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Summary

 Most oil and gas provinces are becoming increasingly mature with re-
spect to exploration. Therefore, our understanding of petroleum prospectivity of 
less well explored basins becomes more important. In such areas, the use of ma-
ture basins as analogues can contribute to the identification of new hydrocarbon 
discoveries. We anticipate that the use of analogues will become increasingly 
valuable in exploration. 

 The objective of this thesis is to increase the knowledge of interpreting 
basin data in order to facilitate prospectivity prediction in new venture exploration 
through the recognition of patterns of petroleum system- and play development 
in basin (cycle)s with similar tectonostratigraphic characteristics. 

 Our study area comprises the conjugate West African and Brazilian 
South Atlantic marginal basins. These show many similarities in their tectonos-
tratigraphic evolution, as they all commenced as interior- rift or fracture basins, 
and during the opening of the South Atlantic, evolved into post-rift passive mar-
gins. Both margins are very prolific producers of hydrocarbons and are currently 
under active exploration, particularly in the deep offshore. However, both margins 
contain areas, which remain under-explored.  

 So far, the use of basins for analogue comparison purposes has proven 
to be potentially misleading, as all basins are built-up in an unique way. We pro-
pose to break basins down into more standard components, allowing us to make 
comparisons that would not be possible between basins considered as a whole. 
Our methodology is based on the basin classification as developed by Kingston 
et al. (1983), in which basins are subdivided into relatively standard tectonos-
tratigraphic cycles and/or stages. The major elements that dictate basin history 
are (1) basin-forming tectonics, (2) depositional or sedimentary processes, and 
(3) basin-modifying tectonics. Some simple basins have experienced only one 
tectonic episode and hence contain only one cycle. But most rifted basins contain 
more than one cycle and are called polyphase basins (Ziegler & Cloetingh, 2004; 
Cloetingh & Ziegler, 2007). To support this analysis and associated methodology, 
we have developed in cooperation with Statoil R&D (Bergen) a computer pro-
gram called the Basin Data Illustrator (BDI). This program contains several tools 
that illustrate tectonostratigraphic development, as well as allow the geologist to 
more easily compare (the development of) petroleum systems and plays. In our 
analyses, we have made extensive use of these tools and the associated figures 
can be found throughout the thesis. 



 The South Atlantic marginal basins studied in this thesis are recognized 
as polyphase basins as they pass through successive cycles/stages of basin 
evolution. The 5-phase geodynamic model as developed by Cainelli & Mohriak 
(1999), as well as their subdivision of the tectonostratigraphy into four basin cy-
cles or megasequences (pre-rift, syn-rift, transitional and post-rift), form the basic 
framework for the further analysis in this thesis. By examining these relatively 
standard tectonostratigraphic basin cycles/megasequences, we can review the 
parameters that are important for the development of petroleum systems and 
plays in standard cycle types rather than in the entire basin, thereby considerably 
expanding the scope of analogue comparison and avoiding some of the issues 
that make comparisons between complete basins difficult. As the South Atlantic 
marginal basins experienced a similar tectonostratigraphic basin cycle evolution, 
many analogous (potential) source-, reservoir- and seal rock intervals were able 
to develop. The analogous source rocks in these basins give rise to seven differ-
ent types of petroleum systems (PSTs). Along both margins, the lacustrine syn-rift 
PST is the most productive as the associated source shales are geographically 
most extensive and mature over large areas. The other types of petroleum sys-
tems are less productive or were only able to develop locally, due to local source 
rock deposition, limited thickness and/or quality of the source sequence or gen-
eral immaturity caused by insufficient burial. Similarly, play development is also 
closely related to basin tectonostratigraphic evolution, with characteristic reser-
voir facies and trap types occurring in each basin cycle. Along both margins, the 
post-rift is known to comprise the greatest number and variety of plays: this cycle 
is characterized by the greatest variety in depositional environments occurring 
(and hence reservoir lithofacies) as well as by halokinesis, strongly deforming 
post-rift strata and determining patterns of turbidite- and fan deposition.

 Our approach of relating petroleum system- and play development to 
basin cycle evolution by evaluating the main geodynamic drivers, the developed 
depositional sequences and the basin-modifying tectonics, has not allowed us to 
define any distinctly different basin families in our study area. Using the individual 
basin cycles for analogue comparison purposes is preferred. However, many is-
sues have been raised that need to be adressed in future studies. On the other 
hand, we were able to obtain a proper understanding of the tectonostratigraphy 
and source- and reservoir rock development, which allowed us to comment on 
the remaining prospectivity in the (under-explored) basins along the South Atlan-
tic margins. Similarly, we are able to point out the main risks for the successful 
development of particular petroleum systems and plays. 

 Furthermore, we have performed a more detailed case-study on the 
conjugate Gabon Coastal- and Almada-Camamu basins in which we apply the 
same methodology. The results of this particular analysis, allow us to point out 
potential petroleum systems and plays, which are known to exist in Gabon, but 
still remain undiscovered in Almada-Camamu. This case-study demonstrates the 
significance of this methodology as it provides a systematic approach to evalu-
ate exploration opportunities in genetically-related basins, as well as raises new 
questions and/or suspicions important for directing further research.

 The second case-study included in this thesis concerns tectonic- and 
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maturity modelling of the Campos basin. We tested several models to explain 
the observed tectonic subsidence after backstripping of seven wells. The best-fit 
model has been expanded to predict the maturity of several rock intervals con-
taining organic-rich facies. This modelling demonstrates the importance of certain 
tectonic events on the distribution of mature source rocks. Our results show that 
the area with potential source rocks located in the oil- and/or gas-window may be 
larger than previously assumed (Rangel & Martins, 1998). Similarly, source rocks 
ranging in age from Early- to Late Cretaceous, and locally even to Oligocene age, 
were able to achieve a mature state with respect to oil generation. The greatest 
risk is formed by the actual presence, thickness and quality of potential post-rift 
sources.  

 To conclude, this approach provides a good first impression of tectonos-
tratigraphic basin evolution and the related potential for petroleum system- and 
play development. By applying the methodology, geologists will be able to ap-
proach the evaluation of exploration opportunities in a more systematic fashion 
and to raise questions and/or suspicions that can be addressed by specific stud-
ies and practical tools such as seismic- and/or well data interpretations.
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Samenvatting

 In de gebieden waar actief wordt geëxploreerd, zijn de meest (gangbar)
e olie- en gas accumulaties inmiddels al ontdekt. Daarom wordt onze kennis van 
de petroleum prospectiviteit van minder goed geëxploreerde bekkens steeds be-
langrijker. De kennis die is opgedaan bij het exploreren van de al oude petroleum 
provincies kan, als analoge vergelijking, bijdragen aan het identificeren van nieu-
we petroleum accummulaties in onbekende bekkens. Wij verwachten dat in de 
toekomst het analoog-vergelijken van bekkens voor exploratie doeleinden steeds 
belangrijker zal worden. 

 Het doel van dit proefschrift is om onze kennis van het interpreteren van 
bekken-data te vergroten, zodat we beter de petroleum prospectiviteit kunnen 
voorspellen van bekkens waar nog (relatief) weinig exploratie heeft plaats gevon-
den. Dit doen wij door het herkennen en identificeren van bepaalde trends in de 
ontwikkeling van petroleum systemen en plays1 in bekken(s) (cycli), die worden 
gekenmerkt door soortgelijke tektono-stratigrafische karakteristieken. 

 Ons studie-gebied omvat de tegenoverelkaar liggende, maar gekoppel-
de, marges van West Afrika en Brazilië aan weerszijde van de Zuid Atlantische 
Oceaan. Deze marginale bekkens vertonen veel overeenkomsten in hun tektono-
stratigrafische evolutie: allen begonnen als interior rift/fracture bekkens, en ge-
durende het openen van de Zuid Atlantische Oceaan, veranderden in post-rift 
passieve marges. Beide marges zijn zeer bekende en successvolle producenten 
van petroleum. Momenteel wordt er veel exploratie verricht langs beide marges, 
vooral in de diep water delen van de bekkens. Maar de marges omvatten ook een 
aantal regio’s waar nog maar weinig exploratie heeft plaats gevonden. 

 Vooralsnog, is het gebruik van bekkens voor het maken van analoge 
vergelijkingen misleidend gebleken, aangezien elk bekken uniek is in zijn opbouw. 
Wij stellen voor om bekkens op te breken in componenten, die relatief standaard 
zijn. Deze zullen ons toestaan vergelijkingen te maken, die niet geoorloofd zijn 
wanneer de bekkens in hun geheel worden vergeleken. Onze methodologie is 
gebaseerd op het bekken classificatie-systeem van Kingston e.a. (1983), waarin 
bekkens worden opgedeeld in standaard tektono-stratigrafische cycli en/of stag-
es. The belangrijkste factoren die een bekken geschiedenis bepalen zijn (1) de 
bekken-vormende tektoniek, (2) de afzettings- en/of sedimentaire processen, en 

(3) de bekken-modificerende tektoniek. Sommige simpele bekkens hebben tijdens 

 1) See Chapter 2.2 for definition.



hun evolutie maar 1 tektonische episode ondergaan en omvatten daarom maar 
1 tektonische cyclus. Echter, de meeste bekkens kennen meer dan 1 cyclus in 
hun evolutie en worden daarom polyfase bekkens genoemd (Cloetingh & Ziegler, 
2007; Ziegler & Cloetingh, 2004). Om onze analyse en bijbehorende methode te 
ondersteunen, hebben wij in samenwerking met Statoil R&D (Bergen, Noorwe-
gen) een computer programma ontwikkeld, genaamd de Basin Data Illustrator 
(BDI). Dit programma genereert een aantal figuren die de tektono-stratigrafische 
ontwikkeling van bekkens illustreren, alsmede de geoloog de mogelijkheid geven 
om (de ontwikkeling van) petroleum systemen en plays makkelijker met elkaar te 
kunnen vergelijken. In onze analyses, hebben wij dankbaar gebruik gemaakt van 
dit programma. Veel figuren, gegenereerd door de BDI, kunnen terug gevonden 
worden in dit proefschrift.  

 De Zuid Atlantische passieve marges, die worden bestudeerd in dit 
proefschrift, worden gedefinieerd als polyfase bekkens, aangezien zij meerdere 
opeenvolgende cycli/stages in bekken evolutie hebben ondergaan. Het 5-fase 
geodynamische model ontwikkeld door Cainelli & Mohriak (1999), alsmede hun 
onderverdeling van de tektono-stratigrafie in vier bekken-cycli en/of megasequen-
ties (pre-rift, syn-rift, transitioneel en post-rift), vormen de basis voor de verdere 
analyse uitgevoerd in dit proefschrift. Door het onderzoeken van deze standaard 
tektono-stratigrafische cycli/megasequenties, kunnen wij parameters, welke be-
langrijk zijn voor de ontwikkeling van petroleum systemen en plays, nader bestu-
deren met het oog op hun tektono-stratigrafische positie, in plaats van hun positie 
in het algehele bekken. Zodoende, kunnen wij het doel van analoge-vergelijking 
verbreden en vermijden we zaken die het maken van zulke vergelijkingen tussen 
bekkens in hun geheel moeilijk maken. Doordat de Zuid Atlantische marginale 
bekken eenzelfde tektono-stratigrafische bekken-cycli evolution hebben onder-
gaan, werden veel analoge/equivalente (potentiële) source2- reservoir3-, en seal4 
gesteente intervallen afgezet. De analoge source-gesteenten in deze bekkens 
zijn verantwoordelijk voor het bestaan van 7 verschillende types petroleum syste-
men (PSTs).  

 Langs zowel de West Afrikaanse en Braziliaanse marge, is de lacustrien 
syn-rift PST het meest produktief: het afzettingsmilieu voor deze gesteenten was 
het grootst, en tevens verkeert een groot deel van deze gesteenten zich in een 
thermische staat, waarin zij olie en/of gas kunnen/konden genereren. De andere 
petroleum systeem types zijn minder produktief of waren alleen lokaal in staat 
zich te ontwikkelen. Redenen hiervoor zijn o.a. lokale depositie van de source-
gesteente, de gelimiteerde dikte en/of kwaliteit van de source-sequentie, dan wel 
een algemene lage thermisch staat, doordat het gesteente niet diep genoeg be-
graven is (geweest). 

 De ontwikkeling van plays is ook zeer afhankelijk van de tektono-strati-
grafische evolutie. Elke bekken-cyclus is gekenmerkt door het voorkomen van 
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 2) Gesteente, rijk aan organisch materiaal, welke bij juiste temperatuur en diepte olie en/of  
 gas begint te genereren. 
 3) Poreus en permeabel gesteente, dat (produceerbaar) olie of gas bevat. 
 4) Ondoorlatend en impermeabel gesteente, welke een barrière vormt voor omhoog-stro 
 mend olie en/of gas.             



karakteristieke reservoir facies in de gesteente sequentie. Daarnaast is het type 
bekken-modificerende tektoniek ook karakteristiek voor de bekken-cyclus. Langs 
beide marges, omvat de post-rift gesteente sequentie de meeste, maar ook de 
grootste varieteit aan plays: de post-rift sequentie wordt gekenmerkt door de 
grootste verscheidenheid aan sedimentaire facies, en zodoende ook reservoir 
facies. Daarnaast heeft halokinese (een vorm van bekken-modificerende tekton-
iek) een belangrijke bijdrage geleverd aan het struktureren en deformeren van de 
post-rift gesteente lagen, evenals aan het bepalen van de locatie van depositie 
van bijvoorbeeld turbidieten. 

 Vooralsnog, heeft onze aanpak, waarin wij de ontwikkeling van petroleum 
systemen en plays linken aan bekken (cycli) evolutie, door het evalueren van de 
bekken-vormende tektoniek, de sedimentaire processen en de bekken-modificer-
ende tektoniek, ons niet in staat gesteld om duidelijk verschillende bekken fami-
lies te onderscheiden. Eigenlijk wordt de voorkeur gegeven aan het gebruiken 
van individuele bekken cycli voor analoge vergelijkingsdoeleinden. Daarentegen, 
zijn er wel een aantal belangrijke zaken aan licht gekomen, die consequenties 
kunnen hebben voor de prospectiviteit van bekkens, en die zeker moeten worden 
aangepakt en onderzocht in toekomstige studies. Niettemin, waren wij wel in staat 
om een goede eerste indruk te krijgen van de tektono-stratigrafie en de ontwikkel-
ing van source- en reservoir gesteente intervallen in deze bekkens. Dit staat ons 
toe voorspellingen te doen betreffende toekomstige exploratie mogelijkheden in 
zowel de bekende als minder bekende olie- en gas-gebieden langs deze marges. 
Wij zijn ook in staat om de grootste risiko’s te identificeren voor het bestaansrecht 
van bepaalde petroleum systemen en plays. 

 Naast de algemene analyse van de Zuid Atlantische marges, hebben we 
ook een meer gedetaileerde casus-studie uitgevoerd, waarin we dezelfde aan-
pak gebruiken om de prospectiviteit van de Gabon Coastal- en Almada-Camamu 
bekkens te bepalen. De resultaten van deze analyse, stellen ons in staat poten-
tiële petroleum systemen en plays aan te wijzen, waarvan het bestaan bekend 
is in het Gabon Coastal bekken, maar die nog niet zijn bewezen/gevonden in 
het Almada-Camamu bekken. Deze casus laat zien dat deze methode een sys-
tematische aanpak aanbiedt voor het evalueren van exploratie mogelijkheden 
in genetisch-gerelateerde bekkens. Daarnaast zorgt de aanpak ervoor dat we 
nieuwe vragen leren stellen en/of vermoedens krijgen, die belangrijk zijn voor het 
opzetten van vervolg-studies.   

 Het tweede casus-onderzoek betreft tektonisch- en maturatie modelleren 
in het Campos bekken. Wij hebben verschillende modellen getest om de tektoni-
sche daling, die we hebben waargenomen na het backstrippen van 7 verschillende 
putten, te benaderen. Het model, dat deze daling het beste beschrijft, is gebruikt 
om de maturatie van verschillende gesteente intervallen, die mogelijk organisch-
rijk materiaal bevatten, te voorspellen. Dit modelleren laat zien dat bepaalde ge-
beurtenissen in bekken evolutie belangrijk zijn voor de maturiteit-distributie van 
source-gesteente. Onze resultaten zijn veelbelovend, aangezien het gebied van 
source-gesteente dat gepositioneerd is in een gunstige thermische staat (met het 
oog op olie en/of gas generatie), groter is dan voorheen aangenomen (Rangel & 
Martins, 1998). De source-gesteenten, die de thermische staat voor olie gener-
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atie hebben bereikt, zijn over het algemeen afgezet tijden het Vroeg tot Laat Krijt. 
Maar er zijn lokaal ook source facies, afgezet tijdens het Oligocene (Tertiar), die 
ook olie kunnen genereren. Wanneer deze post-rift gesteente intervallen toch 
geen olie/gas genereren, zal dat veroorzaakt zijn doordat het organisch rijke ma-
teriaal toch niet aanwezig is, dan wel te dun is of dat de kwaliteit te wensen over 
laat. 

 Ter afsluiting, deze aanpak geeft een goede eerste indruk van de tektono-
stratigrafische bekken evolutie en het gerelateerde potentieel voor de ontwikkel-
ing van petroleum systemen en plays. Door het toepassen van deze methode, zal 
de geoloog op een systematische wijze het evalueren van exploratie pros-pec-
tiviteit kunnen uitvoeren. Daarnaast zal hij/zij ook in staat zijn nieuwe vragen te 
formuleren, die de richting van het vervolg-onderzoek kunnen sturen. Ten slotte, 
zullen bepaalde vermoedens ontstaan, die getest kunnen worden met meer prak-
tische studies, zoals seismiek en/of put-data interpretaties.
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Chapter 1

Introduction

1.1 Rationale

 As most oil and gas provinces become increasingly mature with respect 
to exploration, understanding of the petroleum prospectivity of less well explored 
basins becomes more important. In such areas, the use of mature basins as 
analogues can contribute to the identification of new hydrocarbon discoveries, 
and we anticipate therefore that they will become increasingly valuable in explo-
ration.

 Kingston et al. (1983) recognized that basins can be divided into relative-
ly standard tectonostratigraphic cycles and stages. These allow us to understand 
the manner in which basins evolve and to compare them more easily (see. e.g. 
Doust & Sumner, 2007). Some simple basins have experienced only one tectonic 
episode, and hence contain only one cycle, but most rifted basins contain more 
than one cycle and are called “polyphase basins” (Ziegler & Cloetingh, 2004; 
Cloetingh & Ziegler, 2007). A significant number of the world’s basins (see e.g. 
Cloetingh & Ziegler, 2007) originate in a rifting episode and subsequently pass 
through syn-rift to post-rift cycles and/or stages of evolution. Despite the complex 
sedimentary and tectonic development of the various cycles and stages, we can 
often distinguish relatively standard phases in tectonostratigraphic development 
or megasequences, usually separated by unconformities. Similarly, although the 
depositional environment and tectonic situation may change considerably over 
short distances, basic sedimentary patterns and structural styles can usually be 
recognized. If the development of hydrocarbon habitats can be related to these 
basic patterns, we can make broad scale comparisons of petroleum systems be-
tween different basins with a similar geological history (Doust, 2003). This can aid 
us in recognizing common petroleum system types with related parameters, as 
well as plays likely to be associated with them, and thus assist in the evaluation 
of opportunities in un- and under-explored rift basins (e.g. see Doust & Sumner, 
2007). All this may even guide towards not yet tested plays in mature provinces.

 By classifying sedimentary basins, we create a system whereby basins 
may be compared with each other and similarities and differences noted. Accord-
ing to Kingston et al. (1983), the geological history of a basin may be subdivided 
into basin cycles using three parameters: 



Basin-forming tectonics1. , defined by:

The crustal composition (continental or oceanic).• 

The type of plate movement involved during the cycle or basin formation • 
(divergence or convergence - transform movements are not included in 
the classification as they generally comprise some degree of divergent 
or convergent movements), and

The position of the basin on the plate (interior or margin) and the prima-• 
ry structural movement (sagging, normal faulting or wrench faulting). 

Depositional sequences2.  are defined by distinct phases in basin history, of-
ten bounded by regional unconformities triggered by tectonic events. Each 
may contain one or more fully developed cycles of sedimentation, in which 
source-, reservoir- and seal rocks may have been deposited (Posamentier 
& Allen, 1999). Table 1.1 shows the potential for their development within 
the proximal and distal parts of a typical sedimentary sequence (Posamen-
tier & Allen, 1999; Corver et al., 2009).   

Basin-modifying tectonics3. : basin (cycle)s formed by one type of tectonic 
movement (basin-forming) may be changed during their history by other 
structural events (basin-modifying). Structures formed due to tension, sub-
sidence, uplift/inversion and compression result in distinct trap types. Figure 
1.1 shows a qualitative indication of typical trap types that may be devel-
oped in different stress regimes as a function of the magnitude of deforma-
tion (Corver et al., 2009).

This resulted in a chart for the classification of simple basins and the identification 
of basin cycles in polyphase basins, as shown in Figure 1.2. The primary uses of 
such a global basin classification, as suggested by Kingston et al. (1983), are:

To locate and identify all basins of the world in one framework (the system 1. 
can expand the explorationist’s viewpoint to include all possible basin types, 
and not just those with which he/she has had personal experience),

Table 1.1: Scheme showing system tracts within a sedimentary sequence, dem-
onstrating the potential for source-, reservoir- and seal rock development in proxi-
mal and distal positions within lowstand, transgressive and high stand periods 
(Posamentier & Allen, 1999; Corver et al., 2009).

     
Potential for: Facies Source Reservoir Seal

Lowstand (LST)
Proximal None Widespread Very risky

Distal Risky Widespread Excellent

Transgressive (TST)
Proximal Good Restricted Good

Distal Excellent Very risky Condensed

Highstand (HST)
Proximal Terrestrial Excellent Risky

Distal Risky/Good Risky Interbedded
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Figure 1.1: Different stress regimes and their typically associated trap types. The 
vertical axis gives an indication of the magnitude of deformation, while the hori-
zontal axis represents the style of deformation, due to tension, subsidence, uplift/
inversion and compression The basin cycles, in which the stress regimes and 
associated trap types tend to develop, are indicated below the diagram (Corver 
et al., 2009). 

To permit the separation of complex basins into their simple component 2. 
parts, for analysis as simple units,

To compare plays within one or two basins of the same type, or two or more 3. 
basins classified as different types, 

To provide a system for evaluating favourable plays and risks for each basin 4. 
type, because risks should be understood before venture decision,

To predict what geological events must be found in a basin to improve oil 5. 
prospectiveness,

To enhance the prediction of oil potential in unknown or little known basins 6. 
by referring to known basins of the same classified type, 

To provide a system where the palaeontology, seismic stratigraphy, geo-7. 
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chemistry and sedimentary history of like (and different) basins can be com-
pared and evaluated, 

To permit location and assessment of the best specific-play areas in a basin, 8. 
and

To act as a vehicle for comparative assessment of hydrocarbon basins 9. 
worldwide. 

 So far, the use of basins for analogue comparison purposes has proven 
to be potentially misleading, as all basins are built-up in an unique way. This con-
cept, however, of breaking basins down into more standard components, allows 
us to make comparisons that would not be possible between basins considered 
as a whole. By examining these standard components, we can review the pa-
rameters important to petroleum system- and play development in standard cycle 
types rather than in the entire basin, thereby considerably expanding the scope 
of analogue comparison and avoiding some of the issues that make comparisons 
between complete basins difficult. 

1.2 Objective
 The main objective of this thesis is to increase the knowledge of inter-
preting basin data to facilitate prospectivity prediction in new venture exploration 
through the recognition of patterns of petroleum system and play development in 
basin cycles with similar tectonostratigraphic characteristics. These can be used 
as analogues for exploration purposes.  

 To support the methodology proposed in this thesis, we have developed 
a program in cooperation with Statoil, the Basin Data Illustrator (BDI), which can 
visually display sedimentary- and tectonic basin cycle evolution and all the differ-
ent components making up petroleum systems and plays in their tectonostrati-
graphic context. 

1.3 Study Area
 The study area chosen to demonstrate the significance of this approach 
includes the West African and Brazilian South Atlantic margins (Fig. 3.1): these 
conjugate margins show many similarities in their tectonostratigraphic evolution, 
giving rise to an almost symmetrical distribution of resources on either side of the 
Atlantic. The South Atlantic is characterized by several important features (Katz 
& Mello, 2000; Huc, 2004):

The existence of several families of source rocks, having different ages and • 
quality.

The availability of multiple reservoir levels within the main sedimentary se-• 
quences.
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The occurrence of good quality cap rocks, including salt, and• 

The structural setting favourable for the development of a wide variety of • 
traps. 

1.4 Thesis Outline
 Chapter 2 discusses the methodology in more detail as well as the tools 
(generated by the BDI) used in this analysis.

 Chapters 3 till 6 describe the application of this methodology to the West 
African and Brazilian South Atlantic marginal basins. Chapter 3 reviews the tec-
tonostratigraphic development of both margins. Chapters 4 and 5 focus on the 
development of different types of petroleum systems and plays, while putting 
them in the tectonostratigraphic framework established in Chapter 3. Comments 
on the significance of this approach with respect to remaining basin prospectivity 
are given in Chapter 6.

