 R 434 0.47 4.38 0.95 2.57 170 189 37 0 2 
E-N1 2641 R 430 0.37 3.28 0.88 2.36 139 155 37 0 1 

 

 

Table D.6: Compilation of pyrolysis data based on immature source rock samples for the 14At1 (Albian) – post 15At1 (Upper Cenomanian) 
sequence.  

 

Well Depth Sample type Tmax S1 S2 S3 TOC HI Full HI OI Calcite Dolomite 
D-A1 370 R 429 0.08 5 2.91 4.32 116 118 67 0 3 
D-A1 430 R 431 0.03 4.8 5.09 5.81 83 83 88 0 4 
D-A1 750 R 430 0.6 27.1 4.75 18.53 146 149 26 1 1 
D-B1 610 R 420 0.05 2.05 8.83 2.42 85 87 365 1 15 
D-C1 320 R 425 0.14 1.91 1.95 1.93 99 106 101 15 9 
D-C1 480 R 428 0.01 2.32 0.7 1.36 171 171 51 1 0 
D-C1 520 R 434 0.02 1.57 3.5 1.5 105 106 233 1 0 
D-C1 540 R 404 0.02 5.43 2.7 2.58 210 211 105 1 0 
D-C1 600 R 428 0.02 1.4 2 1.3 108 109 154 2 0 
D-C1 680 R 430 0.02 1.47 2.22 1.11 132 134 200 1 0 
D-C1 700 R 435 0.03 1.46 2.13 0.77 190 194 277 2 0 
D-D1 1000 M 430 0.08 1.91 1.87 1.68 114 118 111 0 1 
D-D1 1100 M 428 0.12 2.68 1.66 1.72 156 163 97 0 1 
D-D1 1200 M 432 0.17 2.56 2.2 2.04 125 134 108 0 1 

E-AK1 1710 R 429 0.06 0.5 1.44 0.86 58 65 167 1 12 
E-AP1 1030 R 435 0 4.08 2.54 4.61 89 89 55 1 2 
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E-AP1 1080 R 432 0.01 2.25 1.45 2.51 90 90 58 1 2 
E-AP1 1120 R 435 0.02 1.94 1.74 2.15 90 91 81 0 1 
E-AP1 1140 R 429 0.01 3.54 3.07 3.08 115 115 100 1 2 
E-B1 730 R 419 0.11 6.33 2.89 5.71 111 113 51 0 1 
E-B1 830 R 370 0.31 2.66 8.71 0.92 289 323 947 38 0 
E-B1 850 R 423 1.66 13.98 8.39 7.81 179 200 107 17 3 
E-B1 870 R 426 5.24 29.52 10.94 9.92 298 350 110 4 7 
E-B1 890 R 431 0.42 14.1 11.1 10.16 139 143 109 6 6 
E-B1 1120 R 418 0.28 8.68 3.04 6 145 149 51 1 3 

E-BD2 1928 S 434 0.06 1.35 0.89 1.7 79 83 52 6 2 
E-L1 400 M 419 0.03 0.19 1.98 0.2 95 110 990 1 1 
E-L1 1240 R 429 0.02 3.63 2.79 2.99 121 122 93 1 1 
E-L1 1400 M 434 0.1 0.86 1.25 1.04 83 92 120 2 1 
E-N1 1340 R 433 0.01 2.1 1.02 2.04 103 103 50 0 2 
E-N1 1620 R 350 0.2 1.5 0.43 0.82 183 207 52 3 7 
E-N1 1815 R 426 0.4 1.7 1.89 1.86 91 113 102 0 6 
E-N1 1845 R 425 0.3 1.7 0.53 1.45 117 138 37 2 2 
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Figure D.1: Plot of hydrogen index (HI) against pyrolysis Tmax as proposed by Espitalié et al. 
(1977) showing kerogen types and their maturity pathways for all the modelled source rock samples 
in the Western Bredasdorp Basin. Pyrolysis data from the immature samples were used for the 
three-dimensional basin modelling of source rock maturation and hydrocarbon generation. 

Reference: 

Espitalié, J., J.L. Laporte, M. Madec, F. Marquis, P. Leplat, J. Paulet, and A. Boutefeu (1977),  
Rapid method for the characterization of source rocks - their petroleum potential and degree of 
evolution. Revue de l'Institut Francais du Petrole, 32, 23-42. 
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Appendix E.2: Presentation at the 2012 EGU General Assembly, Vienna, Austria, 22 – 27 April, 
2012. 
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Appendix E.3: Presentation at the Inkaba ye Africa and Beyond 9th annual workshop held in 
Potsdam, Germany, 26 – 30 November, 2012. 
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Appendix E.4: Presentation at the Inkaba ye Africa and Beyond 9th annual workshop held in 
Potsdam, Germany, 26 – 30 November, 2012. 
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Appendix E.5: Poster presentation at the SAMPLE (South Atlantic Margin Processes and Links 
with onshore Evolution) Colloquium workshop, 11 – 14 June, 2013 at the Seminar Center of the 
SRH in Heidelberg, Germany.  
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Appendix E.6: Accepted conference proceeding abstract at the 2013 AAPG-ICE, Cartegena, 
Colombia, 8 - 11 September, 2013. 
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