 Chapter 7 includes a case-study performed on the Gabon Coastal- (West 
Africa) and Almada-Camamu basins (East Brazil), discussing in detail the poten-
tial significance of this approach in raising questions and/or issues, possibly lead-
ing to more focused and in-depth research. 

 In Chapter 8, another case-study is performed involving subsidence and 
maturation modelling in the Campos basin. With this modelling we can construct 
a more detailed tectonic model for the basin, as well as make predictions about 
the distribution of mature source rocks, potentially suggesting that new, so far 
unrecognized, petroleum systems might exist.

 Chapter 9 concludes this thesis with the main findings, experiences and 
challenges this methodology has allowed us to uncover.
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Terminology, Methodology & Tools

Largely based on:

Beglinger, S.E., Doust, H. and Cloetingh, S., submitted. Relating Petroleum System and Play De-
velopment to Basin Evolution: West African South Atlantic Basins. Journal of Marine & Petroleum 
Geology.

Beglinger, S.E., Doust, H. and Cloetingh, S., submitted. Relating Petroleum Systems and Play Devel-
opment to Basin Evolution: Brazilian South Atlantic Margin. Journal of Marine & Petroleum Geology.

Beglinger, S.E., Corver, M.P., Doust, H. and Cloetingh, S., submitted. A New Approach of Relating 
Petroleum System- and Play Development to Basin Evolution: An Application to the Gabon Coastal- 
and Almada-Camamu Basin. AAPG Bulletin.

2.1 Introduction
 To identify families of sedimentary basins and to make predictions of 
their petroleum prospectivity, a novel framework model has been developed. This 
model is anchored in the notion that sedimentary basins can be classified ac-
cording to their structural genesis and evolutionary history: basins can be divided 
into relatively standard tectonostratigraphic cycles and stages, which allow us to 
understand the manner in which basins evolve and to compare them more easily 
(see e.g. Doust & Sumner, 2007). 

 All data used and displayed in this thesis has been extracted from public 
domain literature. The time scales depicted are based on the geological data 
table from Standard Legend 1995 published by Shell International Exploration 
and Production.

2.2 Terminology
 Many petroleum geologists are intuitively familiar with the many concepts 
discussed and applied in this work. Confusion, however, still arises when they 
start discussing these concepts in detail. Therefore, a short review of the termi-
nology is required:

The • basin cycle is the basic unit in the classification of sedimentary basins. 
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Figure 2.1: The Petroleum System Concept. Left: Plan map showing the geo-
graphic extent of a fictitious petroleum system. Thermally immature source rocks 
are located outside the oil-window. The pod of active source rocks lies within the 
oil- and/or gas-window. Right: Geological cross-section showing the stratigraphic 
extent of the fictitious petroleum sytem. Thermally immature source rocks lie up-
dip of the oil-window. The pod of active source is downdip of the oil-window. 
Bottom: Summary diagram, demonstrating the importance of relative timing of 
the essential elements and processes for the development of a viable petroleum 
system (Magoon & Dow, 1994; Magoon & Beaumont, 1999, 2003)  

Basin cycles consist of sediments deposited during one tectonic episode, 
normally separated by erosional unconformities. The minimum stratigraphic 
unit that can be called a basin cycle must have significance in the devel-
opment of a basin, either in thickness or span of geologic time (Kingston 
et al., 1983). The adopted stratigraphic framework accommodates tectonic 
phases with sequence stratigraphic principles, hierarchically grouped in 
depositional megasequences (i.e. basin cycles) and super-sequences (i.e. 
basin stages).

A • petroleum system (PS) encompasses a “pod” of active source rock and 
all genetically related oil and gas accumulations. It includes all the geologi-
cal elements and processes that are essential if an oil and/or gas accumu-
lation is to exist (Magoon & Dow, 1994). The elements are provided by an 
organic-rich mature source rock and reservoir-, seal- and overburden rock. 
The processes include trap formation, generation, migration and accumula-
tion of hydrocarbons. Important for a petroleum system to develop, is that all 
the essential elements and processes must occur in time and space so that 
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organic matter included in a source can be converted to a petroleum accu-
mulation (Fig. 2.1). This concept of a petroleum system is very convenient 
for it provides a link between the distribution of hydrocarbon accumulations 
and the stratigraphic- and structural development of a basin. The name 
of a petroleum system consists of the name of the source rock formation, 
followed by the name of the major reservoir rock formation, and then by a 
symbol expressing the level of certainty. The level of certainty indicates the 
confidence for which a  particular pod of mature source rock has generated 
the hydrocarbons in an accumulation (Magoon & Dow, 1994). Three such 
levels can be assigned to the viability of petroleum system: 

In a 1. known (!) petroleum system, a good geochemical match exists be-
tween the active source rock and the hydrocarbon accumulation (Ma-
goon & Dow, 1994).

In a 2. hypothetical (.) system, geochemical information identifies a source 
rock, but no geochemical match exists between the source rock and 
the petroleum accumulation (Magoon & Dow, 1994). In such a system, 
the presence of a source rock system can be established through its 
organic richness, generation potential and kerogen character, but a de-
finitive correlation with oils has yet to be established. Alternatively, the 
geochemical characteristics of an oil family can be used to establish 
the nature and stratigraphic position of a source even when no correla-
tion has been established. Generally, the lack of definitive correlation 
results either from a lack of sample availability or sample quality (Katz 
& Mello, 2000). 

In a 3. speculative (?) petroleum system, the existence of either a source 
rock or petroleum accumulation is postulated entirely on the basis of 
(indirect) geological or geophysical evidence (Magoon & Dow, 1994). 
The level of certainty of a system can and will be upgraded as access to 
new samples and data are made available (Katz & Mello, 2000).

Maturity plays a significant role in defining the level of certainty, as an im-
mature source will not generate any hydrocarbons and therefore not give 
rise to any petroleum system. Furthermore, not every petroleum system 
occurs independently: mixing of hydrocarbons derived from different source 
rocks may occur before or during accumulation. Therefore, it is important to 
specify the timing of generation and migration of hydrocarbons, as well as 
the possible migration pathways from source to possible reservoir. For this 
study, this information has been extracted from literature. 

We aim to demonstrate that the type of source rocks, which generate the • 
hydrocarbons that charge petroleum systems, is characteristic for the basin 
cycle they are located in. Often, in a group of basins with a similar geo-
logical setting and hence similar tectonostratigraphic basin evolution, we 
recognize a number of petroleum systems with very similar characteristics. 
Such a group of petroleum systems, we specify as a petroleum system 
type (PST). Typically two different components define a PST:
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A similar (equivalent/analogue) source rock, deposited in the same ba-1. 
sin cycle, with a similar geochemical signature, and

Plays that are comparable in location, reservoir lithofacies/formation 2. 
and trapping structure. 

Note that these plays can be located in the same basin cycle as the source 
rock, but can also be located in older or younger basin cycles, if pathways 
exist for hydrocarbon migration. The name of the PST is composed of the 
depositional environment in which the source rock has been deposited, fol-
lowed by the associated basin cycle (e.g. lacustrine syn-rift PST). 

Currently, no clear definition of a • play exists, but within the context of the 
petroleum system, we believe that a logical and consistent application of 
the term can be made. Doust (2003) proposed a hierarchical definition, in 
which a distinction is made between the petroleum charge character, which 
is typically defined by the petroleum system, the play level, defined by the 
reservoir/seal formation pair or lithofacies, and the trap type. Because the 
play level is dependent on the basin stratigraphy, it is easier to relate to the 
petroleum system than the trap type, which depends largely on the local 
structural development. Therefore, the play level can more easily be used 
for analogue comparison purposes.

A • basin family is generally defined as a group of basins, which all expe-
rienced a similar tectonostratigraphic basin evolution and in which similar 
PSTs and plays were able to develop. Such basins can be used as ana-
logues to make predictions of their (remaining) petroleum potential. The tim-
ing of the different cycles and/or stages in basin evolution is of less impor-
tance, since the relatively standard tectonostratigraphic basin cycles and/or 
stages allow us to understand the manner in which basins evolve. However, 
caution remains when comparing such basins, especially if they are situated 
at different latitudes, of if they record very different stratigraphic ages: the 
paleo- climate, -latitude and -diversity are important factors influencing the 
quality of the source- and reservoir rocks. Secondly, hydrocarbons gener-
ated in very old basins, have had more time (and opportunity) to migrate 
to shallower depths, where they might have undergone biodegradation or 
may even have escaped to the surface. Pragmatic use of this definition is 
required, since every basin is actually a unique basin. In this study, the ana-
logue comparison between individual basin cycles in preferred. 

2.3 Methodology
 The first step in the methodology is to establish a tectonostratigraphic 
framework. A basin cycle consists of sediments deposited during one tectonic 
episode. Some simple basins have experienced only one tectonic episode, and 
hence contain only one cycle, but most rifted basins contain more than one cycle 
and are called “polyphase basins” (Ziegler & Cloetingh, 2004; Cloetingh & Ziegler, 
2007). Basins, both simple and complex, may be classified by analysing their 
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geologic history in context of plate location and -movement. Each basin cycle 
may contain one or more fully developed cycles of sedimentation. These depo-
sitional sequences are defined as distinct phases in basin history often bounded 
by regional unconformities, and may contain source-, reservoir- and seal rock 
intervals (Posamentier & Allen, 1999).

 The second step includes the identification of different types of (poten-
tial) petroleum systems and plays, and putting them into this tectonostratigraphic 
framework. (Potential) petroleum systems are placed in this framework based on 
the tectonostratigraphic location of the associated source rock, while the play’s 
(potential) location is defined by the position of the play level/reservoir forma-
tion.

 The third step comprises the identification of the basin-modifying tecton-
ics, such as extension, subsidence, uplift/inversion and compression (Johnson et 
al., 2008). Most trap types are a consequence of ongoing tectonics affecting the 
basin fill. Therefore, a relationship exists between their development and that of 
the basin cycle, such that specific trap types are often characteristic of the various 
cycles in basin evolution. 

 The fourth step involves the identification of basin families or, preferably, 
finding basin cycle analogues.

 Finally, the basin petroleum volumes are considered: which petroleum 
systems and plays are most productive in one basin (cycle), and what is the ana-
logue significance of this information to other basin (cycle)s?

2.4 Tools
 In cooperation with Statoil, we have developed the Basin Data Illustra-
tor (BDI), which generates a variety of tools allowing us to more easily recog-
nize relations between basin tectonostratigraphic evolution and the occurrence 
of hydrocarbon habitats in basins. The program extracts it information from three 
different datasets: a Petroleum System-, Field- and Rock dataset, containing data 
from public domain literature. The quality of the data is sufficient to gain a good 
first impression on the petroleum geology of an area. The BDI generates a variety 
of figures illustrating basin tectonostratigraphic development and the components 
and processes involved in petroleum system- and play development, as well as  
information on the basin exploration history. Most tools in the program are also 
provided with attached excel-files, summarizing data associated with each con-
structed figure in table-format. 

 The intelectual property rights of the BDI are owned by Statoil. However, 
within this thesis, the most important features of the different tools/figures are 
displayed in the analysis of the South Atlantic marginal basins. A short discussion 
on the possibilities provided by BDI-tools seems in place.
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2.4.1 Facies Palette (e.g. Fig. 7.3)

 The facies palette describes the sedimentary environments that have 
been identified so far in the various basin cycles of a basin. The basin cycles 
(~ columns) that may potentially be present are defined as pre-rift, syn-rift, tran-
sitional, post-rift and compression/inversion. In each column, all possible sedi-
mentary environments present in the basin are listed, highlighted and described. 
When a certain environment is known to include source-, reservoir-, or seal rocks, 
an appropriate symbol is added 

2.4.2 Basin Cycle Dependent Trajectory Plot (e.g. Fig. 3.8)
 The basin cycle dependent trajectory plot provides a convenient means 
to visualize sedimentary basin evolution versus tectonic basin cycle evolution, by 
plotting the tectonic phases (and associated basin architecture) on the horizontal 
axis and deepening sedimentary sequences (depositional environments) on the 
vertical axis (Doust, 2003). We use clastic and carbonate depositional settings 
to plot the sedimentary sequences. Time along the horizontal axis is non-linear, 
since we are concerned with identifying and comparing the different basin cycles 
more than identifying their age and duration. The trajectory path describes the 
range of depositional environments developing as the basin evolves. Within this 
path, the timing and environment of source- and reservoir- rock deposition are 
indicated. It is suggested that where the trajectories of two basins coincide, com-
parable generative source rock levels and productive play (reservoir) levels may 
exist.

2.4.3 Petroleum System Flow Diagram (e.g. Fig. 4.2)

 Petroleum System Flow Diagrams summarize all the play (level)s per 
basin cycle that belong to a petroleum system (type). The tectonostratigraphic 
location of the different petroleum system elements are indicated in a schematic 
stratigraphy. 

2.4.4 Events Chart (e.g. Fig. 4.2)

 Events charts provide information on the temporal relationships of the 
basic elements and processes associated with a petroleum system (Magoon & 
Dow, 1994):

The timing of source-, reservoir- and seal rock deposition.• 

The timing of deposition of the overburden rocks.• 

The timing of trap formation.• 

And the timing of generation, migration and preservation of hydrocarbons.• 

From this information, the critical moment for the petroleum system is calculated. 
The critical moment is defined as the time of highest probability of entrapment 
and preservation of hydrocarbons in a petroleum system, after trap formation and 
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hydrocarbon migration and accumulation in a reservoir. Therefore, the critical mo-
ment marks the beginning of preservation of hydrocarbons in a viable petroleum 
system (Magoon & Dow, 1994). Note that the timing of generation and migration 
of hydrocarbons is not defined by the events chart itself, but is derived from public 
domain literature. The quality of the input data depends on the quality of basin 
modelling, which should ideally be performed on realistic, well constrained 2D 
cross-sections. This particularly applies to such tectonically complex areas as the 
South Atlantic margins, where 1D modelling is not representative of the lateral 
and vertical migration of salt and regional gliding of the overlying series. 

2.4.5 Creaming Curve (e.g. Fig. 7.9)
 A creaming curve displays increasing cumulative hydrocarbon recov-
erable reserves against time (Murris, 1984). It is suggested that a basin, basin 
cycle, play level or play is becoming mature with respect to exploration, if the 
curve starts “to cream” or flatten. This happens when the latest discoveries show 
decreasing volumes of hydrocarbons. Jumps in the creaming curve are often 
related to new phases in exploration, due to, for example, the discovery of a new 
play. 

2.4.6 Field Size Distribution Diagram (e.g. Fig. 7.9)
 A field size distribution diagram summarizes the number of fields as-
sociated with different field size intervals (Rose et al., 1992). It is suggested that 
the distribution of field sizes (in a basin, basin cycle, play level or play), ideally, 
approaches a log-normal distribution (Quirk & Ruthrauff, 2008). If large gaps ap-
pear in the distribution, fields of the missing sizes are likely to exist, but are yet 
undiscovered. 

2.5 Risk Assessment & Future Developments
 Assessments and quantifications of uncertainty on key geological pa-
rameters are important parts of any workflow for petroleum exploration. In frontier 
exploration at basin scale the uncertainty range may be large, even on funda-
mental parameters related to basin evolution. Most important is to realize that 
the quality of the assessment strongly depends on the availability of data. In our 
case, we are dependent on public domain literature. However, if one has a more 
thorough understanding of a basin, one can adjust the database (Petroleum Sys-
tem-, Field- and/or Rock datasets) to his/her own insights, increasing the quality 
of the predictions to be made. One should realize that if more than one model 
exists for the basin evolution of specific basin, the dataset can be adjusted for 
any such model. Consequently, one can compare the development of petroleum 
systems and plays with respect to different basin evolutionary patterns. Note that 
this methodology does not give an concrete percentages with respect to risks, but 
gives the geologists clues as to what to look for in e.g. seismics. 
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 Currently, the BDI is still in a development stage and should be con-
sidered a basin screening tool rather than an exploration tool. New ideas and 
innovations will definitely improve the quality of the predictions to be made. Most 
important is to establish a more robust basin type classification, describing the 
different basin architectures that may develop. Different architectures may be 
characterized by different subsidence patterns, as well as thermal histories, af-
fecting the prospectivity of a basin. Another innovation would involve some basic 
subsidence- and heat flow modelling, based on the information provided by the 
BDI. The user should get the possibility to design a synthetic well and play with 
variations in crustal- and sediment thickness or define his/her own basin cycles.  
Using different algorithms for such modelling may provide a window of possible 
solutions, giving the user a generic understanding of the basin geodynamics. 
The program should also become more transparent to the user: it is important to 
realize whether the results are purely data-driven, or if certain assumptions have 
been made. Another innovation would include a query-function, making it easier 
to find petroleum system- and play analogues. Incorporating the BDI in ArcGIS 
or Google Earth would allow for plotting of fields charged by certain source rocks 
or characterized by certain play levels and/or trap types. This way knowledge is 
gained about the areal distribution of petroleum systems and play (level)s with 
respect to major basinal structures and drainage patterns. Similarly, we can re-
view the occurrence of different play (level)s in the individual basin cycles. As for 
the creaming curve, adding an option to include dry wild-cats will provide a better 
understanding of the state of exploration in an area. As noted before, a creaming 
curve starts to flatten when the latest discoveries show decreasing volumes of 
hydrocarbons, but also when an increasing number of dry wells are being drilled. 
The latter is not included in the original tool. 

 At the moment, the program already supports analyses as performed in 
this thesis. However, as stated before, new ideas to improve the program, and 
therefore improve our analyses, keep on presenting themselves.  

2.6 Conclusions
 The approach presented involves first of all the establishment of a tec-
tonostratigraphic framework. Secondly, the different elements essential for petro-
leum system and play development (source-, reservoir- and seal rock intervals) 
are placed within this framework. Then, we consider the basin-modifying tecton-
ics, which are responsible for the different trap types that develop in each basin 
cycle. This allows us to compare individual basin cycles of different basins. Com-
bining these results with basin exploration history analysis, allows for identifying 
remaining exploration potential. Note that caution remains when comparing basin 
(cycle)s with a similar overall geodynamic evolution, especially when they are 
located at different latitudes, or if they record very distinct stratigraphic ages.

 The BDI has been developed to support this workflow. Tools such as 
the facies palette and trajectory plot provide insights in the tectonostratigraphic 
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development of basins. The events chart and petroleum system flow diagram 
are used to compare petroleum systems and plays. And the creaming curve and 
field size distribution diagram give information on the history of basin exploration, 
either at basin-, basin cycle-, play level- or play- scale.
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Tectonostratigraphic Development 
of the West African & Brazilian
South Atlantic Marginal Basins

Largely based on:

Beglinger, S.E., Doust, H. and Cloetingh, S., submitted. Relating Petroleum System and Play De-
velopment to Basin Evolution: West African South Atlantic Basins. Journal of Marine & Petroleum 
Geology.

Beglinger, S.E., Doust, H. and Cloetingh, S., submitted. Relating Petroleum Systems and Play Devel-
opment to Basin Evolution: Brazilian South Atlantic Margin. Journal of Marine & Petroleum Geology.

3.1 Introduction
 The study area comprises the basins along the West African South At-
lantic margin, extending from Cameroon to Namibia (from north to south: the 
Douala, Rio Muni, Gabon Coastal, Lower Congo, Congo Fan, Kwanza and Na-
mibe basins), and the conjugate basins along the Brazilian margin (from north 
to south: the Sergipe-Alagoas, Almada-Camamu, Jequitinhonha, Cumuruxatiba, 
Espírito Santo, Campos, Santos and Pelotas basins) (Fig. 3.1). The basins along 
both margins have all experienced an essentially similar tectonic- and sedimen-
tary basin evolution: all commenced as interior rift basins, and during the opening 
of the South Atlantic, evolved into post-rift passive margins.  

 The area is known as a very prolific producer of oil and gas and is cur-
rently under active exploration, especially in the deep water. However, many 
(sub)-basins along both margins still remain under-explored. Examples of such 
basins are the Douala, Rio Muni, Kwanza and Namibe basins along the West 
African margin, and  the Almada-Camamu, Jequitinhonha, Cumuruxatiba, Santos 
and Pelotas basins along the Brazilian margin. Due to limited or no exploration 
drilling in these basins, many uncertainties remain with respect to the actual stra-
tigraphy and, consequently, the presence of proper source-, reservoir- and seal 
rock facies, representing the most important elements of a petroleum system.

 However, before addressing the prospectivity of these under-explored 
areas, it should prove useful to take a closer look at the tectonic- and sedimentary 
basin evolution along both margins. In this part of the analysis. we will use the 
basin cycle dependent trajectory plot to recognize trends in tectonostratigraphic 
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Figure 3.1b: Basin location map of the study area with present-day ocean ba-
thymetry (Yeh & Liu, 2006; Google Earth 2010).

Figure 3.1a: Basin location map of the study area. Left - Brazilian South Atlantic 
marginal salt basins. From north to south: Sergipe-Alagoas, Jacuípe, Almada-
Camuma, Jequitinhonha, Cumuruxatiba, Espírito Santo, Campos, Santos and 
Pelotas basins. Right: West African South Atlantic marginal salt basins. From 
north to south: Douala, Rio Muni, Gabon Coastal, Lower Congo, Congo Fan, 
Kwanza and Namibe basins (Google Earth 2010).
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Figure 3.1c: Interpreted margin edges for 
Brazil (green) and Africa (orange) dur-
ing Cenomanian-Turonian times. OCS: 
Outer Continental Shelf. COB: Continent 
Ocean Boundary. Note the variation in 
margin width along both margins. Gaps 
between green and orange lines reflect 
varying extension along strike. (Versfelt, 
2010).

Figure 3.2: Palaeogeographic maps of the 
Cretaceous break up of Africa and South 
America, showing the approximate loca-
tions of the Gulf of Guinea and the Walvis 
Ridge. Note that restricted marine condi-
tions prevailed until at least Turonian times. 
(modified after Tissot et al., 1980; Brown-
field & Charpentier, 2006). 
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Figure 3.3: Schematic geodynamic model of the South Atlantic evolution, show-
ing the sequence of events during the break up of Gondwana and  the formation 
of the passive margin sedimentary basins. (Cainelli & Mohriak, 1999; Mohriak et 
al., 2008).

basin evolution. 

3.2 Tectonic Basin Evolution
 The western coast of Africa and the eastern coast of South America were 
once joined together in the super-continent Gondwana, but reactivation of zonal 
weaknesses in the Precambrian basement during the Permian, Triassic and Ju-
rassic resulted in the formation of localized sag basins (Meyers et al., 1996a; 
Cainelli & Mohriak, 1999; Mohriak et al., 2008 ). The area of the South Atlantic 
had been pre-weakened by two major hotspots: the St. Helena and Tristan da 
Cunha hotspots (Wilson & Guiraud, 1992; Wilson, 1993), which were both active 
during the Late Jurassic and Early Cretaceous and probably determined the loca-
tion of final break-up (Janssen et al., 1995). The separation of the two continents 
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was initiated at the end of the Jurassic and the very beginning of the Cretaceous 
by a process of rifting and oceanic accretion (Fig. 3.2). 

3.2.1 Geodynamic Phase Model
 Cainelli & Mohriak (1999) developed a geodynamic model for the devel-
opment of the South Atlantic sedimentary basins, in which they distinguished five 
tectonic phases (Fig. 3.3): 

Phase I• : The onset of lithospheric extension. The model assumes a small 
degree of asthenospheric uplift and a regional thinning of the continental 
crust and upper mantle, with incipient faults in the upper crust controlling 
local depocentres (Fig. 3.3.a). 

Phase II• : Increased lithostratigraphic stretching and asthenospheric uplift, 
with large faults affecting the continental crust, which led to the formation 
of half grabens and extrusion of continental flood basalts in the southern 
basins (Namibe, Pelotas, Santos and Campos basins). This phase repre-
sents the main episode of intra-continental rifting (Fig. 3.3.b) and is time-
transgressive.

Phase III• : The last phase of syn-rift extension (waning stage), characterized 
by continued lithospheric extension. Along large faults, the rift blocks and 
the syn-rift sediments were rotated (Fig. 3.3.c). 

Phase IV• : Accretion of oceanic crust at the end of the rifting episode, as 
lithospheric extension, previously distributed over a wide region, becomes 
focused on the mid-ocean ridge (Harry & Sawyer, 1992). In the southern 
basins, this phase is associated with subaerial volcanism responsible for 
thick wedges of seaward-dipping reflections (Hinz, 1981; Mutter et al., 1982; 
Mutter, 1985; Mohriak et al., 1998). Sea floor spreading commenced in the 
Jurassic south of the Walvis Ridge. On the ridge and further north, spread-
ing started during the Cretaceous (Rabinowitz & LaBreque, 1979; White & 
McKenzie, 1989; Nürnberg & Müller, 1991; Light et al., 1992; Clemson et 
al., 1997; Gladczenko et al., 1997). This phase ended with continental and 
ocean volcanism, reactivation of large faults and erosion of rift blocks to 
produce a regional unconformity (Fig. 3.3.d). 

Phase V• : The development of a marginal sag basin architecture, character-
ized by a progressive increase in bathymetry since Albian times. Halokinetic 
movements dominated this phase, deforming post-rift strata and determin-
ing patterns of deposition (Fig. 3.3.e).  

 Similarly, Aslanian et al. (2009) distinguished three main phases of thin-
ning, placing the seismic results of the ZaiAngo Project1 in a kinematic context:

Extensive Phase• : occurred on large area (stress field > 400 km), producing 
tilted fault blocks and many disconnected grabens. This phase corresponds 
to phases I to III as defined by Cainelli & Mohriak (1999). 

Exhumation Phase• : is the main thinning phase concentrated on the “Con-
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tinental Slope Domain”2 (Aslanian et al., 2009) and the formation of a sag 
basin. The thinning process also seems to have maintained the system in 
an elevated position, at least, until break up (Moulin et al., 2005; Aslanian 
et al., 2009). The end of this phase is marked by the first marine sediments 
and evaporites deposited in a very shallow marine environment. This phase 
corresponds to phase IV as defined by Cainelli & Mohriak (1999).

1: The ZAIANGO project was developed by IFREMER and TOTAL to perform an in-
tegrated study of the modern Zaire Fan at the Congo-Angola margin, at a regional 
scale, in order to acquire an understanding of the sedimentary processes controlling 
the distribution and the characteristics of the reservoirs, from the river mouth to the 
distal lobes.
2: The “Continental Slope Domain” is a 200-250 km wide strip along the Angolan and 
Brazilian margins, separating unthinned continental crust from the first true oceanic 
crust (Aslanian et al., 2009). The nature of the crust across this domain varies from 
pureley continental to intruded continental crust, atypical oceanic crust or lithospheric 
mantle (or even a mixture). This domain is also known as the “transitional domain”, 
vaguely defined as “including the entire area underlain by the thinned continental 
crust” (Hutchinson et al., 1983), or as “a narrower region where the crust has not 
only been thinned but also extensively intruded and possibly modified by metamor-
phism during rifting” (Aslanian et al., 2009).
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Figure 3.4: Typical geological profile across East Brazilian and West African 
South Atlantic marginal basins. The four tectonstratigraphic basin cycles with 
their dominant depositional facies are indicated. Wtihin the post-rift, three main 
tectonic domains can be recognized moving basinwards. Note that these gener-
alized geological profiles of the two margins are actually mirror-images of each 
other (Modified after Norvick & Schaller, 1998; Calassou & Moretti, 2003; Dickson 
et al., 2003). 



Break Up and Oceanic Spreading Phase• : is limited to a stress field less 
than 50 km wide, where break up and oceanic spreading took place. Oce-
anic emplacement began in the south and advanced northwards (Meyers et 
al., 1996a; Mohriak & Rosendahl, 2003). This phase is similar to Cainelli & 
Mohriak’s  (1999) phase V.

 During the rifting, that culminated in the creation of the Atlantic, the conti-
nental lithosphere was stretched and the subcrustal mantle thermally attenuated, 
particularly where a mantle plume was present. The thermally destabilized conti-
nental lithosphere then re-equilibrated with the asthenosphere upon termination 
of rifting activity or after crustal separation had been achieved and the respective 
passive margins had moved away from the seafloor spreading axis (McKenzie, 
1978; Steckler and Watts, 1982; Wilson, 1993; Ziegler, 1996; Cloetingh et al., 
2008).  Cloetingh et al. (2008) suggest that under conditions of pure-shear litho-
spheric extension (forming the basis of the geodynamic model of Cainelli and 
Mohriak (1999)), conjugate passive margins are likely to display a more or less 
symmetrical lithospheric configuration at the crustal separation stage. Therefore, 
they anticipate that their respective post-rift evolution should be similar, variations 
in their rheological structure being limited to those caused by the thickness of the 
passive margin sedimentary wedge.

3.2.2 Cycles of Basin Evolution
 Cainelli and Mohriak’s (1999) geodynamic phase model can be trans-
lated into cycles of basin evolution or tectonostratigraphic megasequences. We 
have identified four such cycles (Fig. 3.4, 3.5, 3.6 & 3.7):

The 1. pre-rift (or intracratonic sag basins – Late Proterozoic to Jurassic; 
Phase I): includes a number of intracratonic phases of the Gondwana Su-
percontinent, which preceded the main rift phase. Subsidence and early 
stretching during the Jurassic resulted in the development of regional sags, 
which together formed a larger basin known as the Afro-Brazilian Depres-
sion (Garcia, 1991; Chang et al., 1992). However, associated sediments 
have only be preserved locally.  Note that for the purpose of this discussion, 
which concentrates on the Mesozoic to Tertiary basin history of these mar-
gins, the “pre-rift” encompasses a very long time period that may include a 
number of older basin cycles related to other basin histories. 

The 2. syn-rift (or interior fracture basins – Late Jurassic to Early Cretaceous; 
Phases II-III): includes several phases of subsidence resulting in elongated 
and faulted basins. In some basins, such as Santos and Campos, this was 
accompanied by the extrusion of tholeiitic basalts, time-equivalent to the 
large Serra Geral basalt extrusion in the neighbouring intracratonic basins 
(Mizusaki et al., 1988; Zalan et al., 1990). The syn-rift section in most ba-
sins fills a network of half graben and internal highs and is faulted by N-S or 
NE-SW downstepping synthetic faults, sometimes interrupted by antithetic 
faults. The upper limit of rift faulting is marked by the break up unconformity 
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Figure 3.5a: Generalized basin tectonic evolution chart for all West African mar-
ginal basins: they evolve from the pre-rift, syn-rift, transitional into the post-rift, 
under the influence of the same events and processes. A schematic stratigraphy 
is included, as well as the division into mega- and super-sequences as proposed 
by Cainelli & Mohriak (1999). 

Figure 3.5b (page 27): Generalized basin tectonic evolution chart for the northern 
Brazilian (Sergipe-Alagoas, Almada-Camamu, Jequitinhonha and Cumuruxatiba) 
basins and the southern Brazilian (Espírito Santo, Campos and Santos) basins. 
All basins evolve from pre-rift, syn-rift, transitional into the post-rift, under the in-
fluence of the same events and processes.  A schematic stratigraphy is included 
for both regions. Note the dominance of volcanism during the (pre-)rift phase of 
the southern basins, in contrast to the sagging and basement faulting (with in-
creased subsidence) in the northern basins. The mega- and super-sequences as 
defined by Cainelli & Mohriak (1999) are indicated as well. 
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Figure 3.6 (page 28): Regional seismic profiles and their interpretation. (A1) - 
Simplified line drawing interpretation of the reflection seismic data along transect 
A in the Lower Congo basin. (A2) - Depth-converted geologic interpretation of 
seismic line A1. The vertical exaggeration is 5:1. (Marton et al., 2000). (B1) - Re-
gional deep seismic profile for transect B in the Espírito Santo basin. (B2) - In-
terpretation of major structural and tectonic elements as well as the stratigraphic 
megasequences along the deep seismic profile B1 (Mohriak et al., 2008). (C1) 
- Regional seismic profile corresponding to transect C in the Santos basin. (C2) 
- Geological depth-convertetd section with schematic interpretation of the strati-
graphic megasequences along seismic profile C1 (Mohriak et al., 1995, 2008).  

(Falvey, 1974) (pre-Alagoas or pre-Aptian), which is diachronous along both 
margins from early/middle Aptian in the south to middle/late Albian in the 
north (Matos, 1992). 

The 3. transitional cycle (or sag basins – Aptian to Early Albian; Phase IV) 
marks the cessation of crustal stretching, of rifting and of most basement-
involved fault activity. A period of erosional peneplanation followed and left 
a low residual topography. This cycle is most important for its evaporites, 
which, following sediment loading and/or tilting of the margin, controlled the 
facies distribution of the overlying post-rift and severly deformed it by ha-
lokinesis. Two styles of salt tectonics can be distinguished: in Campos (and 
in most other basins discussed here), faults related to salt tectonics are 
synthetic (basinward-dipping), resulting from down slope movement, creat-
ing rafts of Albian blocks  moving basinwards. In the Santos basin, how-
ever, prograding wedges of Upper Cretaceous to Lower Tertiary sediments 
overlie depocentres that become younger basinwards: these depocentres 
result from salt mobilization by  excess sedimentary loading, controlled by 
antithetic (landward-dipping) faults that detach at the base of the salt. The 
latter results locally in large stratigraphic gaps (Mohriak et al., 1995). This 
difference in halokinetic style can be attributed to varying amounts of sedi-
ment input during different stages in basin evolution. 

The 4. post-rift (or thermal sag basins – Early Albian to Present; Phase V): 
the passage from the transitional to post-rift cycle is gradational, punctuated 
by minor sub-regional unconformities. The decay of the thermal anomaly 
created during the stretching phase (McKenzie, 1978) and the progressive 
movement of the continents away from the mid-ocean ridge caused the 
cooling and contraction of the lithosphere, resulting in increased thermal 
subsidence basinward. 

 

3.2.3 Other Geodynamic Models
 In recent years, new seismic with reasonable imaging of the pre-salt sec-
tion has become available for the outer parts of the South Atantic continental 
margins. Several recent papers have used this information combined with re-
interpretation of gravity and magnetic data to arrive at new models for openig of 



Fig. 3.7: Simplified Jurassic to present chronology of the general tectonic basin 
evolution of South Atlantic marginal basins according to three different models 
proposed by Cainelli & Mohriak (1999), Petrobras (e.g. Moreira, 2007; Winter, 
2007) and Torsvik et al. (2009).

the South Atlantic. Particularly, the timing of break up as well as the nature of the 
“transitional cycle” are subject to debate.  

 Recent papers published by Petrobras (e.g. Dias, 2005; Moreira et al., 
2007; Winter et al., 2007) tend to place the break-up unconformity closer to the 
Aptian-Albian boundary for the Campos and Santos basins. The Early Aptian 
sequence is considered part of the rift phase (syn-rift). The Late Aptian sequence 
was deposited under stable tectonic conditions in a sag basin, characterized by 
regional subsidence and localized active faults, and separated from the syn-rift 
by the Pre-Alagoas unconformity. This phase is defined as a post-rift phase (Mor-
eira et al., 2007; Winter et al., 2007). Break up is postulated to have taken place 
directly after evaporite deposition, initiating the drift phase (Fig. 3.7) (Moreira et 
al., 2007; Winter et al., 2007). This suggests that the evaporties were deposited in 
one single basin formed by the individual Aptian salt basins in the South Atlantic, 
instead of accumulating independently on both margins during and after break 
up. Furthermore, this means that the post-rift can be subdivided into two basic 
basin architectures: an interior sag followed after break up by a marginal sag.    

 Torsvik et al. (2009) interpreted COB positions for the Atlantic margins 
of South America and Africa, based on gravity- and magnetic fields, bathymetry, 
seismic interpretations, the position of SDRs and salt basins, and tested them 
against different plate-fitting scenarios. They also suggest that the break-up un-
conformity is located closer to the Aptian-Albian boundary post-dating evaporite 
deposition (supported by Moulin et al., 2010), also implying that the salts were 
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deposited in one single basin. However, they propose that these evaporities and 
underlying fluvio-marine sediments (i.e. transitional cycle) are part of the syn-
rift cycle (~ infilling/waning stage), instead of representing a post-rift cycle (Fig. 
3.7).

 The most important difference between these models deals with the tim-
ing and mode of basin formation. In case of the model proposed by Torsvik et al. 
(2009), the syn-rift phase occupies a longer time period, potentially resulting in 
higher heat flows causing syn-rift sources to have matured earlier than previously 
anticipated Also, a different subdivision in basin cycles, may cause the user of 
this approach to choose different analogues to compare to. 

 Nevertheless, even the most recent reconstructions of the break up his-
tory of the South Atlantic present numerous unexplained misfits. Therefore, there 
is still no general consensus on timing and trends of opening of the South Atlan-
tic. In our analysis, we have chosen for the model by Cainelli & Mohriak (1999), 
since this model is best known and still most frequently used.

 3.3 Sedimentary Basin Evolution
 The megasequences recognized in the basins along both margins are 
closely linked to the major tectonic basin cycles. Cainelli & Mohriak (1999) pro-
vided a stratigraphic overview of each megasequence (Fig. 3.4, 3.5, 3.6 & 3.8):

The•  pre-rift megasequence actually comprises two super-sequences:

Paleozoic super-sequence1. : well developed in the large intracratonic ba-
sins of Solimões, Amazon, Parnaíba and Paraná. This sequence is only 
expressed as some remnants of Permian and Carboniferous rocks in 
the Sergipe-Alagoas basin.

Jurassic super-sequence2. : separated from the Paleozoic super-se-
quence by a hiatus involving the Triassic. This super-sequence with 
non-marine red shales and coarse grained, poorly sorted, kaolinitic 
sandstones (Melton, 2008) has only been found locally (e.g. in the Ser-
gipe-Alagoas basin, covering remnants of Paleozoic rocks or Precam-
brian basement (Feijo, 1994); and in the Interior sub-basin of the Gabon 
Coastal basin).

In most basins, the • syn-rift megasequence is composed of three main 
lithofacies associations (Figueiredo, 1981; Dias et al., 1988): 

The borders of the rift, especially those corresponding to active rift 1. 
faults, are dominated by alluvial fan conglomerates and sandstones, in 
which volcanic clasts are common components. 

In the lacustrine depocentres, where during Neocomian times extreme 2. 
anoxic (fresh water, brackish to (hyper)saline) conditions prevailed, or-
ganic-rich, calcareouos black shales accumulated. 

In some basins, pelecypod limestones 3. (coquinas) are well developed 
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Figure 3.8a: Trajectory plots, describing sedimentary basin evolution through time 
for the Douala and Rio Muni basins. Timing of source- and reservoir rock deposi-
tion is indicated, as well as the associated sedimentary environment. (!), (*) or 
(?): Source rocks and associated petroleum system with a proven, hypothetical 
or speculative status, respectively (References: Appendices A and C). 
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along flanks and crests of the rift internal highs, away from the input 
source of terrigenous sediments (Bertani & Carozzi, 1984, 1985a, 
1985b; Cainelli & Mohriak, 1999). These basins include the Campos- (~ 
Coqueiros Mb of Lagoa Feia Fm) (Cainelli & Mohriak, 1999; Liro & Daw-
son, 2000; Winter et al., 2007), Santos- (~ Itapema Mb of Guaratiba Fm) 
(Moreira et al., 2007), Sergipe-Alagoas - (~ Morro de Chaves Mb of the 
Coqueiro Seco Fm) (Coward et al., 1999; Brasil Round 10 - Sergipe-
Alagoas), Lower Congo-  (~ Toca Fm)  (Coward et al., 1999; Harris, 
2000b) and Kwanza basins (Whaley, 2007; Henry et al., 2010). 

Initially, the lacustrine waters in the syn-rift half grabens were fresh, but they 
became increasingly saline to even hypersaline with basin evolution: the 
early lakes developed as stable, balanced (or underfilled) lake systems that 
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Figure 3.8b: Trajectory plots, describing sedimentary basin evolution through 
time for the Gabon Coastal, Lower Congo and Congo Fan basins (References: 
Appendices A and C). 
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Figure 3.8c: Trajectory plots, describing sedimentary basin evolution through time 
for the Kwanza and Namibe basins (References: Appendices A and C).

enlarged, as a result of increasing precipitation (Bate, 1999). Later, during 
lowstand phases, when evaporation was greater than precipitation, the lake 
waters almost certainly became (hyper)saline (Bate, 1999), favouring the 
development of lacustrine coquinas. It appears that lake shrinkage and the 
increase in water salinity coincided with the end of the rift phase, related to 
the infilling of available accommodation space and the lowering of surface 
relief.

However, in other basins, such as Santos, Campos, Pelotas and Namibe, 
volcanism during the syn-rift is responsible for tholeiitic basalts making up 
a major part of syn-rift megasequence, before any lacustrine/fluvial/alluvial  
deposition could take place. 

The lithologic succession of the•  transitional megasequence starts with 
Early Aptian siliciclastics and ends with Late Aptian to Early Albian evap-
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Figure 3.8d: Trajectory plots, describing sedimentary basin evolution through time 
for the Sergipe-Alagoas and Almada-Camamu basins (References: Appendices 
B & D).

orites. Peneplanation of the crests of uplifted and rotated Neocomian rift 
blocks left residual topography that provided the siliciclastic source for 
coarse grained Aptian sandstones and conglomerates deposited above the 
basal unconformity. The evaporites, halite and anhydrite, represent the first 
marine ingressions invading the elongated South Atlantic Gulf (Asmus & 
Ponte, 1973). The continuous evaporite blanket extended on the African 
side from the southern regions of the Douala basin to the Namibe basin. 
On the Brazilian side, the evaporites extended from the Sergipe-Alagoas to 
the Santos basin, only interrupted by the Jacuípe basin, which is interpreted 
to have been a deep sediment-starved graben during deposition of the salt 
(but which may never have dried up) (Davison, 2007). 

The • marine post-rift megasequence can be subdivided into two superse-
quences:
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Figure 3.8e: Trajectory plots, describing sedimentary basin evolution through time 
for the Jequitinhonha, Cumuruxatiba and Espirito-Santo basins (References: Ap-
pendices B & D).
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The 1. restricted marine super-sequence (Early Albian to Late Cenoma-
nian), marked by shallow marine hypersaline and anoxic conditions 
(Dias-Brito, 1982, 1987), is subdivided into three sequences:

- The neritic sequence (Early to Middle Albian): high energy, shallow 
water calcarenites and dolomites, deposited in a ramp/platform setting 
with hypersaline waters (Dias-Brito, 1982; Dias-Brito & Azevedo, 1986; 
Azevedo et al., 1987; Koutsoukos & Dias-Brito, 1987). They can reach 
more than 1000 m thickness. 

- The deepening sequence (Late Albian): drowning of the carbonate 
platform. A gradual change to shallow and deep marine terrigenous de-
position, as carbonate production did not keep up with accommodation, 
resulting in an increase of the bathymetry offshore and the development 
of a ramp profile (Séranne & Anka, 2005; Anka et al., in press). 

- The hemipelagic sequence (Turonian/Cenomanian): coincides with a 
worldwide anoxic event (Fig. 3.2), resulting in the widespread deposition 
of organic-rich black shales. During this period the rate of sedimentation 
was low; stretching occurred over a relatively wide zone of the conti-
nental lithosphere, with vertical movements (basinward subsidence and 
landward uplift) being distributed across a > 200 km wide margin. The 
consequent moderate topography resulted in little erosion and a low 
terrigenous influx to the margin (Séranne & Anka, 2005).

The deepening- and hemipelagic sequences may together reach a 
thickness of 100 to 600 meters (even greater in the deep water region), 
and comprise calcilutites interbedded with marls and shales. Turbidite 
sandstones are distributed throughout these two sequences, suggest-
ing that third- and fourth order sea level falls interrupted the prevailing 
relative sea level rise. The distribution of the turbidites was strongly 
controlled by halokinetic movements.

The 2. open marine super-sequence (Turonian to Present) represents the 
oceanic phase of deposition (Fig. 3.2), characterized by environmen-
tal stability and palaeowater depths reaching 1000 to 2000 meters be-
yond the present-day continental shelf (Koutsoukos, 1984, 1987). In the 
Campos and Sergipe-Alagoas basins, a stratigraphic pattern of Late 
Cretaceous retrogradation followed by Tertiary progradation with offlap-
ping sequences is observed (van Balen et al., 1995; Cainelli & Mohriak, 
1999). However, the Santos basin experienced an initial greater sedi-
ment influx from the Serra do Mar uplift, which exceeded accommoda-
tion created by sea level rise, and is therefore characterized by a general 
prograding section (Pereira et al., 1986; Pereira & Feijo, 1994; Cainelli 
& Mohriak, 1999). Along both margins, greater sediment input during 
the Late Tertiary led to the development of a well defined offlapping 
shelf-slope-basin wedge, reaching more than 3500 meters thickness. 
A mixed clastic-carbonate shelf margin was established, with coastal/
shelf sandstones grading seaward into rimmed carbonates along the 
shelf edge. Turbidite lenses, debris and mass flow deposits occur ex-
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Figure 3.8f: Trajectory plots, describing sedimentary basin evolution through time 
for the Campos, Santos and Pelotas basins (References: Appendices B & D).



tensively in the Lower Tertiary section (Peres, 1993). Basinwards, the 
thickest turbidite deposits accumulated where salt remobilization oc-
curred contemporaneously with deposition in response to the differen-
tial sedimentary load. 

 Locally, a third post-rift super-sequence can be recognized during Ter-
tiary times: the deltaic super-sequence. This phase is most visible along the 
African margin and commenced during the onset of icehouse conditions in the 
Early Oligocene with major submarine erosion of the ramp (McGinnis et al., 1993; 
Séranne & Anka, 2005), locally removing about 500 m of stratigraphic section in 
the outer shelf  region (Lavier et al., 2000; Séranne & Anka, 2005). The northward 
motion of the African plate caused the margin to be placed under tropical and 
wet conditions, causing strongly enhanced erosion of the uplifted rift shoulders 
(Séranne & Anka, 2005) and the development of a thick downlapping wedge 
of prograding clastic sediments on the shelf/slope (extending basinward to very 
large turbidite deep-sea fans), such as the Congo Fan situated on top of part of 
the Lower Congo basin (Meyers et al., 1996a; Séranne, 1999; Droz et al., 2003; 
Babonneau et al., 2004; Anka & Séranne, 2004; Séranne & Anka, 2005; Savoye 
et al., 2009) and the Ogooue Delta in the Gabon Coastal basin (Fig. 3.5a & 3.8b). 
No such extensive delta development has occurred along the Brazilian margin. 

 The trajectory plots (Fig. 3.8) demonstrate that each of the basins along 
both margins has experienced a similar tectonostratigraphic basin evolution (Fig. 
3.8g): a shallow/deep lacustrine, fluvial and alluvial syn-rift, followed by fluvio-ma-
rine and restricted (hypersaline) transitional cycle, and a shallow to deep marine 
post-rift. Where delta systems were able to develop on the shelf, associated tur-
bidite systems are developed in the deeper parts of the basins (Droz et al., 2003; 
Babonneau et al., 2004). It seems that the African marginal basins show more 
variation in basin evolution than their counterpart Brazilian basins (Fig. 3.8g): 
particularly in the transitional- and post-rift cycles a greater variety of sedimentary 
environments seems to  occur. The evolution of the Namibe basin is most strik-
ing, since a significant deepening is already observed since the late syn-rift: the 
almost complete absence of evaporites suggests that this basin does not experi-
ence any restricted marine environment.

3.4 Source-, Reservoir- and Seal Rock Development
 Each trajectory plot diagram (Fig. 3.8) provides information on the timing 
of source- and reservoir rock deposition in a basin, as well as on the environment 
of deposition. Considering that the trajectories of all South Atlantic basins follow 
a similar path, it can be concluded that the similar tectonostratigraphic evolution 
of the basins gave rise to the development of similar source- and reservoir rock 
intervals. The presence of analogous source rock intervals in all these different 
basins gives rise to the (potential) development of similar types of petroleum 
systems (PSTs). The same also applies to play level development: in each basin 
cycle we can identify equivalent lithofacies deposited in similar environments and 
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Figure 3.8g: Summary trajectory plots, describing the general evolutionary trend 
of each basin. Top: African marginal basins. Bottom: Brazilian marginal basins. 
Note the trend from a continental syn-rift to a dominantly marine post-rift. Where 
the trajectories overlap, it can be anticipated that similar deposits developed.
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basin cycles, potentially providing reservoirs for hydrocarbon storage.

 Appendix A, B, C and D provide information on source-, reservoir- and 
seal rock properties associated with each proven (hypotetical or speculative) pe-
troleum system and play recognized in these basins.       

3.5 Conclusions
 The West African and Brazilian marginal basins have experienced a simi-
lar tectonic and sedimentary basin evolution, as they all evolved from interior 
fracture- to marginal sag basins. Cainelli & Mohriak (1999) developed a 5-phase 
geodynamic model for the South Atlantic marginal basins. Aslanian et al. (2009) 
reduced the model to three thinning phases. These models can be translated into 
four cycles of basin evolution or megasequences (Cainelli & Mohriak., 1999). 
Although the environment of deposition changed with time, the areal variation in 
environments along both margins was remarkably consistent (Fig. 3.8). The gen-
eral trend in basin evolution involves a continental pre- and syn-rift, a restricted 
(hypersaline) marine transitional cycle, and finally a shallow to deep marine post-
rift. Variations in post-rift sediment input, result in different styles of halokinetic 
faulting (antithetic versus synthetic) and potential development of major delta 
systems (Congo Fan and Ogooue Delta).

 This similar tectonstratigraphic basin evolution is also expressed in the 
trajectory plots (Fig. 3.8). We assume that where these trajectory paths overlap/
cross similar lithofacies may have developed. Consequently, many equivalent/
analogous source- and reservoir rock intervals have been identified. These (po-
tentially) give rise to certain types of petroleum systems and plays, which analo-
gously occur in most of the South Atlantic marginal basins. 
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Petroleum System- & Play  
Development in the 

West African Marginal Basins

Largely based on:

Beglinger, S.E., Doust, H. and Cloetingh, S., submitted. Relating Petroleum System and Play De-
velopment to Basin Evolution: West African South Atlantic Basins. Journal of Marine & Petroleum 
Geology.

4.1 Introduction
 Now that we have established a firm tectonostratigraphic framework for 
both margins, and compared the tectonic- and sedimentary basin evolution of the 
basins individually, we can consider the development of petroleum systems and 
plays.

 Chapter 3 demonstrated that due to the similar tectonostratigraphic evo-
lution (Fig. 3.8), many equivalent/analogous source- and reservoir rock intervals 
were able to develop along the margins. These give rise to the widespread oc-
currence of certain types of petroleum system and plays. In this chapter, we will 
discuss their development in the basins along the West African margin (Fig. 3.1) 
and link them to cycles of basin evolution (Fig. 3.5a). For this part of the analysis, 
we will use the petroleum system flow diagram and events chart to point out the 
main characteristics. 

4.2 Petroleum System Type Development
  The petroleum systems identified can be classified into one of six Pe-
troleum System Types (PSTs), in each of which the source rock, and hence the 
petroleum charge is associated with a specific basin cycle and depositional envi-
ronment (Fig. 3.8, 4.1 & 4.2). Detailed descriptions of the source characteristics 
are given in Appendix A. Since no thermal- and/or petroleum modelling has been 
performed in this study, the timing of petroleum generation/migration and trap 
formation are extracted from literature. (references: see figs. 4.2 & 5.2). 

The 1. Lacustrine Syn-rift PST (Fig. 4.2a) is responsible for the majority of 
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accumulations, and is second most important with respect to discovered 
recoverable reserves. 

Source• : fresh-brackish lacustrine syn-rift shales (Burwood, 1999; 
Schoellkopf & Patterson, 2000; Brownfield & Charpentier, 2006; Has-
san & Shafie, 2009; Martin & Toothill, 2009). 

Reservoirs• : within syn- and post-rift cycles (Schoellkopf & Patterson, 
2000; Brownfield & Charpentier, 2006). 

Seal• : regionally extensive evaporites of the transitional cycle, and intra-
formational lacustrine, marine and deltaic shales located throughout the 
stratigraphy (Schoellkopf & Patterson, 2000; Brownfield & Charpentier, 
2006).  

Hydrocarbon generation/migration• : Late Cretaceous (~ Late Albian) till 
present. Peak generation during Cenomanian-Paleocene times (Ed-
wards & Bignell, 1988; Pauken, 1992; Schoellkopf & Patterson, 2000; 
Brownfield & Charpentier, 2006; Martin & Toothill, 2009). 

Migration pathways• : short lateral and vertical migration to juxtaposed 
or interfingering syn-rift reservoir facies, significant lateral migration 
along pre-salt clastics carrier beds directly underlying the evaporites 
(e.g. Chela Sandstone-, Como-, Gamba- and Upper Cuvo Fms) and 
upward migration through salt windows and along faults into post-rift 
reservoirs (Fig. 4.3 & 6.5.c) (Schoellkopf & Patterson, 2000; Brownfield 
& Charpentier, 2006). 
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Figure 4.1: Summary of all petroleum system types (PST) recognized (!) or po-
tentially present (* or ?)  in each basin cycle in each basin along the West African 
margin.



Timing of trap formation• : since Early/Mid Cretaceous times (Schoellkopf 
& Patterson, 2000). 

Critical moment• : ~ 100 Ma. 

The 2. Fluvio-Marine Transitional PST (Fig. 4.2b) has only been proven in 
the Kwanza basin. In the Gabon Coastal basin similar source rocks have 
been identified (~ forming part of a hypothetical petroleum system, in which 
additionally a lacustrine late syn-rift source is included: Dentale/Gamba - 
Dentale/Gamba PS (.)). 

Source• : fluvio-marine shales at base of the transitional cycle (Burwood, 
1999). 

Reservoir• : within transitional and post-rift cycles (Burwood, 1999). 

Seal• : regional seal of the evaporites and intra-formational post-rift ma-
rine shales (Schoellkopf & Patterson, 2000; Brownfield & Charpentier, 
2006).

Hydrocarbon generation/migration• : unknown, probably since Late Cre-
taceous times.

Migration pathways• : short lateral and vertical migration to juxtaposed 
or interfingering transitional cycle reservoir facies, as well as significant 
lateral migration along pre-salt clastics carrier beds directly underlying 
the evaporites (see lacustrine syn-rift PST). Furthermore, upward mi-
gration through salt windows and along faults into post-rift reservoirs  
(Fig. 4.3 & 6.5.c) (Schoellkopf & Patterson, 2000; Brownfield & Char-
pentier, 2006). 

Timing of trap formation• : probably since Mid-Cretaceous times.

Critical moment• : unknown, depending on timing of hydrocarbon gen-
eration/migration. 

In some basins, source rocks are present and potentially give rise to a 3. Re-
stricted (Hypersaline) Marine Transitional PST (Fig. 4.2c), but no associ-
ated accumulations have been discovered yet. 

Source• : restricted hypersaline marine shale stringers within the evapo-
rites (Statoil Internal Reports). 

Reservoir• : potentially within the transitional and post-rift cycle. 

Seal• : regional seal of the evaporites and intra-formational post-rift ma-
rine shales (Schoellkopf & Patterson, 2000; Brownfield & Charpentier, 
2006).

Hydrocarbon generation/migration• : unknown, potentially since Late 
Cretaceous times.

Migration pathways• : potentially short lateral and vertical migration to 
juxtaposed or interfingering transitional cycle reservoir facies. And po-
tentially upward migration through salt windows and along faults into 
post-rift reservoirs (Fig. 4.3 & 6.5.c) (Schoellkopf & Patterson, 2000; 
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Figure 4.2a: General 
summary of the Lacus-
trine Syn-rift PST. Top: 
General petroleum 
system flow diagram, 
giving an overview of 
(potential) source rock 
locations in the stra-
tigraphy and (poten-
tial) plays/reservoirs 
receiving charge from 
this source. Bottom: 
General events chart, 
specifying approximate 
timing of source-, res-
ervoir-, seal- and over-
burden rock deposition 
as well as timing of hy-
drocarbon generation, 
migration and preser-
vation (Burwood, 1999; 
Schoellkopf & Patter-
son, 2000; Brownfield 
& Charpentier, 2006; 
for others, see Appen-
dices A & C).



Brownfield & Charpentier, 2006). 

Timing of trap formation• : probably since Late Cretaceous times.

Critical moment• : Unknown.

The 4. Shallow & Deep Marine Post-rift PSTs (Fig. 4.2d & 4.2e) are the 
most important PSTs, responsible for the greatest volume of recoverable 
reserves discovered to date. A potential equivalent PST present underneath 
the Congo Fan delta could also be generating hydrocarbons at this moment 
(Anka et al., in press). 

Source• : marine shales (within restricted marine post-rift super-sequence 
& open marine post-rift super-sequence) (Burwood, 1999; Katz et al., 
2000; Schoellkopf & Patterson, 2000; Brownfield & Charpentier, 2006). 

Reservoir• : within the post-rift cycle (Katz et al., 2000; Schoellkopf & Pat-
terson, 2000; Brownfield & Charpentier, 2006).  

Seal• : intra-formational marine and deltaic shales (Katz et al., 2000; 
Schoellkopf & Patterson, 2000; Brownfield & Charpentier, 2006).  

Hydrocarbon generation/migration• : since ~ 30-15 Ma (Mid-Oligocene 
- Mid-Miocene) (Katz et al., 2000; Schoellkopf & Patternson, 2000; 
Brownfield & Charpentier, 2006). 

Migration pathways• : direct source-reservoir contact migration or later-
al and vertical migration via faults, induced by halokinetic movements  
(Fig. 4.3 & 6.5.c) (Katz et al., 2000; Schoellkopf & Patterson, 2000; 
Brownfield & Charpentier, 2006).

Timing of trap formation• : since Late Cretacoues (~ Albian) times (Katz 
et al., 2000; Brownfield & Charpentier, 2006). 

Critical moment• : ~ 30-20 Ma.

The 5. Deltaic Late Post-rift PST (Fig. 4.2f) only exists in areas where thick 
deltaic wedges developed during the late post-rift. The Congo Fan basin is 
such an area, but potential for this PST also exists in the Douala basin. 

Source• : deltaic shales (within deltaic post-rift super-sequence (top-
sets), where present) (Burwood, 1999; Schoellkopf & Patterson, 2000; 
Brownfield & Charpentier, 2006).  

Reservoir• :  within post-rift cycle (Schoellkopf & Patterson, 2000; Brown-
field & Charpentier, 2006). 

Seal• :  intra-formational deltaic and marine shales (Schoellkopf & Pat-
ternson, 2000; Brownfield & Charpentier, 2006). 

Hydrocarbon generation/migration• : since ~ 10-5 Ma (Late Miocene) , 
but immature over large areas due to insuficient burial (Schoellkopf & 
Patterson, 2000; Brownfield & Charpentier, 2006). 

Migration pathways• : short lateral and vertical migration through/along 
faults into juxtaposed and interfingering deltaic reservoirs. When de-
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Figure 4.2b: 
General sum-
mary of the 
Fluvio-Marine 
Tr a n s i t i o n a l 
PST. Top: 
General petro-
leum system 
flow diagram. 
Bottom: Gen-
eral events 
chart (Bur-
wood, 1999; 
S c h o e l l k o p f 
& Patterson, 
2000; for oth-
ers, see Ap-
pendices A & 
C).



Figure 4.2c: 
General sum-
mary of the 
R e s t r i c t e d  
(Hypersaline) 
Marine Tran-
sitional PST. 
Top: General 
p e t r o l e u m 
system flow 
diagram. Bot-
tom: Gen-
eral events 
chart (Bur-
wood, 1999; 
Schoe l l kop f 
& Patterson, 
2000; Brown-
field & Char-
pentier, 2006; 
for others, see 
Appendices A 
& C).
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Figure 4.2d: 
General sum-
mary of the 
Shallow Ma-
rine Post-rift  
PST (source 
within restrict-
ed marine 
post-rift su-
persequence). 
Top: General 
p e t r o l e u m 
system flow 
diagram. Bot-
tom: General 
events chart 
( B u r w o o d , 
1999; Katz 
et al., 2000; 
S c h o e l l k o p f 
& Patterson, 
2000; Brown-
field & Char-
pentier, 2006; 
for others, see 
Appendices A 
& C).
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Figure 4.2e: 
General sum-
mary of the 
Deep Marine 
Post-rift PST 
(source within 
open marine 
post-rift su-
persequence). 
Top: General 
p e t r o l e u m 
system flow 
diagram. Bot-
tom: General 
events chart 
( B u r w o o d , 
1999; Katz 
et al., 2000; 
Schoe l l kop f 
& Patterson, 
2000; Brown-
field & Char-
pentier, 2006; 
for others, see 
Appendices A 
& C).
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Figure 4.2f: 
General sum-
mary of the 
Deltaic Late 
Post-rift PST 
(source within 
deltaic post-
rift super-se-
quence, where 
present). Top: 
General petro-
leum system 
flow diagram. 
Bottom: Gener-
al events chart 
( B u r w o o d , 
1999; Katz 
et al., 2000; 
S c h o e l l k o p f 
& Patterson, 
2000; Brown-
field & Char-
pentier, 2006; 
for others, see 
Appendices A 
& C).
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posited in deep troughs, these deltaic sources may be juxtaposed to 
shallow/deep marine sandstones/carbonates by growth faults (Fig. 4.3 
& 6.5.c) (Schoellkopf & Pattersnon, 2000; Brownfield & Charpentier, 
2006). 

Timing of trap formation• : probably since Albian times. 

Critical moment• : ~ 10-5 Ma.

 The Lacustrine Syn-rift and (Shallow & Deep) Marine Post-rift PSTs are 
responsible for the majority of the hydrocarbon accumulations discovered to date. 
Partly due to leakage of hydrocarbons with a lacustrine signature from the syn-
rift into the post-rift through salt windows (Fig. 4.3), most discoveries have been 
made within the post-rift section. Consequently, many post-rift reservoirs contain 
a mixture of marine post-rift and lacustrine syn-rift hydrocarbons.

 Of the three minor and locally developed PSTs, the Fluvio-Marine Tran-
sitional PST seems to hold the most potential; in every basin, the Aptian Uncon-
formity is identified and is overlain by a fluvio-marine sag sequence containing 
organic-rich shales. The main risk associated with this PST relates to the thick-
ness of the source sequence, which might not be enough for economic hydrocar-
bon generation. 

 The Deltaic Late Post-rift PST can only exist where extensive deltas de-
veloped during the last stage of the post-rift, and hence where the overburden 
rocks are sufficiently thick to allow maturation of deltaic source rocks. In areas 
where no such delta development has taken place, analogous shales can only 
mature when deposited in deep troughs or in areas of abnormally high heat flow. 

 Note that many parts along the margin remain under-explored and a thor-
ough understanding of the thickness and areal- and maturity distribution of the 
different source rock intervals is lacking. Since source rock maturity heavily de-
pends on the variable overburden thickness occurring along the margin, detailed 
maturation modelling should be a top priority for future research. 

4.3 Play Development
 Play levels are defined as specific sequences or reservoir horizons, de-
fined by either formation name or lithostratigraphic facies, as appropriate. Each 
play level has its characteristic suite of reservoir, charge and trap types. The 
stratigraphic sequence contains a variety of play levels (Fig. 3.8), many of them 
characteristic of the basin cycle in which they occur (Fig. 4.4 & Appendix C).  

Pre-rift Cycle1. : no play levels have been proven yet in this cycle, but po-
tential reservoir lithofacies are formed by alluvial and fluvial sandstones or 
by fractured basement (e.g. in the Interior Gabon sub-basin) (Teisserenc & 
Villemin, 1990; Dupré et al., 2007). 

Syn-rift Cycle2. : contains a few very prolific play levels.

Reservoir lithofacies• : alluvial/fluvial/lacustrine sandstones and (lacus-
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Figure 4.3: Top: schematic geological cross-section of the West African South At-
lantic margin, showing main structure of the basin fill, the most important source 
rock intervals and some typical hydrocarbon accumulations (modified after Huc, 
2004). (1), (2) and (3): different settings of hydrocarbon migration from source to  
reservoir.

54 Chapter 4



trine) carbonates (Smith, 1995; Schoellkopf & Patternson, 2000; Brown-
field & Charpentier, 2006; Hassan & Shafie, 2009; Martin & Toothill, 
2009).

Traps• : developed due to graben development during Early Cretaceous 
times, resulting in both structural (tilted fault blocks and structural clo-
sures  associated with salt movements) and stratigraphic traps (rapidly 
changing facies configurations or drape structures over fault blocks) 
(Martin & Toothill, 2009).

Charge• : lacustrine syn-rift shales (Schoellkopf & Patterson, 2000; 
Brownfield & Charpentier, 2006).

Most important examples • (Statoil Internal Reports):

- Basal Early Rift Sandstone (Neocomian - Gabon Coastal basin), and

- Pre-Salt Barremian-Aptian Carbonate (Lower Congo basin).

Syn-rift / Transitional Cycle3. : some play levels extend from the syn-rift into 
the transitional cycle, and contain significant reserves of hydrocarbons.

Reservoir lithofacies• : lacustrine, fluvial and marginal/shallow marine 
sandstones, conglomerates and carbonates (Liro & Dawson, 2000; 
Brownfield & Charpentier, 2006; Martin & Toothill, 2009).

Traps• : within the syn-rift developed due to graben development, result-
ing in both structural (tilted fault blocks and structural closures  asso-
ciated with salt movements) and stratigraphic traps (rapidly changing 
facies configurations or drape structures over fault blocks) (Martin & 
Toothill, 2009). Traps in the transitional cycle formed during the last 
waning stages of rifting, resulting in gentle anticlinal structures (Brown-
field & Charpentier, 2006).

Charge• : lacustrine syn-rift shales (Schoellkopf & Patterson, 2000; 
Brownfield & Charpentier, 2006). 

Most important examples • (Statoil Internal Reports):

- Dentale/Coniquet/Gamba (Aptian - Gabon Coastal basin), and

- Pre-Salt Tithonian-Aptian Clastic (Lower Congo basin).

Syn-rift / Transitional / (Early) Post-rift Cycle4. : one play level seems to 
extend from the syn-rift into the post-rift and is located in the Douala basin.

Reservoir lithofacies• : marine sandstones - submarine fans and fan del-
ta sandstones (Brownfield & Charpentier, 2006).

Traps• : in the syn-rift and transitional cycles developed as described be-
fore. Early post-rift traps are associated with thermal subsidence of the 
margin, development of carbonate systems and early salt movements 
(where present).

Charge• : probably from lacustrine and restricted marine shales.

Most important examples • (Statoil Internal Reports):
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- Mundeck (?Barremian?-Cenomanian - Douala basin).

Transitional Cycle5. : play levels that are located entirely within the transi-
tional cycle have only been identified in the Kwanza basin.

Reservoir lithofacies• : marginal marine sandstones and carbonates 
(Burwood, 1999; Brownfield & Charpentier, 2006).

Traps• : developed during the last pulses of rifting, resulting in gentle an-

Figure 4.4: Summary of the distribution of play levels throughout the stratigraphy 
of each basin along the West African margin (references: see Appendix C).
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ticlinal structures as well as stratigraphic traps (Brownfield & Charpen-
tier, 2006).

Charge• : probably from fluvio-marine shales at the base of the transi-
tional cycle.

Most important examples • (Statoil Internal Reports):

- Pre-Salt Carbonate (Aptian - Kwanza basin), and

- Pre-Salt Clastic (Aptian - Kwanza basin).

Early / Middle Post-rift Stages6.  (restricted- and open marine post-rift su-
persequences): a great variety of very productive play levels are proven in 
this section.

Reservoir lithofacies• : marginal, shallow and deep marine sandstones 
and carbonates (Katz et al., 2000; Liro & Dawson, 2000; Schoellkopf 
& Patterson, 2000; Brownfield & Charpentier, 2006; Martin & Toothill, 
2009).

Traps• : developed in the carbonate build-ups on the shelf, as well as in 
structures (both structural and stratigraphic) resulting from halokinetic 
movements (Katz et al., 2000; Schoellkopf & Patterson, 2000; Brown-
field & Charpentier, 2006).

Charge• : lacustrine syn-rift shales and shallow to deep marine post-
rift shales (Schoellkopf & Patterson, 2000; Brownfield & Charpentier, 
2006). 

Most important examples • (Statoil Internal Reports):

- Senonian (Rio Muni basin),

- Senonian Turbidite (Gabon Coastal basin),

- Post-Salt Albian-Cenomanian Carbonate (Lower Congo basin), and

- Post-Salt Albian Maastrichtian Clastic (Lower Congo basin).

Late Post-rift Stage7.  (deltaic post-rift super-sequence, where present): also 
containing a great variety of play levels associated with the increased influx 
of clastic sediments from the African continent. 

Reservoir lithofacies• : shallow to deep marine and deltaic sandstones 
(Katz et al., 2000; Liro & Dawson, 2000; Schoellkopf & Patterson, 2000; 
Brownfield & Charpentier, 2006).

Traps• : developed within the prograding deltas, also affected by salt 
movements determining turbidite and fan depositional patterns (Katz et 
al., 2000; Brownfield & Charpentier, 2006).

Charge• : mainly from shallow to deep marine post-rift shales, but mix-
ing with hydrocarbons sourced by lacustrine syn-rift or deltaic post-rift 
shales is not uncommon (Katz et al., 2000; Schoellkopf & Patterson, 
2000; Brownfield & Charpentier, 2006).
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Most important examples • (Statoil Internal Reports):

- Tertiary (Douala, Rio Muni and Congo Fan basins),

- Tertiary Channel (Gabon Coastal basin),

- Tertiary Clastic Turbidite (Lower Congo basin),

- Post-Salt Eocene Clastic (Kwanza basin), and

- Post-Salt Miocene Clastic (Kwanza basin).

4.4 Conclusions
 In this chapter, we have linked the development of different types of pe-
troleum systems and plays along the African margin to the observed cycles in 
basin evolution. Many petroleum systems (!, * or ?) occur along the margin, and 
we have grouped them into 6 different types:

Lacustrine syn-rift PST• ,

Fluvio-marine transitional PST• ,

Restricted (hypersaline) marine transitional PST• ,

Shallow marine post-rift PST• ,

Deep marine post-rift PST• , and

Deltaic late post-rift PST• .

The lacustrine syn-rift and (shallow/deep) marine post-rift types of petroleum sys-
tems are the most productive and occur margin-wide. The other three PSTs were 
only able to develop locally.

 Play development is also closely related to basin tectonostratigrahic evo-
lution: each basin cycle contains a characteristic variety of play (level)s, which 
also occur margin-wide. 

Pre-rift plays•  have not been discovered yet, but potential exist within frac-
tured basement or continental deposits of the initial sag phase.

Syn-rift plays•  are characterized by alluvial, fluvial and lacustrine facies in 
both structural and stratigraphic traps, which developed by graben develop-
ment and rapidly changing facies configurations. 

Plays within the transitional cycle•  include fluvio-marine sandstones in traps 
associated with the last waning phase of rifting.

But the greatest variety of • plays are situated in the post-rift section, as the 
variety of depositional environments and the complexity of basinfill- affect-
ing tectonics (halokinesis) increases. Marginal, shallow and deep marine 
sandstones and carbonates provide the main reservoir lithofacies. The 
post-rift margin can be subsidvided into three tectonic zones moving bas-
inward, each characterized by different types of trapping structures as a 
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consequence of halokinesis: extensional, translational and compressional 
structures. Where a thick deltaic wedge was able to develop, deltaic res-
ervoir sandstones can be found in structures associated with a prograding 
delta, which are also affected by halokinesis. 
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Petroleum System- & Play  
Development in the 

Brazilian Marginal Basins

Largely based on:

Beglinger, S.E., Doust, H. and Cloetingh, S., submitted. Relating Petroleum Systems and Play Devel-
opment to Basin Evolution: Brazilian South Atlantic Margin. Journal of Marine & Petroleum     Geol-
ogy.

5.1 Introduction
 In this chapter, we will consider the development petroleum systems and 
plays in the Brazilian marginal basins (Fig. 3.1). As for the West African margin, 
these petroleum systems and plays can also be placed in the same tectonostrati-
graphic framework as established in Chapter 3. Again, we will use the petroleum 
system flow diagram and the events chart to point out the main characteristics. 

5.2 Petroleum System Type Development
 Along the Brazilian margin, we were able to identify many petroleum 
sytems, which can be classified into five different types of systems. Each PST is 
characterized by a source rock, and hence petroleum charge, associated with a 
specific basin cycle and depositional environment (Fig. 3.8 & 5.1). Detailed de-
scriptions of the source characteristics are given in Appendix B.   

The 1. Lacustrine Syn-rift PST (Fig. 5.1 & 5.2a): 

Source• : lacustrine syn-rift shales deposited in fresh water-, brackish- 
to (hyper)saline lake environments (increasingly saline through time) 
(Gonçalves et al., 2000; Guardado et al., 2000; Mohriak et al., 2000; 
Brasil Round 4 - Cumuruxatiba; Brasil Round 9 - Espírito Santo; Brasil 
Round 10 - Sergipe-Alagoas).

Reservoirs• : within pre-, syn-, transitional- and post-rift cycles (Gonçalves 
et al., 2000; Guardado et al., 2000; Brasil Round 4 - Cumuruxatiba; Bra-
sil Round 9 - Espírito Santo; Brasil Round 10 - Sergipe-Alagoas).
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Seal• : regional/intra-formational lacustrine syn-rift shales, regionally ex-
tensive evaporites in the transitional cycle, and regional/intra-formation-
al marine shales within the post-rift (Gonçalves et al., 2000; Guardado 
et al., 2000; Brasil Round 4 - Cumuruxatiba; Brasil Round 9 - Espírito 
Santo; Brasil Round 10 - Sergipe-Alagoas).

Hydrocarbon generation/migration• : Middle/Late Cretaceous to present 
day  (Gonçalves et al., 2000; Guardado et al., 2000).

Migration pathways• : short lateral and vertical migration to juxtaposed 
or interfingering syn-rift reservoir facies, as well as lateral migration 
through pre-salt carrier beds; upward migration through salt windows 
and along faults into post-rift reservoir strata (Fig. 5.3 & 6.5.c) (Gon-
çalves et al., 2000; Guardado et al., 2000).

Trap formation• : since Early Cretaceous (Gonçalves et al., 2000; Guar-
dado et al., 2000).

Critical moment• : ~ 80 – 100 Ma. 

Some traps types may indeed post-date the critical moment, as genera-
tion/migration post-date trap formation in the syn-rift section but may locally 
pre-date trap formation in the post-rift section. The moment of salt window 
formation, allowing for upward migration of hydrocarbons into the post-rift, is 
critical for successful charging of post-rift reservoirs. In most areas, the as-
sociated sources are mature, or expected to be mature. However, the latest 
giant discoveries in the Santos pre-salt sequence are located relatively far 
basinward against a structural high (Outer High / São Paulo Plateau): the 
syn-rift is elevated in this area relative to the same section closer towards 

Figure 5.1: Summary of all petroleum system types (PSTs) recognized (!) or po-
tentially present (* or ?) in each basin cycle in each basin along the Brazilian 
margin. 
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the shore. The existence of e.g. Tupi is due to the presence of regional pre-
salt carrier beds, allowing focused migration of hydrocarbons generated in 
this thick syn-rift section (closer to the margin)  (Gomes et al., 2009). 

The 2. Fluvio-Marine Transitional PST (Statoil Internal Reports) (Fig. 5.1 
& 5.2b): potential for such a petroleum system has been recognized. This 
stratigraphic unit at the base of the transitional cycle is generally considered 
a reservoir interval, and hence little is known about the source characteris-
tics and maturity distribution.

Source• : fluvio-marine shales at the base of the transitional cycle.

Reservoirs• : potentially within the transitional and post-rift cycles.

Seal• : regionally extensive evaporites of the transitional cycle, and re-
gional/intra-formational marine post-rift shales.

Hydrocarbon generation/migration• : potentially since Early Tertiary till 
present-day.

Migration pathways• : potential lateral migration to juxtaposed/interfinger-
ing reservoirs at the base of the transitional cycle, and potential upward 
migration through salt windows and along faults into post-rift reservoir 
facies (Fig. 5.3 & 6.5.c).

Trap formation• : probably since Late Cretaceous.

Critical moment• : potentially ~ 60 - 70 Ma.

For similar reasons as in case of the lacustrine syn-rift PST, some trap types 
may post-date the critical moment. 

The 3. Restricted (Hypersaline) Marine Transitional PST (Fig. 5.1 & 5.2c):

Source• : Aptian proto-marine hypersaline calcareous black shales 
(Mohriak et al., 2000; Brasil Round 10 - Sergipe-Alagoas). 

Reservoirs• : within all basin cycles (Mohriak et al., 2000; Brasil Round 
10 - Sergipe-Alagoas).

Seal• : regional/intra-formational lacustrine syn-rift shales, regionally ex-
tensive evaporites in the transitional cycle and regional/intra-formation-
al marine shales within the post-rift section (Mohriak et al., 2000; Brasil 
Round 10 - Sergipe-Alagoas). 

Hydrocarbon generation/migration• : Late Cretaceous to present day 
(Mohriak et al., 2000; Brasil Round 10 - Sergipe-Alagoas). 

Migration pathways: expulsion laterally and downwards into underlying • 
pre- and syn-rift reservoirs, and upwards along faults into Upper Creta-
ceous-Tertiary turbidite sandstones. Some fields, located at shallower 
depths, receive charge via lateral migration pathways extending over a 
distance of at least 40 km (Fig. 5.3 & 6.5.c) (Mohriak et al., 2000; Brasil 
Round 10 - Sergipe-Alagoas).

Trap formation• : since Mid-Cretaceous (Mohriak et al., 2000; Brasil 
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Figure 5.2a: 
General sum-
mary of the 
L a c u s t r i n e 
Syn-rift PST. 
Top: General 
petroleum sys-
tem flow dia-
gram. Bottom: 
General events 
chart. (Mello et 
al., 1994; Gon-
çalves et al., 
2000; Guarda-
do et al., 2000; 
Brasil Round 
4 – Cumurux-
atiba; Brasil 
Round 4 – Es-
pírito Santo; 
Brasil Round 
4 – Sergipe-
Alagoas; Brasil 
Round 9 – Es-
pírito Santo;                                                                 
Brasil Round 
10 – Sergipe-
Alagoas; for 
others, see Ap-
pendices B & 
D).



Round 10 - Sergipe-Alagoas).

Critical moment• : ~ 65 Ma.

This PST has only been proven in the Sergipe-Alagoas basin, where it is 
also considered to be its most important petroleum system. The source 
rocks are within the oil-window in the southeast offshore parts of the basin, 
where they are buried deeper than 2500 m (Rodrigues et al., 2000). In parts 
of some basins, the maturation criteria are met, but no associated fields 
have yet been discovered

The 4. Shallow Marine Post-rift PST (Fig. 5.1 & 5.2d): the associated source 
rocks were deposited margin-wide, but the ability to generate hydrocarbons 
is strongly controlled by overburden thickness: these post-rift sources are 
generally immature near the basin margins, but may reach the oil-window 
in the deeply buried sectors of the offshore.

Source• : Aptian-Albian shallow marine marls and calcilutites within the 
restricted marine super-sequence (post-rift) (Brasil Round 4 - Cumurux-
atiba; Brasil Round 4 - Santos; Brasil Round 9 - Espírito Santo).

Reservoirs• : within the post-rift cycle (Brasil Round 4 - Cumuruxatiba; 
Brasil Round 4 - Santos; Brasil Round 9 - Espírito Santo). 

Seal• : regional/intra-formational marine post-rift shales (Brasil Round 
4 - Cumuruxatiba; Brasil Round 4 - Santos; Brasil Round 9 - Espírito 
Santo).

Hydrocarbon generation/migration• : since Late Cretaceous/Early Ter-
tiary times in the offshore parts of the margin, controlled by overburden 
thickness (Brasil Round 4 - Cumuruxatiba; Brasil Round 4 - Santos; 
Brasil Round 9 - Espírito Santo). 

Migration pathways• : upward migration along salt-induced faults (Fig. 
5.3 & 6.5.c) (Brasil Round 4 - Cumuruxatiba; Brasil Round 4 - Santos; 
Brasil Round 9 - Espírito Santo). 

Trap formation• : since Late Cretaceous times (Brasil Round 4 - Cumu-
ruxatiba; Brasil Round 4 - Santos; Brasil Round 9 - Espírito Santo).

Critical moment• : unknown.

The 5. Deep Marine Post-rift PST (Fig. 5.1 & 5.2e): is only known to exist 
in the Espírito Santo and Santos basins. In both basins, the oil-window is 
located in the outer shelf area, with generation taking place in the deeper 
parts of the basins. Analogue shales have been encountered in other ba-
sins, but insufficient burial is responsible for a general immaturity.  

Source• : Albian to Cenomanian deep marine shales within the open ma-
rine super-sequence (post-rift) (Brasil Round 9 - Espírito Santo; Brasil 
Round 10 - Sergipe-Alagoas).

Reservoirs• : within the post-rift cycle (Brasil Round 9 - Espírito Santo; 
Brasil Round 10 - Sergipe-Alagoas).
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Figure 5.2b: 
General sum-
mary of the 
Fluvio-Marine 
Trans i t i ona l 
PST. Top: 
General petro-
leum system 
flow diagram. 
Bottom: Gen-
eral events 
chart (Mello 
et al., 1994; 
Mohriak et al., 
2000; Brasil 
Round 4 – Ser-
gipe-Alagoas; 
Brasil Round 
10 – Sergipe-
Alagoas; for 
others, see 
Appendices B 
& D).
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Figure 5.2c: 
General sum-
mary of the Re-
stricted (Hyper-
saline) Marine 
Tr a n s i t i o n a l 
PST. Top: Gen-
eral petroleum 
system flow 
diagram. Bot-
tom: General 
events chart 
(Mohriak et al., 
2000; Brasil 
Round 4 – Ser-
gipe-Alagoas;  
Brasil Round 
10 – Sergipe-
Alagoas; for 
others, see Ap-
pendices B & 
D).
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Figure 5.2d: 
General sum-
mary of the 
Shallow Marine 
Post-rift PST. 
Top: General 
petroleum sys-
tem flow dia-
gram. Bottom: 
General events 
chart  (Brasil 
Round 4 – Es-
pírito Santo; 
Brasil Round 4 
– Santos; Bra-
sil Round 9 – 
Espírito Santo; 
for others, see 
Appendices B 
& D).
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Figure 5.2e: 
General sum-
mary of the 
Deep Marine 
Post-rift PST. 
Top: General 
petroleum sys-
tem flow dia-
gram. Bottom: 
General events 
chart (Brasil 
Round 4 – Es-
pírito; Brasil 
Round 9 – Es-
pírito Santo; 
Brasil Round 
10 – Sergipe-
Alagoas; for 
others, see Ap-
pendices B & 
D).



Seal• : intra-formational/regional marine post-rift shales (Brasil Round 9 - 
Espírito Santo; Brasil Round 10 - Sergipe-Alagoas). 

Hydrocarbon generation/migration• : since Middle Tertiary (Brasil Round 
9 - Espírito Santo). 

Migration pathways• : upward migration via salt-induced faults and short-
distance lateral migration (Fig. 5.3 & 6.5.c) (Brasil Round 9 - Espírito 
Santo). 

Trap formation• : since Middle Cretaceous (Brasil Round 9 - Espírito San-
to; Brasil Round 10 - Sergipe-Alagoas).

Critical moment• : unknown. 

 One other type of petroleum system may exist, receiving charge from 
lacustrine shales within the pre-rift section (Fig. 5.1 & Appendix B): In the 
Almada-Camamu basin, the pre-rift Itaipe Fm source interval (Scotchman & 
Chiossi, 2009) is known to be located within the oil-window. In the Pelotas basin, 
Permian Irati Fm shales (Brasil Round 4 - Pelotas) are located in the (Paraná 
basin) basement underlying the Cretaceous/Tertiary volcanic and sedimentary 
sequence. However, neither basin have associated accumulations discovered 
yet (Araujo et al., 2000; Brasil Round 4 - Pelotas; Holz et al., 2010). 

 Source rocks giving rise to the Lacustrine Syn-rift PST are the most ex-
tensive and mature over large areas, and therefore this PST is the most produc-
tive. Many reservoir intervals in the post-rift receive hydrocarbons from the syn-rift 
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Figure 5.3: Top: schematic geological cross-section of a typical Brazilian South 
Atlantic margin basin, showing the main structure of the basin fill, the most impor-
tant source rock intervals and some typical hydrocarbon accumulations (modified 
after Huc, 2004). (1), (2) & (3): different settings of hydrocarbon migration from 
source to reservoir. Note that the figure is a mirror image of Figure 4.3.



(Fig. 5.2a), so migration pathways through the evaporites of the transitional cycle 
must exist (Fig. 5.3). Transfer zones, which are associated with oblique rifting, 
can provide a mechanism for sub-salt focusing and migration of hydrocarbons 
towards windows at base salt (Cobbold et al., 2001; Meisling et al., 2001). As 
a result, many post-rift reservoirs contain a mixture of hydrocarbons originating 
from different sources. 

5.3. Play Development
 As along the West African margin (Chapter 4), the similar tectonostrati-
graphic evolution has also led to the development of many equivalent plays along 
the Brazilian margin, many of them characteristic of the basin cycle in which 
they occur (Fig. 3.8, 5.2, 5.4 & Appendix D). Remember that the play levels are 
defined as specific sequences or reservoir horizons, defined by either formation 
name of lithostratigraphic facies, respectively. And also that each play has its 
characteristic suite of reservoir, charge and trap types.  

Pre-rift Cycle1. : reservoir rocks in this cycle have so far only been encoun-
tered in the Sergipe-Alagoas and Almada-Camamu basins. In the Recôn-
cavo basin in NE Brazil, a well preserved pre-rift section contains prolific 
plays (e.g. fluvial/aeolian sandstones in tilted fault blocks).

Reservoir lithofacies• : fluvial sandstones, as well as fractured metamor-
phic rocks (Brasil Round 4 - Recôncavo; Brasil Round 10 - Sergipe-
Alagoas; Scotchman & Chiossi, 2009). 

Traps• : developed during the precursor phase to actual rifting (sagging) 
resulting in fault and unconformity-bounded structures as well as horst 
and tilted fault blocks. Fracturing of metamorphic basement enhanced 
porosity- and permeability characteristics (Brasil Round 4 - Recôncavo; 
Brasil Round 10 - Sergipe-Alagoas).  

Charge• : lacustrine syn-rift shales (Brasil Round 4 - Recôncavo; Brasil 
Round 10 - Sergipe-Alagoas; Scotchman & Chiossi, 2009).

Most important play levels • (Statoil Internal Reports):

- Sergi (Tithonian - Almada-Camamu basin),

- Serraria (Tithonian - Sergipe-Alagoas basin), and

- Metamorphic basement (Pre-Cambrian - Sergipe-Alagoas basin). 

Syn-rift Cycle2. : the Recôncavo basin is characterized by a well developed 
syn-rift section in which exploration has reached an advanced stage hav-
ing produced (i.e. developed) approximately 1 * 109 bbl of oil (Brazil Round 
4 – Recôncavo). It is a basin with dominant continental deposition. Typi-
cal plays include syn-rift lacustrine turbiditic sandstones with stratigraphic-, 
structural- or combined trapping geometries, as well as pre-rift fluvio-aeolian 
clastics within tilted fault blocks (Brasil Round 4 – Recôncavo). These types 
of plays are analogously also expected in the Atlantic marginal basins. For 
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a detailed discussion of the plays in Recôncavo, see Destro et al., 2003 and 
Rostirolla et al., 2003.

Reservoir lithofacies• : lacustrine sandstones, turbidites and carbonates 
(e.g. coquinas), and fluvial and aeolian sandstones (Guardado et al., 
2000; Brasil Round 4 - Cumuruxatiba; Brasil Round 4 – Recôncavo; 
Brasil Round 9 - Espírito; Brasil Round 10 - Sergipe-Alagoas). Also, 
some fractured volcanic rocks are known to produce oil (see Appendix 
D4 - Campos basin).  
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Figure 5.4: Summary of the distribution of all the proven play levels through-
out the stratigraphy of the Brazilian marginal basins. Note that the play levels 
within the Pelotas basin are not proven, but postulated. The same applies to the 
Urucutuca play level in the Almada-Camamu basin, which is defined by only one 
field (References: Appendix D).



Traps• : developed as a result of graben development and fast chang-
ing facies configurations, resulting in a variety of horst and (tilted) fault 
blocks, anticlines, fault limited closures, unconformity-bounded struc-
tures, and stratigraphic traps, such as clastic depositional lenses and 
depositional/porosity pinch outs (Brasil Round 4 - Cumuruxatiba; Brasil 
Round 4 – Recôncavo; Brasil Round 9 - Espírito; Brasil Round 10 - 
Sergipe-Alagoas).

Charge• : lacustrine syn-rift shales (Gonçalves et al., 2000; Guardado 
et al., 2000; Brasil Round 4 - Cumuruxatiba; Brasil Round 9 - Espírito 
Santo; Brasil Round 10 - Sergipe-Alagoas).

Most important play levels • (Statoil Internal Reports):

- Guaratiba (Barremian-Aptian - Santos basin), and

- Lagoa Feia (Barremian-Aptian - Campos basin).

Transitional Cycle3. : reservoir rocks in this cycle have been encountered in 
the Espírito Santo, Sergipe-Alagoas and Jequitinhonha basins. Equivalent 
reservoir intervals can be expected to occur in the Almada-Camamu and 
Cumuruxatiba basins. 

Reservoir lithofacies• : alluvial/fluvial/lacustrine/deltaic conglomerates 
and sandstones, as well as restricted marine sandstones and carbon-
ates (Brasil Round 4 - Jequitinhonha; Brasil Round 9 - Espírito Santo; 
Brasil Round 10 - Sergipe-Alagoas). 

Traps• : are associated with the last waning stages of rifting, resulting in 
fault-bounded structures, anticlines and depositional pinch outs provid-
ing the trapping mechanisms (Brasil Round 4 - Jequitinhonha; Brasil 
Round 9 - Espírito Santo; Brasil Round 10 - Sergipe-Alagoas). 

Charge• : either from lacustrine syn-rift shales or from fluvio-marine/re-
stricted (hypersaline) marine shales within the transitional cycle (Brasil 
Round 4 - Jequitinhonha; Brasil Round 9 - Espírito Santo; Brasil Round 
10 - Sergipe-Alagoas).

Most important play levels • (Statoil Internal Reports):

- Muribeca (Aptian - Sergipe-Alagoas basin), and

- Mucuri (Aptian - Espírito Santo and Jequitinhonha basins). 

Post-rift Cycle - Restricted Marine Super-sequence4. : many fields have 
been discovered in this part of the stratigraphic sequence in the Sergipe-
Alagoas, Espírito Santo, Campos and Santos basins.

Reservoir lithofacies: mainly shallow marine shelf carbonates and some • 
fan-delta and shallow marine clastics (Guardado et al., 2000; Brasil 
Round 4 - Santos; Brasil Round 9 - Espírito Santo; Brasil Round 10 - 
Sergipe-Alagoas). 

Traps• : developed as a result of weathering of the shelf carbonates dur-
ing alternating periods of sea level rise and fall, as well as due to early 
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halokinetic movements, resulting in anticlines, fault- and unconformity 
bounded structures, growth faults and facies changes (Guardado et al., 
2000; Brasil Round 4 - Santos; Brasil Round 9 - Espírito Santo; Brasil 
Round 10 - Sergipe-Alagoas). 

Charge• : lacustrine syn-rift shales, fluvio-marine/restricted (hypersaline) 
marine shales of the transitional cycle and/or shallow marine early post-
rift carbonaceous shales/marls (Guardado et al., 2000; Brasil Round 
4 - Santos; Brasil Round 9 - Espírito Santo; Brasil Round 10 - Sergipe-
Alagoas).

Most important play levels • (Statoil Internal Reports):

- Macae Fm - Quissama Mb (Albian - Campos basin),

- Guaruja (Albian - Santos basin).

Post-rift Cycle – Open Marine Super-sequence5. : most reserves have 
been discovered in this section of the stratigraphy, mainly in the Campos 
and Santos basins. Analogue reservoir intervals have been observed in the 
Espírito Santo, Almada-Camamu, Cumuruxatiba and Sergipe-Alagoas ba-
sins, and are expected to occur in the Jequitinhonha basin. 

Reservoir lithofacies• : deep marine turbiditic sandstones provide the 
main reservoir lithofacies, but fluvial, deltaic, shoreline, tidal, shallow 
marine facies are well developed as well (Guardado et al., 2000; Brasil 
Round 4 - Santos; Brasil Round 9 - Espírito Santo).

Traps• : developed since Late Cretaceous times due to halokinesis, re-
sulting in anticlines, (tilted) fault blocks, and fault- and unconformity 
limited structures in combination with clastic depositional lenses, depo-
sitional pinch outs and facies changes (Guardado et al., 2000; Brasil 
Round 4 - Santos; Brasil Round 9 - Espírito Santo).

Charge• : mostly from lacustrine syn-rift shales, but some accumulations 
are derived from an active shallow/deep marine post-rift source (Guar-
dado et al., 2000; Brasil Round 4 - Santos; Brasil Round 9 - Espírito 
Santo). 

Most important play levels • (Statoil Internal Reports):

- Oligocene-Miocene Carapebus (Campos basin),

- Macae Fm - Namorado Mb (Turonian-Early Campanian - Campos ba-
sin),

- Ilhabela (Turonian-Coniacian - Santos basin), and 

- Urucutuca (Late Cretaceous-Tertiary - Espírito Santo basin). 

5.4 Conclusions
 As in Chapter 5, we have linked the development of the different types of 
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petroleum systems and plays along the Brazilian margin to the observed cycles 
in basin evolution. Many petroleum systems (!, * or ?) exist along the margin, and 
we were able to distinguish 5 different types:

Lacustrine syn-rift PST,• 

Fluvio-Marine transitional PST,• 

Restricted (hypersaline) marine transitional PST,• 

Shallow marine post-rift, and• 

Deep marine post-rift. • 

Potential also exist for a Lacustrine Pre-rift PST: mature source shales potentially 
charging such a petroleum sytem have been identified in the Almada-Camamu 
and Pelotas basins, but no associated accumulations have been discovered yet. 
The most productive types of petroleum systems receive charge from lacustrine 
syn-rift sources: these source shales are most extensive and mature over large 
areas. Because of the development of salt windows, migration of syn-rift sourced 
hydrocarbons into post-rift reservoirs is not uncommon. Therefore, many post-rift 
reservoirs contain a mixture of hydrocarbons originating from different sources. 

 As in the West African basins, play development is also closely related to 
basin tectonostratigraphic evolution here, with each basin containing a character-
istic variety of play (level)s occuring margin-wide.

Pre-rift plays•  comprising fluvial sandstones as well as fractured metamor-
phic basement are known to contain hydrocarbons in the Sergipe-Alagoas 
and Almada-Camamu basins. Prolific pre-rift plays are expected margin-
wide, due to existence of very productive pre-rift plays in the Recôncavo 
basin (analogue). 

Syn-rift plays•  include lacustrine sandstones, turbidites and carbonates (e.g. 
coquinas), fluvial/aeolian sandstones and fractured volcanic rocks. Traps 
are a result of graben development and fast changing facies configurations. 
These plays are considered very promising for future exploration, consider-
ing the recent giant discoveries in the Santos basin. 

Plays within the transitional cycle•  include alluvial, fluvial, lacustrine and del-
taic congomerates and sandstones and carbonates in fault-bounded an-
ticlinal structures of depositional pinch outs as a result of the last waning 
phases of rifting. 

Post-rift plays • comprise, just as on the West African margin, the greatest 
variety, as the variety in depositional environments and the complexity of 
trap forming tectonics (halokinesis) increases. Reservoir lithofacies include 
fluvial and shallow- to deep marine sandstones, conglomerates and carbon-
ates. Traps developed as a result of weathering of the shelf carbonates dur-
ing alternating periods of sea level rise and fall, as well as due to halokinetic 
movements causing the development of many structural traps as well as 
stratigraphic traps, as it also controlled patterns of post-rift deposition. 
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Prospectivity & Future Exploration: 
South Atlantic Marginal Basins

Largely based on:

Beglinger, S.E., Doust, H. and Cloetingh, S., submitted. Relating Petroleum System and Play De-
velopment to Basin Evolution: West African South Atlantic Basins. Journal of Marine & Petroleum 
Geology.

Beglinger, S.E., Doust, H. and Cloetingh, S., submitted. Relating Petroleum Systems and Play Devel-
opment to Basin Evolution: Brazilian South Atlantic Margin. Journal of Marine & Petroleum Geology.

6.1 Introduction
 At this point, we have obtained a good first impression of the tectonos-
tratigraphy, source- and reservoir rock development in the sedimentary basins 
along the West African and Brazilian margin (see Chapters 3, 4 & 5). In this 
chapter, we will discuss the general development of the associated petroleum 
systems and plays and point out the main similarities and differences. Then we 
will discuss the difficulty in identifying basin families, and the preferred use analo-
gous basin cycles. From there, we will adress the (remaining) prospecitivity and 
opportunities for future exploration in the individual basins. 

6.2 South Atlantic Petroleum System Development
 Source rocks were deposited at repeated periods in basin evolution 
thanks to the favourable climatic conditions and the restriction of water circula-
tion imposed by the Walvis Ridge during most of basin evolution (Fig. 3.2) (Huc, 
2004; Brownfield & Charpentier, 2006), such that each interval produces hydro-
carbons with a particular signature (Appendices A & B). 

 Lakes vary environmentally more than marine systems (Kelts, 1988; 
Valero-Garcés et al., 1995), and have great ranges in salinity and pH (Gonçalves, 
2002). Consequently, the geochemical characteristics of the lacustrine syn-rift 
source rocks may change considerably both vertically and horizontally within a 
single rift basin (Gonçalves, 2002). Generally, the syn-rift shales were initially 
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deposited in deep meromitic anoxic fresh-to-brackish waters, causing them to be 
hydrogen-rich in content. But with basin evolution these waters became oligomit-
ic, broader, shallower and increasingly saline until even hypersaline conditions 
were met. These variations in environment are reflected in both kerogen type and 
hydrogen index (HI) of the developed syn-rift sources. 

 Despite the semi-open sea connection during the Mid-Late Cretaceous 
important source rocks were able to accumulate due to strong upwelling along 
both margins (OAE’s) (Mello et al., 1989; Kruijs & Barron, 1990; Bush & Philan-
der, 1997; Holbourn et al., 1999). The source rocks that developed since the 
Aptian (transitional- and post-rift cycle) show little variation along the margins, 
suggesting similar conditions prevailed during deposition in all basins.  

 Based on the recognition of the different source rocks occuring along 
both margins, seven different types of petroleum systems have been identified (!, 
* or ?):

Lacustrine pre-rift PST• 

Lacustrine syn-rift PST• 

Fluvio-marine transittional PST• 

Restricted (hypersaline) marine PST• 

Shallow marine post-rift PST• 

Deep marine post-rift PST• 

Deltaic post-rift PST• 

 Most striking is the fact that the same types of petroleum systems exist 
on both margins, except for the lacustrine pre-rift- and deltaic post-rift PSTs. The 
lacustrine pre-rift PST (?) has so far only been recognized along the Brazilian 
margin: the pre-rift itaipe Fm shales in the Almada-Camamu basin (Appendix B1) 
are known to be situated within the oil-window. The same applies for Permian Irati 
Fm shales (Appendix B4) located in the basement underlying the Cretaceous/
Tertiary volcanic and sedimentary sequences of the Pelotas basin. However, no 
reservoirs containing charge from these sources have been discovered yet. This 
type of petroleum system is not expected to exist over a large area: the pre-rift 
section has only been preserved locally, e.g. in the Interior Gabon sub-basin.  

 Similarly, the deltaic post-rift PST (Appendix A) also only occurs locally in 
places where a thick deltaic wedge was able to develop. Along the West African 
margin such location include the Congo Fan basin, but potential also exists for 
the Gabon Coastal- and Douala basins. Along the Brazilian margin no extensive 
delta development has taken place.

6.3 South Atlantic Play Development
 Just as petroleum system development, the development of play (level)s 
occurred margin wide as well: similar reservoir lithofacies and trapping structures 
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(and hence plays) are encountered in the different basin cycles of each basin 
along both margins (Appendices C & D).

 Nøttvedt et al. (1995) and Gabrielsen & Faleide (2008) described and 
classified rift systems using a three-stage graben model (Fig. 6.1), providing a 
simple model, which can be used to describe the distribution of traps and reser-
voirs in the pre- and syn-rift sections of the South Atlantic rift basins. According 
to them, the pre-rift cycle is characterized by a wide and shallow area of deposi-
tion with modest relief across the faults (initial sag phase). In the South Atlantic 
marginal basins, pre-rift play levels are thought to be located  either within frac-
tured basement or to consist of continental sediments deposited during the initial 
sag phase. Unfortunately, such plays have only been encountered locally, like 
in the Sergipe-Alagoas and Almada-Camamu basins, where they contain minor 
reserves (Basement-, Serraria- and Sergi plays). The main problem with these 
kind of plays involves the local preservation of the initial sag phase sediments. 
Another potential area where such plays may exist is the Interior Gabon sub-
basin (part of the Gabon Coastal basin). 

 The syn-rift is characterized by accelerated extensional faulting and en-
hanced basin relief, promoting the development of a variety of trap types, both 
structural and stratigraphic, and a complex distributary system for sediments (Nøt-
tvedt et al., 1995). The geometry of the syn-rift infill is generally wedge-shaped, 
thinning away from graben bounding faults, due to rotation of the fault blocks, 
local footwall uplift and adjacent hanging wall collapse (Nøttvedt et al., 1995). 
The architecture of the syn-rift infill is controlled by the spacing, orientation and 
segmentation of the faults, and whether the drainage systems are focused on the 
footwall, hanging wall or axial portions of the basin (Nøttvedt et al., 1995). Local-
ized subsidence and episodic fault movements lead to variable rates of rotation 
across individual fault blocks, and this may give rise to complex depositional ge-
ometries (Nøttvedt et al., 1995). Generally, basal sandstones represent rift initia-
tion with low tilt rates and rapid emptying of weathered detritus from catchment 
areas, while shale-rich intervals characterize the climax of rifting (Prosser, 1993; 
Nøttvedt et al., 1995): high rates of subsidence and rotation create space faster 
than it can be infilled and coarse material is trapped and stored near to the fault 
scarps. Upper rift sandstones are believed to represent a time of reduced subsid-
ence and rotation rates at the end of the active stretching phase: the transverse 
drainage systems become better established and fluvial-shallow marine systems 
can prograde out across the basin, potentially infilling the sub-basins to sea level 
(Prosser, 1993; Nøttvedt et al., 1995). This three-fold syn-rift architecture (Nøtt-
vedt et al., 1995) is recognized in the South Atlantic marginal basins and probably 
results from an overall balance between subsidence and sediment input. The 
syn-rift of the Brazilian margin is recenty being intensely explored. Many analogu-
ous plays can be recognized in the syn-rift section on both margins (Appendices 
C & D).  

 Play development in the transitional cycle seems to be limited as such 
plays have only been encountered in the Sergipe-Alagoas, Jequitinhonha and 
Espírito Santo basins (Brazilian margin) and in the Gabon Coastal and Lower 
Congo basins (West African margin) (Appendices C & D). Within the Gabon 
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Figure 6.1: (a1 and a2): A three-stage model for the style of structuring and the 
geometry of the infill deposits in evolving rift basins: the subsidence pattern var-
ies from stage to stage and the depositional infill of each stage is characterized 
by a distinct architecture. Subsequent stages may or may not be separated from 
the previous stage by a key unconformity. Pre-rift: subsidence generally affects 
a broader area than the succesive stages do, and may or may not be interupted 
by domal uplift associated with the entire basin area, or with part of it. The uncon-
formity between the pre- and syn-rift sediments is formed by erosion of rift-relat-
ed domes. Syn-rift: active stretching resulting in fault block rotation. Associated 
depositional patterns may be very complex, due to the temporal offset of tectonic 
activity between different segments of the basin, and because of irregularities in 
the rotation rates of individual fault blocks. The syn-rift is overlain by an uncon-
formity generated by erosion of uplifted fault blocks (Nøttvedt et al., 1995). (b): 
Schematic geological sketch section through a typical eastern Brazilian marginal 
basin, displaying the main features of the syn-rift section that may provide traps 
for hydrocarbons (after Bruhn and Walker, 1995); horst blocks, coarse clastics 
surrounding the structural highs, interbedded clastic lenses within shales, coqui-
nas on structural highs and anticlinal clastic intervals.



Coastal, Lower Congo and Sergipe-Alagoas basins, this play is known to hold 
significant reserves. Considering that the marine transgression at the beginning 
of the transitional cycle affected the entire margin, equivalent/analogue reservoir 
sequences could be expected to occur  all along both margins. The main play risk 
for this sequence involves the timing of formation of salt windows and trapping 
structures relative to syn-rift hydrocarbon generation. In addition, the sandstone 
pore geometry is generally extremely heterogeneous due to a wide range in grain 
size as well as diagenetic processes, such as carbonate cementation and (salt) 
dissolution (except for the Gamba sandstone reservoirs in the Lower Congo and 
Gabon Coastal basin, where they seem to be rather homogeneous).   

 Most promising pre-salt exploration targets are the lacustrine low-relief 
carbonate build ups within syn-rift and at the base of the transitional cycle: recent 
giant discoveries in Santos (Tupi, Jupiter, Guará and Iará oil fields) suggest the 
potential for similar accumulations in the West African pre-salt section in locations, 
were the overlying evaporite seal has not been breached yet. These discoveries 
in the Santos pre-salt sequence are located relatively far basinward against a 
structural high, i.e. Outer High or São Paulo Plateau: the syn-rift is elevated in 
this area relative to the same section closer towards the shore. Tupi exists thanks 
to the presence of regional pre-salt carrier beds, allowing focused migration of 
hydrocarbons generated in this thick syn-rift section closer to the margin (Fig. 
6.2) (Gomes et al., 2009). Despite great burial depths, these (nearshore) syn-rift 
sources are located within the oil-window, due to generally low pressure- and 
temperature values below the salt. Also, these evaporites are most important 
for sealing the escape of hydrocarbons upward. The reservoirs are composed 
of stromatolites, thrombolites, coquinas and volaniclastics (Mello et al., 2009a, 
2009b; Doust, pers. comm.) with porosities up to 18 % and permeabilities be-
tween 50 and 400 mD (Mello et al., 2009a, 2009b). A 3-D seismic mapping exer-
cise on the Lower Congo and Kwanza basins by Hawkins et al. (2010) illustrates 
the structural setting within which fluvial, lacustrine and marginal marine reservoir 
sands and carbonates were deposited prior to being sealed by salt. It also shows 
potential structural traps below the salt. The presence of rich source rocks below 
the salt are known from inshore wells in Cabinda and the Kwanza basin, Central 
Angola (Hawkins et al., 2010). Therefore, analogue potential is expected in these 
basins.

 Post-rift play development commonly follows a simpler pattern and trap 
types are  less varied (Gabrielsen & Faleide, 2008). In the South Atlantic marginal 
basins, however, the total geographical separation between one half of the basin 
and the other, as well as the halokinetic movements, have a strong impact on the 
post-rift sedimentary sequence. Actually, the greatest variety of plays in situated 
within this section, as the variety in depositional environments, and hence poten-
tial reservoir lithofacies, increases in combination with an increasing complexity 
of basinfill affecting tectonics: halokinesis. Because the Aptian salt has been de-
posited in a sag basin architecture, its thickness was originally fairly uniform over 
large areas (Moulin et al., 2005), providing a continuous and very efficient zone of 
detachment for subsequent gravity sliding/spreading on the passive margins (Tari 
et al., 2003). Once continental separation took place and a basinward tilt was es-

Prospectivity & Future Exploration: South Atlantic Marginal Basins            81



tablished, linked extensional and compressional salt structures developed, subdi-
viding the margin into three tectonic domains. These domains are geographically 
distinct and, due to varying deformation mechanisms, result in different trap do-
mains within the post-rift section (Meisling et al., 2001) (Fig. 3.4, 4.3, 6.3 & 6.4).

The updip extensional zone, due to salt slip, characterized by rotational fault 1. 
blocks. 

The translational zone, characterized by diapiric salt wells and turtle struc-2. 
tures as well as folded and/or thrusted salt-cored pillows and anticlines. 

And the downdip compressional zone, characterized by salt canopies and 3. 
toe-thrust structures. 

All these structures are interconnected via the salt detachment and deforma-
tion occurred synchronously basinwide. Numerous salt windows are recognized, 
and particularly those located above transfer zones in the rift system are well 
positioned to allow vertical hydrocarbon charge from the syn-rift (Meisling et al., 
2001) (Fig. 4.3, 5.3 & 6.5.c). The toe-thrust zone provides potentially very at-
tractive structural traps in deep- to ultra-deep water depths, but some of these 
are currently beyond feasible drilling/development technologies. However, many 
analogous play (level)s can be recognized in the post-rift succession along both 
margins, from the early post-rift carbonate reservoirs to the middle post-rift ma-
rine clastic reservoirs (Appendices C & D). Play (level)s that developed as a 
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Figure 6.2: The Santos basin pre-salt play concept. Focused migration of syn-rift 
generated hydrocarbons along regional carrier beds towards reservoir carbon-
ates situated against/on top a structural high (Outer High), located further basin-
ward. Evaporites provide the seal for these reservoirs, as well as prevent further 
upward migration into the post-rift (Gomes et al., 2009). For location of transect 
see figure 6.4.
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Figure 6.4: Simplified tectonic map of the Santos and Campos basins, summariz-
ing the three tectonic domains (after Meisling et al., 2001). The three domains 
are characterized by different deformation mechanisms, resulting in different trap 
types in the post-rift section. Compare the transition of tectonic domains from 
west to east with the generalized geological profile in Figures 3.4 & 5.3. 

Figure 6.3: Simplified salt tectonic map of the Angolan margin (Tari et al., 2003). 
The three domains are characterized by different deformation mechanisms, re-
sulting in different trap types. Compare the transition of tectonic domains from 
east to west with the generalized geological profile in Figures 3.4 & 4.3. 



consquence of delta development (Droz et al., 2003; Babonneau et al., 2004; 
Savoye et al., 2009), mainly involving turbidites in the deep water, occur primarily 
along the West African margin, such as in the Congo Fan basin. Similar reservoir 
lithofacies have only been enountered locally along the conjugate margin (e.g. 
Marambai play in Santos), since delta development was a lot less pronounced 
(Appendix C & D). 

6.4 Mixing of Hydrocarbons & Migration Pathways
 Salt windows allow upward migration of syn-rift generated hydrocarbons 
into the post-rift (Fig. 4.3, 5.3, 6.5.b & 6.5.c), where they often mix with post-
rift generated hydrocarbons prior/during accumulation. Different techniques are 
available to differentiate the origin of oils, particularly important when they are 
mixed and originate from multiple source systems. Marine and lacustrine oils 
show variability in a number of geochemical parameters that can be used to iden-
tify the provenance of the oils. These parameters include:

Carbon- and hydrogen isotopes (van Krevelen Diagram),• 

Sulfur- and wax content, and• 

Various biological marker compound ratios, such as the gammacerane in-• 
dex, oleanane index, regular sterane and monoaromatic steroid ratios. C26/
C25 tricyclic terpane rations and the presence or absence of C30 sterane. 

In this study, no such techniques have been applied, since all information has 
been extracted from literature (in which these techniques have been used).  
Schoellkopf & Patterson (2000), for example, discuss the oils from three differ-
ent petroleum system (type)s in the Lower Congo Basin (Cabinda), which have 
migrated into multiple stratigraphic reservoir levels and have frequently mixed. 
Geochemical methods (Fig. 6.5.a) allowed them to correlate these oils to their 
respective sources and to draw maps outlining the generative areas of the source 
as well as the locations of accumulation (Fig. 6.5.b). Based on these findings, 
they were able to identifiy several source-reservoir couples, and consequently 
developed a model for the most important migration pathways existing between 
the different sources and potential reservoirs (Fig. 6.5.c). This model should apply 
to most other petroleum systems identified along the margins.

6.5 Identifying Basin Families
 It still is a populair believe that grouping basins into families, sharing a 
similar tectonostratigraphic basin evolution, might help in the prediction of ana-
logue petroleum systems and plays. The proposed methodology discussed in this 
thesis focusses on finding analogues at basin cycle scale, but it does demonstrate 
in case of the South Atlantic marginal basins, that a similar tectonostratigraphic 
evolution leads to the deposition of (many) equivalent source- and reservoir rock 
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intervals. However, many aspects of basin evolution still need to be adressed 
to explain the (so far) unequal distribution of hydrocarbons in directly conjugate 
basin-pairs, i.e. varying degree of petroleum system/play development. In this 
section, it will be explained why these basins are classified as one basin family 
based on the proposed methodology. However, indications (currently beyond our 
approach) for a potential further subdivision will be discussed as well. 

 We started our analysis by breaking the basins up into their relatively 
standard basin cycles (components), as defined by Kingston et al. (1983). During 
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Figure 6.5.a: Schoellkopf and Patterson (2000) used different techniques to iden-
tify the genetic origin of oils by their geochemistry. (A) HI/OI crossplot (i.e. modi-
fied van Krevelen diagram) of average source quality of Cabinda stratigraphic 
units. (B) left - Crossplot of the gammacerane index and the oleanane index. (B) 

right - Crossplot of the C26/C25 tricyclic terpane ratio and the oleanane index. (C) 
Plots of carbon isotopic signatures for Cabinda oils. Bucomazi-source oils fall 
along the waxy trend line. Area B and C oils are mostly of mixed origin. (D) Ter-

nary plots of C27-29 regular sterane and monoaromatic steroid ratios shwoing the 
distinction between marine oils and lacustrine oils. Bucomazi-oils - lacustrine syn-
rift origin. Iabe-oils - marine post-rift origin. Malembo-oils: deltaic post-rift origin. 
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Figure 6.5.b: Maps of offshore Lower Congo basin (Cabinda) showing Bucomazi- 
(lacustrine syn-rift shales), Iabe/Landana (marine post-rift shales)- and Malembo 
(deltaic post-rift shales) generative areas. Dots indicate oils with a (solely) known 
Bucomazi source. X’s indicate different combinations of mixed oils (Schoellkopf 
& Patterson, 2000). Maps of the distribution of the different oils have been con-
structed using the techniques as given in figure 6.5a. 
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Figure 6.5.c: Schematic WSW-ENE cross sections offshore Lower Congo basin 
(Cabinda) sedimentary section, showing how oils from three different types of pe-
troleum systems (i.e. source rock systems) form multiple source-reservoir pairs. 
(A) Lacustrine syn-rift PST. (B) Marine post-rift PST. (C) Deltaic post-rift PST. Salt 
windows provide the only migration rountes from the lacustrine syn-rift Bucomazi 
sources into the post-salt section. Note that several reservoirs are shared by dif-
ferent sources (mixing) (Schoellkopf & Patterson, 2000).



the pre-rift, each basin, started as a interior sag basin: they were located on con-
tinental crust in the plate interior and were subject to divergent plate motions. The 
associated deposits have only been preserved locally. The basins evolved into 
interior fracture basins as the mode of dominant deformation changed from sub-
sidence during the pre-rift to faulting during the syn-rift. At the end of the syn-rift, 
the dominant mode of deformation changed again from faulting to subsidence, 
resulting in a sag basin architecture during the transitional cycle. As continental 
break up resulted in a final (and further) drifting apart of the continents, the basins 
changed their location to the edge of the South American and African plates, de-
veloping into marginal sags during the post-rift cycle of basin evolution. So, based 
on the (geodynamic) components making up these polyphase basins, we cannot 
distinguish two or more different basin families: all basins belong to the same 
family. 

 Due to the restricted conditions during most of margin evolution, the dep-
ositional environment did not change much over large distances (i.e. geographi-
cally), resulting in similar deposits making up the sedimentary sequence of each 
basin cycle in each basin (Fig. 3.8). This caused the deposition of many equiva-
lent/analogue source- and reservoir rock intervals along both margins. However, 
some irregularities in basin stratigraphic development can be recognized:  

First of all, the pre-rift sequence (sediments deposited in an interior sag • 
basin architecture, which formed prior to the main rifting phase), seems 
to be missing in most basins. Consequently, typical pre-rift plays (and po-
tential petroleum systems) were only able to develop locally, such as in 
the Sergipe-Alagoas, Almada-Camamu and Gabon Coastal basins (Interior 
sub-basin). 

Secondly, the initial stages of rifting show varying degrees of volcanism • 
along the margins. The West African and Brazilian margins north of the Wal-
vis Ridge are interpreted as magma-poor passive margins by many authors 
(Wilson et al., 2003; Contrucci et al., 2004; Aslanian et al., 2009; Reston, 
2010). However, others report the presence of seaward-dipping reflectors 
(SDRs) offshore Brazil between 14 and 2o S, which may continue beneath 
the thick sediments and salts of the Campos and Santos basins, and also 
beneath those of the Gabon margin (Meyers et al., 1996b; Torsvik et al., 
2009; Reston, 2010). The presence or absence of volcanism during the 
syn-rift has consequences for the petroleum system prospectivity: where 
volcanism was an active process, lacustrine deposition was hampered, pre-
venting the deposition of potential organic-rich source rock and of lacustrine 
reservoir facies.

Furthermore, evaporite deposition during the transitional cycle was not con-• 
tinuous along the margins, as they have not been deposited in the northern 
parts of the Douala basin, in the Jacuípe basin (located between the Ser-
gipe-Alagoas and Almada-Camamu basins) and in the Pelotas and Namibe 
basins. The absence of salts in the Pelotas and Namibe basins can be 
explained by their proximity to the open marine domain to the south, which 
advanced northward over the Walvis Ridge. This in contrast to the Douala 
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basin, where restricted hypersaline conditions couldn’t prevail in the most 
northern parts of the basin, resulting in normal marine shale deposition. The 
Jacuípe basin is considered to have been a very deep sediment starved 
basin. So except, for the Namibe and Pelotas basins, no common grounds 
for the absence of salts can be given. The (partial) absence of evaporites 
also affects the petroleum prospectivity, as the sealling potential for traps 
within the syn-rift (and/or at the base of the transitional cycle) significantly 
decreases as wells as the potential for trap formation in the post-rift due to 
the absence of halokinetic processes.  

As for the post-rift, important variations in the thickness of the sedimentary • 
wedge occur along the margins, which may be explained by variable sedi-
ment supply. Important consequences include the mode of halokinesis, the 
variable overburden thickness, and the development of potential source- 
and reservoir facies. 

Two end-member styles of halokinesis are recognized in the South • 
Atlantic, best illustrated by the Campos and Santos basins (Mohriak, 
1995; Mohriak et al., 1995; Cainelli & Mohriak, 1999). In the Campos 
basin, most faults related to halokinesis are synthetic (i.e. basinward-
dipping), creating rafts of Albian carbonate blocks that move basin-
wards. In the Santos basin a different type of halokinesis developed as 
a consequence of massive clastic progradation during Late Cretaceous 
and Early Tertiary times. These prograding wedges show depocenters 
that become younger basinwards, as the result of salt mobilization by 
the sedimentary loading, which was controlled by an antithetic (i.e. 
landward-dipping) fault that detaches at the base of the salt (Szatmari 
et al., 1996), resulting in a large stratigraphic gap (Mohriak et al., 1995; 
Cainelli & Mohriak, 1999). The petroleum prospectivity, however, does 
not seem to be greatly affected by these different styles of salt tecton-
ics, as similar trapping structures still develop in the post-rift sequence. 

The variable overburden thickness is important for the maturation-distri-• 
bution of potential source rocks. Despite the fairly uniform development 
of potential source-sequences, differences in overburden thickness 
may cause some (potential) source rock to generate gas, some to gen-
erate oil and some to remain immature. This is best demonstated by the 
general consensus that the marine post-rift sources along the Brazilian 
margin are immature over large areas, while the analogue sources on 
the West African side are known to generate hydrocarbon volumes ap-
proaching those generated by the syn-rift. Locally, such as in the West 
African Congo Fan basin, extensive delta development even caused 
Tertiary source rocks to reach the oil-window.  

The development of potential source- and resevoir facies is also greatly • 
affected by sediment supply: the development of potential reservoir fa-
cies increases significantly as the influx of clastic sediments increases, 
while the potential for source facies decreases.

Despite the overall uniform stratigraphic basin evolution, some important varia-
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tions occur, which affect the petroleum prospectivity of these marginal basins. 
However, these variations do not occur in a consistent manner or the effects can-
not be defined satisfactorily. Therefore, the depositional sequences can presently 
not assist in the differentiation of basin families either. 

 The basin modifying tectonics also show little variation along the mar-
gins. The most striking variation involves the presence or absence of halokine-
sis, depending on the presence of evaporites in the transitional cycle. Where 
(partially) absent, such as in the Douala, Jacuípe, Pelotas and Namibe basins, 
deformation of the overlying post-rift strata is limited: less faulting, decreasing 
the variety of possible migration pathways for hydrocarbons, and less structural 
traps, providing potential sites for hydrocarbon accumulation. Where evaporites 
are present, the mode of salt tectonics may vary (antithetic versus synthetic fault-
ing) depending on the sediment influx (Cainelli & Mohriak, 1999). The consequent 
effect on the formation of migration pathways or trapping structures can probably 
be neglected. Similarly, the basin-modifying tectonics do not provide key-criteria 
to distinguish basin families in this region. 

 Consequently, the geodynamic drivers, the depositional sequences and 
basin-modifying tectonics as presented here imply that the South Atlantic mar-
ginal basins all belong to the same basin family. However, many parts along the 
margins remain under-explored and a close control of the source rock maturity 
distribution, and hence petroleum system development, is lacking. The maturity 
of source rocks is strongly dependent on the thickness of the overburden and 
heat flow, which both vary greatly as a consequence of varying sediment influx 
and the degree of magmatism (Reston, 2010) along the margins. Therefore, it is 
of the utmost importance to obtain detailed maturity measurements in order to 
use the analogue data.  

 Another point to consider is the relative location of continental break up 
(Lentini et al., 2010), and the consequent width of the marginal basins (Fig. 6.6). 
One might expect that the conjugate margins are simple mirror images. Howev-
er, the opposed passive margins can be symmetrical or asymmetrical about the 
break up anomaly, where organized oceanic spreading has propagated leaving a 
disproportionate remnant of stretched continental crust on one margin (Lentini et 
al., 2010). The most important controls on the location of break up are the direc-
tion of opening, the thermal structure of the lithosphere as well as pre-existing 
basement weaknesses (Davison, 1997). The Namibe and conjugate Santos ba-
sins are such an asymmetrical basin-couple, with break up occuring close to the 
African continent (Lentini et al., 2010). One might expect more proximal facies 
dominating the depositional sequences in the Namibe basin as opposed to more 
distal facies dominating in the Santos basin. Consequently, despite the wide-
spread development of potential reservoir facies, the Namibe basin may be less 
prospective than superficially concluded, due to limited source rock development. 
So far, the wide margins are the most productive, as they have good hydrocarbon 
potential in the post-rift section (Davison, 1999): deep marine turbidites tend to be 
trapped in lows produced by salt withdrawal on such margins, and may develop 
at any stage from Albian to Miocene times (Davison, 1999). Narrow margins are 
not preferred sites for the exploration of post-rift turbidites: the slope of the margin 
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generally dictates how much sediments is deposited on it. As turbidites generally 
maintain their momentum on surface slopes of 2o or more, they are unlikely to 
be deposited at depths < 3000 m in narrow margin basins, where the surface 
topography exceeds 2o down to the 3000 m isobath (Davison, 1999). However, 
narrow margins are expected to have better (yet unknown) syn-rift plays (than 
wide margins), which still have to be drilled in the deep water: such margins have 
good potential for rotated syn-rift fault block plays, as these are less deeply bur-
ied as most clastic sediments have bypassed the shelf during the post-rift cycle 
(Davison, 1999).   

 To conclude, our approach of relating petroleum system- and play devel-
opment to basin cycle evolution by evaluating the main geodynamic drivers, the 
developed depositional sequences and the basin-modifying tectonics, has not 
allowed us to define any distinctly different basin families in our study area. How-
ever, it has provided us with some questions which need to be adressed by future 
studies. On the other hand, we were able to obtain a good first impression of the 
tectonostratigraphy and source- and reservoir rock development, particularly at 
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Figure 6.6: Palaeogeographic map 
of the South Atlantic during Albian 
times, showing the approximate lo-
cation of continental break up (COB: 
Continental-Oceanic Boundary)  
(modified after Tissot et al., 1980; 
Brownfield & Charpentier, 2006; 
Lentini et al., 2010).

basin cycle scale. Combining this 
with our knowledge of the explora-
tion history and known petroleum 
system and plays, predictions of 
possible (remaining) prospectivity 
can still be made.  
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Figure 6.7a: Summary of potential, yet undiscovered, plays identified using the 
approach of analogue basin cycle comparison with respect to petroleum system- 
and play development in the Douala, Rio Muni, Gabon Coastal and Lower Congo 
basins (modified after Huc, 2004; Schlumberger – Oilfield Glossary, 2010).



6.6 Prospectivity & Future Exploration along the African Margin
  Exploration density is not uniform across the African margin. The USGS 
(Brownfield & Charpentier, 2006) assessed, as part of the World Energy Project, 
the quantities of oil, gas and natural gas liquids that have the potential to be 
added to existing reserves within the next 30 years. These volumes either reside 
in undiscovered fields, whose sizes exceed the stated minimum field size cutoff 
for the assessment unit (at least 1 million barrels of oil-equivalent), or reside in 
fields already discovered that will subsequently be identified as reserve growth 
(Brownfield & Charpentier, 2006). The USGS estimates that a total mean of 29.7 
billion barrels of undiscovered conventional oil, 88.0 trillion cubic feet of gas, and 
4.2 billion barrels of natural gas liquids could be present. 

From our analysis, we propose the following: 

The • Douala basin (Fig. 6.7a) appears to be under-explored with relatively 
small discoveries, and two not fully understood petroleum systems (Batupe 
et al., 1995; Brownfield & Charpentier, 2006). Important is to arrive at a 
better understanding of the stratigraphy: different schemes and lithostrati-
graphic terms are used causing confusion (e.g. Mundeck Fm). Exploration 
is expected to continue in the deep offshore with the focus on Upper Cre-
taceous and Tertiary channels and turbidites (mainly stratigraphic traps) 
(Luzzi-Arbouille et al., 2009), analogous to discoveries found in the basins 
located to the south.

In the • Rio Muni basin potential remains in the poorly defined pre-salt sec-
tion as well as in Turonian to Paleocene deep water turbidites (Browfield & 
Charpentier, 2006) (Fig. 6.7a). Alluvial, fluvial and lacustrine clastic reser-
voirs are expected in the pre-salt section. The same applies to Paleocene to 
Miocene channels, canyons and fan turbidites in the deep water.

Exploration appears to be immature in the • North Gabon syn-rift section, in 
the deeper water parts of the Ogooue River Delta and in the post-rift section 
of South Gabon. Both pre- and post-salt targets have potential to contain 
large accumulations (Fig. 6.7a). For the pre-salt targets, uncertainty remains 
as to how far offshore both pre-salt reservoir and source extend, but explo-
ration is encouraged by the giant discoveries made in the deep water area 
of the Santos basin (Global Petroleum Net). Post-salt deep water turbidite 
sandstones are proven to contain significant reserves in the Congo Fan 
basin, as well as on the Brazilian margin. The presence of mature post-rift 
sources or of mature syn-rift source in conjunction with migration pathways 
through the evaporites, are critical for such a play to develop. 

The • Lower Congo basin is mainly a gas province, but some significant oil 
accumulations have also been identified. Future discoveries are expected 
mainly in ultra-deep waters and at greater drilling depths, where turbidite 
reservoirs can be identified on 3D seismic (Shirley, 2001) (Fig. 6.7a).

Exploration in the • Congo Fan basin is immature for both oil and gas. In re-
cent years, the massive hydrocarbon potential of the Tertiary has been dem-
onstrated, and exploration has been moving towards the Post-Oligocene 
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turbidite channel reservoirs in the ultra-deep waters (Brownfield & Char-
pentier, 2006). Potential has also been proven for Albian-Turonian marine 
shales generating hydrocarbons at the present-day (Anka et al., in press) 
(Fig. 6.7b).

The deep water province of the • Kwanza basin remains substantially un-
drilled (Cope, 2002; Brownfield & Charpentier, 2006). The recognition of 
potential deep water mature source sequences coupled with the Upper Cre-
taceous and Tertiary deltaic and turbidite potential provides this area with 
promising exploration potential (Cope, 2002) (Fig. 6.7b).

The • Namibe basin is a frontier basin and considerable work is needed to 
establish it as a viable exploration region (Azevedo & Mangueira, 1998; Be-
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Figure 6.7b: Summary of potential, yet undiscovered, plays identified using the 
approach of analogue basin cycle comparison with respect to petroleum system- 
and play development in the Congo Fan, Kwanza and Namibe basins (modified 
after Light et al., 1991; CSIR Report ENV-S-C-99057, 1999; Huc, 2004).



lyakov et al., 2008; Swart, 2009). The basin represents the most southern 
part of the West African salt margin. The limited development of the Aptian 
evaporite layer distinguishes this basin from the other West African- and 
Brazilian salt basins. Consequently, the post-rift strata are less deformed, 
resulting in less potential trapping structures. Most important, though, the rift 
and sag sequences are very similar. As a result, one can predict possible 
exploration analogues offshore the Namibe basin (Fig. 6.7b). Direct and in-
direct evidence exists for the presence of similar source rocks with respect 
to their depositional sequences, rock types and oil fingerprinting (Welch, 
2010). At least two oil-prone source rock horizons exist in the Early to Mid 
Cretaceous drift section: Early Aptian restricted marine shales and Cenom-
anian-Turonian open marine anoxic shales (OAE) (Bray et al., 1998). The 
Aptian shales are located within the gas window, while the Cenomanian-
Turonian shales are within the oil window (Bray et al., 1998). Lacustrine 
syn-rift sources may also exist (Bray et al., 1998). Note that the limited 
deposition of evaporites may also have caused the upward migration and 
loss of hydrocarbons. So far, only one reservoir-bearing interval has been 
proven: the Kunene and Hartman prospects have demonstrated that Aptian-
Albian carbonates contain hydrocarbons (Energy-pedia exploration, 2009). 

 In their assessment of the region, the USGS (Brownfield & Charpentier, 
2006) constructed a creaming curve for the entire margin. They showed that the 
cumulative known oil volume has more than doubled along this margin since 
1995. This sharp increase in cumulative known oil volumes supports our conclu-
sion that these basins still hold a lot of potential for future hydrocarbon discov-
eries, especially in the offshore deeper water parts of the margin, considering 
the size of the margin, the number of exploration wells and the number of field 
discovered to date. 

6.7 Prospectivity & Future Exploration along the Brazilian Margin
 Also along the East Brazilian margin, exploration density is not uniform: 
large areas with low well-density remain. Most fields have been drilled in the 
Sergipe-Alagoas basin, followed by Espírito Santo, Campos and Santos basins. 
However, the greatest hydrocarbon volumes are associated with the Campos and 
Santos basins. In the Almada-Camamu, Jequitinhonha and Cumuruxatiba basins 
only a few wells have been drilled, encountering minor accumulations of hydro-
carbons. In the Pelotas basin, no wells have encountered any hydrocarbons. 
From our analysis, we propose the following:

Exploration in the • Sergipe-Alagoas basin has reached an advanced stage 
in comparison to most other marginal basins and the largest hydrocarbon 
fields were discovered during the early stages of exploration in the 1960’s. 
Next to the four source rock levels in the syn-rift and transitional cycle, which 
give rise to two different types of petroleum systems, potential remains for:

A 1. shallow marine post-rift petroleum system receiving charge from marls 
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Figure 6.8a: Summary of potential, yet undiscovered, plays identified using the 
approach of analogue basin cycle comparison with respect to petroleum system- 
and play development in the Sergipe-Alagoas, Almada-Camamu, Jequitinhonha 
and Cumuruxatiba basins (modified after Huc, 2004).



and shales of the Riachuelo Fm (restricted marine super-sequence),

A 2. deep marine post-rift petroleum system sourced by marine marls and 
mudstones of the Cotinguiba Fm (open marine super-sequence).

Analogous mature sources, and hence petroleum systems, are present in 
the Espírito Santo and Santos basins, but also in the conjugate West African 
basins (Appendices A & B). The maturity of the Riachuelo and Cotinguiba 
Fms is strongly controlled by overburden thickness, implying that these 
sources may only reach the oil-window in the deep offshore. As for future 
targets of exploration, most potential reservoir intervals seem to have been 
identified. Despite being a proven light oil province, exploration activities in 
the deeper water area of the basin have been modest, in part reflecting a 
lack of salt-related structuration and the presence of a narrow shelf-slope 
system, reflecting the proximity of the ocean-continent boundary (Mullin et 
al., 2004). However, potential may still remain for turbidite mounds (within 
the Calumbi Fm) in the platform and deep water areas, the latter possibly 
located on oceanic crust (Fig. 6.8a), receiving charge via lateral migration 
from a Cretaceous/Tertiary deep marine source. 

The • Almada-Camamu basin contains few discoveries, possibly reflecting 
an immaturity with respect to hydrocarbon exploration. Besides the lacus-
trine syn-rift petroleum system, hydrocarbons could potentially be gener-
ated from the:

Lacustrine pre-rift Itaipe Fm1. , 

Lacustrine syn-rift Rio de Contas Fm2. , 

Fluvio-marine transitional Serinhaem Fm3. , and 

Deep marine post-rift Urucutuca Fm4. . 

Potential, as yet undiscovered plays in this basin are illustrated in Figure 
6.8a. 

The • Jequitinhonha basin has only one field (Mucuri play in transitional 
cycle), no current production and relatively few exploratory wells. Next to 
the lacustrine syn-rift petroleum system, potential exists for charge from 
mature:

Fluvio-marine shales of the Mariricu Fm (Mucuri Mb) in the transitional 1. 
cycle,

Shallow marine post-rift shales/marls of the Regencia Fm2. , and 

Deep marine post-rift shales of the Urucutuca Fm3. . 

The Regencia and Urucutuca Fms could very well be located in the oil-
window in the area beneath the Paleocene-Eocene volcanics of the Royal 
Charlotte Bank, where significant overburden was able to develop (Pen-
nEnergy, 2010). If these sources are not mature, the greatest risk for po-
tential post-rift plays involves the absence of migration (pathways) through 
the evaporite seal from underlying source rocks. Almost all wells are located 
nearshore and have tested pre-salt plays. Therefore, new plays located in 
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Figure 6.8b: Summary of potential, yet undiscovered, plays identified using the 
approach of analogue basin cycle comparison with respect to petroleum system- 
and play development in the Espírito Santo, Campos, Santos and Pelotas basins 
(modified after Brasil Round 4 – Pelotas basin; Huc, 2004). 



this area are unlikely to have remained undiscovered. Other potential plays 
are shown in Figure 6.8a. The Jequitinhonha basin has potential for fur-
ther discoveries, but as there are many unknowns, it must be considered to 
be of moderate to high risk

Despite few discoveries in the•  Cumuruxatiba basin, it is considered to be 
moderately mature with more than 70 exploratory wells drilled. The discov-
eries are small to very small in size (< 8 MMbbl per field), but the deep water 
section is still undrilled. Potential source rock levels can be found in the:

Fluvio-marine Mariricu Fm (Mucuri Mb) in the transitional cycle1. ,

Marine marls and calcareous shales of the Regencia Fm in the early 2. 
post-rift, and

Deep marine shales of the post-rift Urucutuca Fm3. .

Potential, but yet undiscovered plays are indicated in Figure 6.8a. Major 
uncertainties involve: 1) the rift graben geometry and kinematics; hardly 
any information is available on the distribution of Neocomian syn-rift source 
rocks, 2) the distribution and maturity of potential post-rift source rocks, 
and 3) the relative lack of migration windows through the regional evaporite 
seal. Hence, the basin must be considered to be of moderate risk.

Onshore exploration in the • Espírito Santo basin has reached an advanced 
stage. Potential for one additional petroleum system remains, possibly re-
ceiving charge from thin black shales within the evaporites of the Marir-
icu Fm (Itaunas Mb). The basin contains several prospects that are poorly 
known or evaluated, especially in the deep to ultra-deep water (Fig. 6.8b):

The • Campos basin is the most prolific petroleum province in Brazil, with 
most known fields concentrated in only 10 % of the total basin area. Drilling 
history has generally favoured discoveries of hydrocarbons in successively 
younger intervals as one moves basinward (Guardado et al., 1997). Rock 
intervals with good source rock characteristics, which so far have not been 
proven to provide charge, are:

The shallow marine shelf marls of the early post-rift Macae Fm1. , and

The post-rift Upper Cretaceous and Tertiary shales and calcareous 2. 
mudstones of the Ubatuba Fm.

However, these potential source sequences generally lack thermal maturity, 
except possibly in the deep to ultra-deep waters. This basin also contains 
a variety of reservoirs with good permeability and porosity characteristics 
throughout the stratigraphy (Guardado et al., 2000). Most productive are 
the Cretaceous and Tertiary turbiditic sandstones, comprising about 90 % 
of all discovered hydrocarbons in the basin. Successful exploration of these 
reservoirs has been possible thanks to their distinct seismic expression, 
and to advances in seismic resolution which have enabled detailed map-
ping of facies changes and pinch outs associated with these reservoirs 
(Coward et al., 1999). The best potential for future large discoveries will be 
in water deeper than 1000 m, where huge seismic anomalies have been 
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delineated in the post-salt stratigraphic sequence (Guardado et al., 2000). 
This, in addition to progressively favourable source rock and reservoir rock 
sequences, makes deeper water targets in both the syn- and post-rift, very 
promising (Fig. 6.8b).

The • Santos basin is an important frontier basin: despite extensive explor-
atory drilling, the geological evolution and petroleum systems of the basin 
are still poorly constrained, due to lack of information on syn- and pre-rift 
sediments and structures, as wells as on the distribution of Lower Creta-
ceous source rocks (Coward et al., 1999). Besides the two proven source 
rock intervals of the syn-rift Guaratiba- and post-rift Itajai-Acu Fms, potential 
exists for intercalated dark calcilutites and lagoonal facies within the early 
post-rift Guaruja Fm (~ analogous to e.g. the Regencia Fm in Espírito San-
to). Considering the local maturity of the younger Itajai-Acu shales, these 
Guaruja sources are expected to be (locally) mature. Still, these Late Creta-
ceous source intervals cannot have been in the oil-window for more than 10 
Ma (Coward et al., 1999). As for plays, the main targets include the oolitic 
grainstones of the Guaruja Fm and turbidites of the Ilhabela Fm (Fig. 6.8b). 
Future targets in deeper water, assuming that the distribution of source 
rocks allows this, may be Cretaceous and Tertiary turbiditic sandstones 
within structural-stratigraphic traps analogous to those in the Campos basin. 
Exploration possibilities of the pre-salt are very promising: in recent years 
supergiant oil fields have been discovered in this section underneath unb-
reached evaporites seals (Tupi, Jupiter and Lara fields) (Mello et al., 2009a, 
2009b). The lacustrine oils are low in sulphur, have API values ranging be-
tween 31 and 37°, and are found in combination traps in Barremian-Early 
Aptian stromatolites, coquinas and clastic basal reservoir sequences (Mello 
et al., 2009a, 2009b) on the westside of the São Paulo Plateau. Gomes et 
al. (2009) discuss the focused migration of hydrocarbons generated in the 
thick pre-salt section towards this part of the basin, which assumes that re-
gionally extensive pre-salt carrier beds are particularly important (Fig. 6.2). 
Because of these recent discoveries, Santos is expected to become a major 
oil province, perhaps the most prolific along the margin. Furthermore, these 
pre-salt lacustrine carbonate plays open up new potential in the pre-salt of 
the other marginal basins (Fig. 6.8b). 

The • Pelotas basin is a frontier area. The absence of proven source rock 
intervals makes exploration high risk. Within the pre-rift, potential mature 
source rocks are provided by Irati Fm shales (Brasil Round 4 – Pelotas 
basin; Holz et al., 2010). No lacustrine source facies are present within the 
syn-rift section, because rifting was associated with abundant volcanism. 
Cenomanian-Turonian mudstones and possibly Early Tertiary mudstones 
are postulated as post-rift source rocks (Schenk, 2000b). But the absence 
of salts, and hence halokinesis, greatly diminished the development of trap-
ping geometries in the post-rift section. In its favour, the basin is the largest 
offshore Brazilian basin in terms of thickness and areal extent of the basin 
fill. Potential reservoirs can be encountered in turbidites of the Imbé Fm, as 
well as in more proximal sandstones of the same formation (Fig. 6.8b).

100 Chapter 6



6.8 Conclusions
 In short, our approach of relating petroleum system- and play develop-
ment to basin cycle evolution by evaluating the main geodynamic drivers, the 
developed depositional sequences and the basin-modifying tectonics, has not 
allowed us to define any distinctly different basin families in our study area: analo-
gously comparing the individual basin cycles is preferred. However, many ques-
tions have been raised by this analysis, which need to be addressed by future 
studies.  

 Still. this approach has provided us with a good first impression of the 
tectonostratigraphy and source- and reservoir rock development in these genet-
ically-related basins, particularly at basin cycle scale. We identified four different 
basin cycles (pre-rift, syn-rift, transitional and post-rift) each specified by their 
own basin architecture and dominant  types of deformation. Each of these basin 
cycles is characterized by the deposition of at least one type of (potential) source 
rock, (potentially) giving rise to a certain type of petroleum system (PST). Play 
development is also closely related to basin tectonic- and sedimentary evolution: 
syn-rift plays are associated with lacustrine/fluvial facies and trapping geometries 
associated with graben development. Post-rift plays include shallow to deep ma-
rine clastic and carbonate facies in combination with traps, which formed due to 
syn- and post-depositional salt movements. The number and variety of plays in-
creases with basin evolution as tectonic and sedimentary patterns become more 
complicated. 

 Combining this information with our knowledge of the exploration history 
of these basins, we are able to make predictions on the (remaining) prospec-
ticvity. Exploration density is not uniform across both margins: some areas are 
already mature with respect to exploration, while others remain under-explored. 
Along the West African margin, the Douala basin, the pre-salt section of the Rio 
Muni- and North Gabon Coastal basin and the deep to ultra-deep waters of the 
Ogooue Delta, Lower Congo-, Congo Fan- and Kwanza basins may represent 
such under-explored areas with high exploration potential. The Namibe basin is 
a frontier area. Along the Brazilian margin, both the syn-rift and post-rift sections 
in the deep to ultra-deep offshore sections of all basins remain under-explored. 
The risks related to the syn-rift involve source rock distribution and maturity, trap-
ping geometries and reservoir quality. The main risks for the post-rift is related to 
the presence or absence of migration pathways from mature syn-rift sources to 
post-rift reservoirs through the evaporites of the transitional cycle. In contrast to 
the West African margin, post-rift sources are generally immature in the Brazilian 
basins, due to insufficient overburden and/or low heat flow. But where marine 
post-rift shales are mature, they also contribute to the post-rift accumulations. 
Especially, the Almada-Camamu, Jequitinhonha, Santos and Pelotas basins are 
considered frontier areas with high risk. 
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Relating Petroleum System- & Play 
Development to Basin Evolution:

Gabon Coastal- versus Almada-Camamu Basin

Based on:

Beglinger, S.E., Corver, M.P., Doust, H. and Cloetingh, S., submitted. A New Approach of Relating 
Petroleum System- and Play Development to Basin Evolution: An Application to the Gabon Coastal- 
and Almada-Camamu Basin. AAPG Bulletin.

7.1 Introduction
 In the previous chapters, we have applied the proposed methodology 
of relating petroleum system- and play development to basin cycle evolution to 
the entire South Atlantic and came up with some general results. In this chap-
ter, we will perform a more detailed case-study on just two basins: the Gabon 
Coastal- and Almada-Camamu basins. These basins are genetically related and 
have experienced a similar tectonostratigraphic basin evolution, as they both re-
sult from South Atlantic rifting and break up. The Gabon Coastal basin is well ex-
plored: significant hydrocarbon accumulations have been discovered throughout 
the stratigraphic succession. The Almada-Camamu basin is considered a frontier 
area (Scotchman & Chiossi, 2009): the basin contains some small pre-salt gas 
accumulations in the onshore area and two oil fields in the offshore platform area 
(Gonçalves et al., 2000). One light oil accumulation is located within turbiditic 
post-rift strata (Norse Energy Corp. ASA, 2007; Rigzone – E&P News, 2008). We 
will analogously compare their evolution as well as predict the type of petroleum 
systems and plays that might be present in the less well known (parts of the) 
basin(s). This will ultimately help us in evaluating future exploration opportunities 
in these two basins. For a detailed description of the methodology, we refer to 
Chapter 2. 

 

7.2 Study Area
 The Gabon Coastal and Almada-Camamu basins represent conjugate 
elements of the West African and Eastern Brazil margins (Fig. 7.1). The Gabon 
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Coastal basin is situated for the main part within Gabon, but extends into Equato-
rial Guinea. The basin is up to 300 km wide. Its eastern limit is marked by out-
cropping Precambrian basement and metasediments, while the first occurrence 
of oceanic crust defines the western limit. The southern limit is taken at the south-
westward projection of the Mayumba Spur. The northern boundary of the basin 
is the transition into the Rio Muni basin across a series of basement lineaments, 
that mark a significant shear zone. The Gabon Coastal basin comprises three 
sub-basins: South-, North-, and Interior Gabon (Dupré et al., 2007). The N’Komi 
Fracture Zone separates the first two, while the Interior Gabon sub-basin is actu-
ally an individual half graben (part of the entire rift system) preserved northeast 
of the Lambarene High, in which pre-rift sediments are preserved (Teisserenc & 
Villemin, 1990; Mbina Mounguengui et al., 2002; Dupré et al., 2007). 

 The Almada-Camamu basin is situated in the southern portion of Bahia 
State (Brazil) and consists of two sub-basins separated by the Itacare High. The 
basin is much narrower then the Gabon Coastal basin and is bounded to the north 
by the Jacuípe and Recôncavo basins across the transfer zones of Itapoa and 
Barro, respectively. The Almada sub-basin is separated from the Jequitinhonha 
basin by the Olivença High (Brasil Round 2 - Camamu-Almada; Geochemical 
Solutions International, 2010).

7.3 Tectonostratigraphic Development
 The first step in relating petroleum system- and play development to ba-
sin evolution is to recognize the main geodynamic drivers that shape the basin 
cycles and associated sedimentary infill. 

 The western coast of Africa and the eastern coast of South America were 
once joined together in the super-continent Gondwana (Fig. 3.2 & 3.3), but reac-
tivation of zonal weaknesses in the Precambrian basement during the Permian, 
Triassic and Jurassic, resulted in the formation of localized sag basins (Meyers 
et al., 1996a; Cainelli & Mohriak, 1999; Mohriak et al., 2008). The two continents 
separated at the end of the Jurassic and the very beginning of the Cretaceous 
by a process of rifting and oceanic suturing (Fig. 3.2). The Gabon Coastal and 
Almada-Camamu basins form elements of a coupled narrow-wide margin. The 
narrow-wide juxtaposition indicates that the rift zone covered a broad region, with 

Figure 7.1 (page 104): (A1) - Location map of the Almada-Camamu basin. (A2) 
- Location map of the Gabon Coastal basin (Google Earth 2010). (B1) - Location 
map of the Almada-Camamu basin, including ocean bathymetry and the conti-
nent-ocean boundary (COB) (Brasil Round 7 - Camamu-Almada Basin; Scotch-
man & Chiossi, 2009). (B2) - Location map of the Gabon Coastal basin, including 
ocean bathymetry, COB and western limit of the salt (Karner et al., 1997; Lavier et 
al., 2001; Dupré et al., 2007). The eastern limit of the salt has not been indicated 
for Almada-Camamu, since its exact distribution is unknown. 
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Figure 7.2: Seismic cross-sections in the Camamu- and Almada- sub-basins and 
Gabon Coastal basin, and their interpretation. For the locations of the transects 
see figure 7.1. Transect A - Present-day regional cross-section offshore Camamu 
sub-basin (Scotchman & Chiossi, 2009). Transect B - Present-day regional cross-
section offshore Almada sub-basin (Scotchman & Chiossi, 2009). Note the uncer-
tainty regarding the distribution of salts in both sub-basins. Transect C - Present-
day offshore South Gabon regional cross-section based on the gathering and the 
depth conversion of three seismic lines (Dupre et al., 2007). Note the absence of 
proper imaging in Gabon below the evaporites. 



separation taking place towards the Brazilian side of the area of thinned crust 
(Davison, 1997). The main parameters that controlled the width of the subsequent 
margins are the direction of opening, the thermal structure of the lithosphere, and 
inherited basement weaknesses (Davison, 1997; Blaich et al., 2008a, 2008b). 
Chapter 6.5 discusses the potential consequences of such asymmetrical break 
up, as demonstrated by the conjugate Santos and Namibe basins. As rifting pro-
gressed, continental alluvial, fluvial and lacustrine pre- and syn-rift sediments 
were deposited. Oceanic emplacement began in the south and advanced north-
wards: the oldest oceanic crust south of the Walvis Ridge is Jurassic, while to 
the north it is Cretaceous (Rabinowitz and LaBrecque, 1979; Nürnberg & Müller, 
1991; Gladczenko et al., 1997). After rifting ceased, salt was deposited during 
a transitional sag period corresponding to initiation of the opening of the South 
Atlantic. The latter is defined by the Aptian break-up unconformity (Brown et al., 
1995; Jungslager, 1999) and the overlying fluvio-marine sediments record the 
first marine incursions. The salt deposits were laid down in a region of poorly 
circulating waters north of the volcanic Walvis Ridge and Rio Grande Rise  (Fig. 
3.2) (Jenkyns, 1980; Tissot et al., 1980). Further extension led to the opening of 
the South Atlantic and the deposition of a series of post-Aptian shallow to deep 
marine clastic and carbonate post-rift sediments as the continental margins sub-
sided. Movement of the evaporite deposits is particularly important in determining 
patterns of younger fan- and turbidite systems. Post-depositional salt movement 
also created traps in the overlying sediments: extensional structures developed 
in the upper margin of the basins and compressional structures in the deeper 
basinal parts (Fig. 3.4, 4.3, 5.3, 6.3 & 6.4) (Cramez and Jackson, 2000; Calassou 
and Moretti, 2003; Dupré et al., 2007). Passive margin conditions started in the 
Albian and have persisted up to the present day.

 Four tectonostratigraphic cycles can be distinguished in the Almada-Ca-
mamu- and Gabon Coastal basins (Fig. 7.2, 7.3 & 7.4):

The latest part of the•  pre-rift is characterized by a thermal sagging of the 
area combined with continental deposition. This phase is regarded as the 
precursor of basin development, and we ignore older sequences being part 
of the pre-rift. In the Almada-Camamu basin, the pre-rift section (Itaipe & 
Sergi Fms) (Scotchman & Chiossi, 2009) is well preserved and, due to its 
hydrocarbon producing source rock, of economic importance. In the Gabon, 
pre-rift strata (M’Vone, Agoula, N’Khom Fms) have only been preserved in 
the Interior sub-basin.

The•  syn-rift of the Gabon Coastal basin can be separated into three stag-
es. The early rift (syn-rift 1) sediments of Neocomian age (N’Dombo/Bas-
al Sandstone, Kissenda and Lucina Fms) include non-marine (fluvial and 
lacustrine) siliciclastics and black organic-rich shales, which are sometimes 
interbedded with volcanic deposits such as tuffs and basalts. The middle 
rift stage (syn-rift 2) is characterized by enhanced rift tectonics associated 
with uplift and strong erosion during which locally thick sequences of fluvio-
clastic sediments were removed from the horsts, and deposited in the adja-
cent deep graben lakes (Melania sandstone and shale Fm). During the late 
syn-rift stage (syn-rift 3), rifting declined and eventually ceased. At the end 
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of the late syn-rift stage, the graben topography had been effectively filled 
by a thick succession of siliciclastics, including some reservoir quality sands 
(Dentale Fm) (Coward et al., 1999). Climate favoured the development of 
carbonates such as shoals and reefs, as they have been encountered in 
the Lower Congo basin located towards the south (Toca Fm). Equivalent 
carbonates (Banio Fm) are expected in the Gabon Coastal basin, but have 
not been drilled yet. In the Almada-Camamu basin only the first two syn-rift 
stages can be distinguished and it remained underfilled (Morro do Barro- 
and Rio de Contas Fms).

In both basins, a period of tectonic quiescence, associated with the culmi-• 
nation of intra-continental deposition and the onset of oceanic crust em-
placement, marks the transition from the late syn-rift stage to the transi-
tional cycle. This cycle commences with restricted marine sand and shale 
deposition (Gamba/Vembo Fms in Gabon versus Serinhaem Fm in Almada-
Camamu), recording the first marine incursions into the proto-South Atlan-
tic, followed by widespread evaporite deposition during Aptian times. 

Three basin stages can be distinguished in the • post-rift section of both 
basins:

The evolution from the transitional cycle to the early post-rift stage (post-1. 
rift 1 - restricted marine post-rift supersequence), was accompanied by 
a faster subsidence rate due to cooling of the oceanic crust, permit-
ting the development of transgressive marine platform carbonates on 
the shelf and the deposition of shales and micrites in the deeper basin 
(Madiela group in Gabon versus Algodões Fm in Almada-Camamu) 
(Séranne, 1999; Séranne & Anka, 2005; Anka et al., in press). In the 
Cenomanian the transgressive carbonate conditions of the early post-
rift stage were halted and a widespread unconformity developed.

The middle post-rift stage (post-rift 2 - 2. open marine post-rift superse-
quence) saw the onset of the development of a number of delta sys-
tems along the West African Coastal margin, as a result of continent 
uplift and enhanced westward subsidence offshore (Ogooue Delta in 
North Gabon sub-basin; Late Cretaceous till Early Tertiary Cap Lopez-, 
Azile-, Anguille-, Pointe Clairette-, Ewongue- and Mandji groups). Along 
the Brazilian margin, rift shoulder uplift was coeval with strong subsid-

Figure 7.3 (page 108): “Facies palettes”, summarizing the depositional environ-
ments in the pre-rift, syn-rift, transitional and post-rift cycles of the Almada-Ca-
mamu and Gabon Coastal basins. Each main category (non-marine, deltaic and 
marine) has been divided into increasingly deep water (or more distal) facies. 
Timing and environment of source-, reservoir- and seal rock deposition are indi-
cated by symbols (Teisserenc & Villemin, 1990; Boeuf et al., 1992; Coward et al., 
1999; Gonçalves et al., 2000; Katz et al., 2000; Liro & Dawson, 2000; Brownfield 
& Charpentier, 2006; Scotchman & Chiossi, 2009). The facies palette forms part 
of the BDI program.
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Figure 7.4: “Trajectory plots”, describing sedimentary basin evolution through 
time for the Almada-Camamu and Gabon Coastal basins (same as those shown 
in figure 3.8.b/d). Note that the trajectory paths of both basins show considerable 
overlap, suggesting the deposition of similar sediments (Teisserenc & Villemin, 
1990; Boeuf et al., 1992; Coward et al., 1999; Gonçalves et al., 2000; Katz et 
al., 2000; Liro & Dawson, 2000; Brownfield & Chapentier, 2006; Scotchman & 
Chiossi, 2009). Trajectory plots form part of the BDI program. 



ence in the basins south of Almada-Camamu: rift shoulder uplift was 
controlled by rifting, but also by gravity gliding, resulting in the removal 
of large sections of sediments as well as the withdrawal of evaporites 
from the basin margin (Mohriak et al., 2008). This unloading was sever-
al orders of magnitude faster than simple erosional unloading. Also, the 
addition of the glided sedimentary section and accumulated evaporites 
to the basin floor was a loading process several orders of magnitude 
faster than depositional loading of the basin by hemipelagic sediments 
(Mohriak et al., 2008). Drainage patterns caused the sediments to accu-
mulate mainly in the basins towards the south and the lack of deltaic in-
put led to dominantly deep marine deposition in Almada-Camamu (Late 
Cretaceous-Early Tertiary Urucutuca Fm).

The late post-rift stage (post-rift 3 - 3. “deltaic” post-rift supersequence) 
was initiated by a major erosional event related to the global Oligocene 
sea level low stand, accompanied by increased basin subsidence and 
onshore uplift. This erosional surface is less pronounced in Almada-
Camamu than in Gabon, as a result of the dominant deep marine condi-
tions during the middle post-rift stage. In Almada-Camamu, this stage 
is characterized by regressive shallow to deep marine clastic deposi-
tion (Eocene-Recent Urucutuca-, Caravelas-, Rio Doce- and Barreiras 
Fms), while in the Gabon Coastal basin there was a reduction in the 
Ogooue River drainage system. However, the Neogene westward sub-
sidence phase still permitted a thick post-Oligocene depositional unit to 
accumulate (Mandorove-, M’Bega and N’Tchengue Fms). 

 The facies palettes and trajectory plots of both basins show a consis-
tency in environments associated with each basin cycle (Fig. 7.3 & 7.4). This 
overlap in basin cycle evolution allowed similar types of source-, reservoir and 
seal rock lithofacies to develop. As a result of variations in thermal subsidence af-
ter break up, the thickness of the transitional and post-rift section is greater in the 
Gabon Coastal basin than it is in Almada-Camamu (Mohriak et al., 2008; Scotch-
man & Chiossi, 2009). These variations are important for petroleum prospectiv-
ity, since unsufficient overburden may prevent potential post-rift sources from 
reaching thermal maturity. Similarly, the sealing capacity of the evaporites for the 
underlying syn-rift reservoirs might vary, as well as the effect of halokinesis on the 
overlying post-rift stata. Particularly in the Camamu sub-basin, initial evaporite 
deposition appears to have been limited (Scotchman and Chiossi, 2009), which 
provides a major risk for potential syn-rift plays as well as the development of 
trapping structures in the post-rift section due to limited halokinesis. 

7.4 Petroleum System Development
 The next step in relating petroleum system- and play development to 
basin evolution is to examine the petroleum systems in the basins: what are the 
differences and similarities regarding source rock development, migration path-
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Figure 7.5: Summary overview of every (potential) source rock interval and as-
sociated petroleum system identified in the Almada-Camamu and Gabon Coastal 
basins. Note that many more source rock intervals, and hence petroleum sys-
tems, have been proven to exist in Gabon (Teisserenc & Villemin, 1990; Baudouy 
& Legorjus, 1991; Burwood et al., 1992; Dale et al., 1992; Peters et al., 1993; 
Burwood et al., 1995; D’Avila et al., 1998; Coward et al., 1999; Cole et al., 2000; 
Daily, 2000; Gonçalves et al., 2000; Katz et al., 2000; Brownfield & Charpentier, 
2006; Ntamak-Nida et al., 2008; Scotchman & Chiossi, 2009). See also appendix 
A1/2 & B1/2.
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ways, trap type development and timing of generation, migration and preserva-
tion of hydrocarbons? Can we recognize potential analogues and use them for 
predictive exploration purposes? First, we will discuss the different types of pe-
troleum systems that can be distinguished. Then, we will review the petroleum 
systems in these two basins that appear to be analogues. And we will finish with 
a review on petroleum systems that only appear to exist in one basin, and we will 
discuss the reasons why they may or may not be present in the other basin. 

7.4.1 Petroleum System Types
 Each basin cycle contains characteristic source rocks which give rise to  
charactersitic types of petroleum systems (PSTs) (Appendix A1/2 & B1/2). Asso-
ciated reservoirs can be located throughout the basin stratigraphy depending on 
the capacity of the seals (Appendix C1/2 & D2). Figure 7.5 lists all the (potential) 
source rocks with their properties, as well as the petroleum systems they relate 
to. Three types of petroleum systems can be distinguished:

Lacustrine Syn-rift PST•  (Fig. 7.5, 7.6a & 7.7a): two petroleum systems, 
classified as such, exist in the Gabon Coastal basin, and one is known to 
be present in the Almada-Camamu basin. They are charged by lacustrine 
shales within the syn-rift section. 

Lacustrine Syn-rift combined with a Fluvio-Marine Transitional PST•  
(Fig. 7.5, 7.6a & 7.7b): the Dentale/Gamba-Dentale-Gamba PS (.) is the 
only petroleum system which seems to originate from shallow lacustrine 
shales from the late syn-rift and from restricted marine shales at the base of 
the transitional cycle. 

(Shallow & Deep) Marine Post-rift PST•  (Fig. 7.5, 7.6b & 7.7c): four such 
petroleum systems have been identified in the Gabon Coastal basin, re-
ceiving charge from shallow to deep marine carbonaceous shales located 
in post-rift 1 and 2 (the restricted marine- and open marine post-rift su-
persequences). In the Almada-Camamu basin, a similar petroleum system 
may receive charge from the deep marine Urucutuca shales (from the open 
marine post-rift supersequence), but so far, only one potential accumulation 
has been encountered.

Besides these known PSTs, an additional PST could exist based on thin organic-
rich shale stringers within the evaporites of the transitional cycle of the Gabon 
Coastal basin (Dailly, 2000). These could potentially give to a Restricted Hyper-
saline Marine PST. However, the limited thickness of these shales represents a 
major risk. A potential petroleum system could also be based on the oil-prone 
fluvio-lacustrine shales of the Itaipe Fm, located in the pre-rift of Almada-Ca-
mamu (Scotchman & Chiossi, 2009). Considering the fact that source rocks are 
mature in the syn-rift (Gonçalves et al., 2000; Scotchman & Chiossi, 2009), these 
pre-rift shales could be mature to overmature. However, no associated accumula-
tions have been encountered yet.
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7.4.2 Analogous Petroleum Systems
 At this point, we can recognize three (potentially) analogous petroleum 
systems:

The • Kissenda – N’Dombo-Gamba PS (!) in Gabon and the Morro do 
Barro – Sergi/Morro do Barro PS (!) in Almada-Camamu. Both receive 
charge from lacustrine shale sources deposited during the early syn-rift, 
and are hence classified as a lacustrine syn-rift PST. In case of the Morro 
do Barro-Sergi/Morro do Barro PS (!), the associated hydrocarbon accu-
mulations occur in structural traps within the pre- and syn-rift sedimentary 
section (Gonçalves et al., 1998, 2000). Hydrocarbon generation started dur-
ing the rift cycle, but the presence of a thick section of low permeability 
shales above the source rocks favoured downward migration into pre-rift 
Sergi sandstones (Gonçalves et al., 1998, 2000). Migration also took place 
through normal faults, which juxtaposed the Morro do Barro shales against 
the Sergi sandstones. The good lateral continuity (Gonçalves et al., 1998, 
2000), porosity and permeability of these Sergi carrier beds allow second-
ary lateral migration of petroleum to shallow pre-rift structural traps located 
in the western part of the basin (Gonçalves et al., 1998, 2000). Migration 
from the source rocks into the intercalated reservoir turbidite sandstones 
also took place (Gonçalves et al., 2000). Hydrocarbon generation from the 
Kissenda shales in the Gabon Coastal basin started during Late Cretaceous 
times, with the maturity-window moving westward over time with continued 
downwarping (Edwards & Bignell, 1988; Brownfield & Charpentier, 2006; 
Martin & Toothill, 2009). Plays are all located within the syn-rift, and hence 
lateral and vertical migration distances are short (Katz & Mello, 2000). 

The • Azile/Anguille – Anguille PS (!) is one of the most important petro-
leum systems in the Gabon Coastal basin, receiving charge from shales 
deposited under deep marine conditions. Organic facies variations occur 
within the sequence, with the most gas-prone material being located closest 
to the paleo-river mouth, where the input of terrestrial material was greatest 
(Teisserenc & Villemin, 1990; Katz et al., 2000). These marine sources gen-
erated hydrocarbon in parts of the basin where the Tertiary cover exceeds 
2.5 km (Katz et al., 2000). Generation started during Miocene times (~15 
Ma) and continues till the present day. The main reservoirs are provided 
by the Anguille deep marine turbidites, as further vertical migration seems 
limited (Katz et al., 2000). Scotchman & Chiossi (2009) recognized the po-
tential that is provided by equivalent Cenomanian-Turonian anoxic deep 
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Figure 7.6a (page 114): Petroleum System Flow Chart for petroleum systems de-
fined as a Lacustrine Syn-rift PST, summarizing which (potential) plays/reservoir 
lithofacies receive charge from certain mature source rock intervals. Note that 
the Dentale/Gamba – Dentale/Gamba PS (.) in the Gabon Coastal basin also 
receives charge from fluvio-marine shales at the base of the transitional cycle 
(Coward et al., 1999; Gonçalves et al., 2000; Brownfield & Charpentier, 2006; 
Scotchman & Chiossi, 2009). 
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marine shales in the Almada-Camamu and Espírito Santo basins (Brasil 
Round 4 - Espírito Santo), but the absence of a thick overlying delta system 
means that maturity may never have been reached. 

If the • Urucutuca-Urucutuca PS (?) is a potentially viable petroleum sys-
tem in Almada-Camamu as it can be considered an equivalent of the Port 
Gentil – Senonian-Miocene PS (.) in Gabon. The Port Gentil shales have 
been expelling hydrocarbons since Miocene times (~15 Ma) (Katz et al., 
2000) in response to sediment loading of the prograding Ogooue Delta, 
which triggered thermal maturity as well as driving continued halokinesis 
(Katz et al., 2000). Halokinesis, initiated during Early Cretaceous times, is 
responsible for most of the traps (Vidal, 1980; Katz et al., 2000) formed prior 
to hydrocarbon generation/migration (Katz et al., 2000). Within the Ogooue 
Delta Complex, most known reserves are associated with non-piercement 
salt domes and turtlebacks (Teisserenc & Villemin, 1990; Katz et al., 2000). 
Vertical migration along faults, as well as bed-parallel migration provides 
important migration mechanisms. Where faulting is abundant, fault plane 
migration probably resulted in episodes of hydrocarbon remigration into 
shallower reservoirs. The main risk involves leakage through top seals 
through incomplete lithification at the time of hydrocarbon accumulation 
(Katz et al., 2000). If the Urucutuca shales in Almada-Camamu generate 
hydrocarbons, the main targets for future exploration would be deep marine 
turbidites interbedded in these shales. However, as before, the absence of 
a thick overlying delta system may have prevented these potential sources 
to reach a mature state with respect to oil generation. Furthermore, haloki-
nesis seems to be limited and part of the Late Cretaceous turbidite section 
is missing (Scotchman & Chiossi, 2009).  

7.4.3 Potential Petroleum Systems in the Almada-Camamu Basin
 As shown in Figure 7.5, more petroleum systems are present in the Ga-
bon Coastal basin than in Almada-Camamu. Potential analogous sources are 
recognized in Almada-Camamu, but uncertainty exists with respect to their dis-
tribution and maturity, as well as on the timing of potential generation/migration/
preservation versus trap-forming halokinesis. Based on analogue comparison of 
the stratigraphy, we can regard the following source rock levels within Almada-
Camamu as potential bases for petroleum systems that could exist:

Rio de Contas lacustrine syn-rift shales• : these shales are equivalent to 
the Gabon Melania lacustrine shales that give rise to the Melania – Neo-

Figure 7.6b (page 116): Petroleum System Flow Chart for petroleum systems 
defined as a Marine Post-rift PST, summarizing which (potential) plays/reservoir 
lithofacies receive charge from certain mature source rock intervals. Note the 
speculative status of the Urucutuca-Urucutuca PS in the Almada-Camamu basin. 
For legend see figure 7.6.a (D’Avilla et al., 1998; Coward et al., 1999; Katz et al., 
2000; Brasil Round 4 - Cumuruxatiba; Brasil Round 4 - Espírito Santo; Brownfield 
& Charpentier, 2006).
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Figure 7.7b: An events chart for a pe-
troleum system defined as a Lacus-
trine Syn-rift / Fluvio-Marine Tran-
sitional PST in the Gabon Coastal 
basin (Coward et al., 1999; Brown-
field & Charpentier, 2006).

Figure 7.7a: Events charts for petroleum systems defined as a Lacustrine Syn-rift 
PST (Coward et al., 1999; Gonçalves et al., 2000; Brownfield & Charpentier, 2006;     
Scotchman & Chiossi, 2009). Events charts form part of the BDI program. 



comian-Cenomanian PS (!). The Melania shales started generating hydro-
carbons in Late Cretaceous times (Edwards & Bignell, 1988; Brownfield & 
Charpentier, 2006) and charged reservoirs within the syn-rift-, transitional 
and early post-rift basin cycles via faults. Syn-rift lacustrine turbidites are in 
direct contact with the source shales, while migration through late syn-rift/
transitional sandstone carrier beds allowed accumulation of hydrocarbons 
in anticlinal structures of the Dentale and Gamba Fm sandstones. Windows 
in the salt allowed upward migration of hydrocarbons to reservoirs within 
the early post-rift section (Fig. 4.3 & 6.5.c) (Brownfield & Charpentier, 2006). 
Similar migration pathways and associated reservoirs could be expected for 
a hypothetical petroleum system based on the Rio de Contas shales (Fig. 
5.3). 

Serinhaem fluvio-marine shales at the base of the transitional cycle• : 
these would be analogous to the fluvio-marine Gamba/Vembo shales, 
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Figure 7.7c: Four events charts for petroleum systems defined as a Marine Post-
rift PST. No information is available on the potential deep marine Urucutuca-
Urucutuca PS (?) in Almada-Camamu (Coward et al., 1999; Katz et al., 2000).



which partly generate the hydrocarbons associated with the Gabon Dentale/
Gamba - Dentale/Gamba PS (.). Hydrocarbon generation probably started 
during Late Cretaceous times. The associated reservoirs are located within 
the late syn-rift, transitional cycle and early post-rift stage. Migration took 
place laterally along sandstone carrier beds below the evaporites and verti-
cally upwards along faults through salt windows (Fig. 4.3 & 6.5.c). The main 
risk for the Serinhaem shales (Taipus Mirim Fm) concerns the extent and 
thickness of this source section (Scotchman & Chiossi, 2009).

Other potentially analogous petroleum systems are not likely to have developed 
in the Almada-Camamu basin: 

The early post-rift Madiela and Cap Lopez Fms•  in Gabon represent an 
evaporative or restricted to open marine facies. Equivalent units elsewhere 
suggest that higher levels of organic enrichment, more elevated generation 
potentials and more oil-prone tendencies than currently observed in Ogooue 
Delta may exist (Burwood, 1999; Katz et al., 2000). These source rocks 
only seem to be mature in areas where the Tertiary overburden exceeds 2 
km. Hydrocarbon generation/migration started during Oligocene times (~30 
Ma) (Katz et al., 2000). A similar section is recognized in the early post-rift 
Algodões Fm carbonates in Almada-Camamu, but no source potential has 
been ascribed yet to these rocks (Scotchman & Chiossi, 2009).

The • early post-rift Namina Fm shales in Gabon are the deep water equiv-
alent of the Madiela/Cap Lopez carbonate sources (Brink, 1974; Teisserenc 
& Villemin, 1990; Dupré et al., 2007). In the Ogooue Delta, the distribution 
of Namina-sourced hydrocarbons appears to be related to the migration of 
the depocentres during the evolution of the delta. From the Ogooue Delta to 
the Atlantic Flexure, the Namina shales are likely to be the main sources of 
hydrocarbons found in the post-rift, as the Azile-Anguille sources are early 
mature and the pre-salt oils and gases are trapped below the Ezanga salts 
(Kuo, 1998). Again, an equivalent section (Quiepe Mb of the Algodões Fm) 
has been identified in Almada-Camamu, but no source characteristics have 
been ascribed to these rocks yet (Scotchman & Chiossi, 2009). 

We have not been able to identify petroleum systems in the Almada-Camamu 
basin that could be present (as yet undiscovered) in the Gabon Coastal basin.

7.5 Play Development
 The third step in this analysis is to examine the play development: what 
are the differences and similarities with respect to reservoir- and seal rock devel-
opment and trap formation? And can we recognize potential analogues and con-
sequently use them to predict future exploration targets? Again, we first review 
the play types typical of the basin cycles, then we will look at known analogous 
plays and lastly at potential new plays in each of the basins based on our re-
view. 
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7.5.1 Play Types
 As with the source rocks, the development of reservoir- and seal rock 
lithofacies tends to be characteristic for the basin cycle they are located in. Figure 
7.8 provides a summary of the properties of all (potential) play levels, as well 
their location in the stratigraphy (see also appendix C1/2 & D2). Each basin cycle 
contains the following characteristic play types:

Pre-rift• : fluvial and aeolian reservoir sandstones within tilted fault blocks 
(against footwall blocks of major regional faults) sealed by metamorphic 
basement and lacustrine shales of the syn-rift section (Gonçalves et al., 
2000). 

Syn-rift• : lithofacies include basal alluvial/fluvial sandstones/conglomerates, 
lacustrine carbonates and turbiditic sandstones sealed by syn-rift lacustrine 
- or fluvio-marine shales or evaporites of the transitional cycle. Trap forma-
tion generally obeys the simple model proposed by Nøttvedt et al. (1995) 
and Gabrielsen & Faleide (2008) for extensional basins (see Chapter 6.3; 
Fig. 6.1). 

Transitional• : fluvio-marine sandstones at the base of the cycle occur in 
gentle dip-closed structures (drape over syn-rift horsts or due to local inver-
sion), sealed by the overlying evaporites of the same cycle. 

Post-rift• : a variety of lithofacies provide the post-rift reservoirs, including 
shallow marine sandstones/carbonates, as well as deep marine turbidites 
and channel fills, sealed by shallow to deep marine shales, as well as by 
piercing salt diapirs/domes. In the Gabon Coastal basin, salt movements are 
responsible for the majority of traps developed within the post-rift section: 
fields typically formed either on the limbs or on top of salt anticlines/domes 
(Vidal, 1980; Katz et al., 2000). Halokinesis was initiated during Early Cre-
taceous times and, although it continues until the present day, the timing of 
trap development was favourable relative to that of hydrocarbon generation 
(Katz et al., 2000). Most hydrocarbon accumulations are associated with 
non-piercement salt domes and turtleback structures within the Ogooue 
Delta (Teisserenc & Villemin, 1990; Katz et al., 2000). In the Almada-Cama-
mu basin, the area of salt deposition seems to have been less extensive. 
Particularly in the Camamu sub-basin, deformation of the post-rift strata by 
halokinesis appears limited (Scotchman & Chiossi, 2009). 

7.5.2 Analogous Plays
 The Gabon Coastal basin has many play levels occurring throughout the 
stratigraphy (except pre-rift). The Almada-Camamu basin, on the other hand, only 
has three proven play levels in the pre-salt and a potentially important play level 
in the post-salt. Only one possibly analogous play-couple can be identified: 

The • post-rift Urucutuca play level in the Almada-Camamu basin is de-
fined by one field (Norse Energy Corp. ASA, 2007; Rigzone - E&P News, 
2008). The potentially analogous Senonian turbidite play level, which is 
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Figure 7.8: Summary overview of every (potential) play level identified in the Al-
mada-Camamu and Gabon Coastal basins. For each play level, the associated 
reservoir/seal- formation names and lithofacies are given, as well as the reser-
voir properties, where available (Teisserenc & Villemin, 1990; Boeuf et al., 1992; 
Coward et al., 1999; Gonçalves et al., 2000; Katz et al., 2000; Liro & Dawson, 
2000; Brownfield & Charpentier, 2006; Scotchman & Chiossi, 2009) See also ap-
pendix C1/2 & D2).



the most important play in the Gabon Coastal basin, might provide some 
additional insights (Fig. 7.6b & 7.8). Turbidite-fan complexes are best devel-
oped in the northern part of the Gabon Coastal basin offshore Port Gentil, 
where they correspond to the main growth periods of the Ogooue Delta 
(Katz et al., 2000): deltaic sediments were deposited on top of the exist-
ing salt-influenced topography, which was then rejuvenated by rapid sedi-
ment loading. Most accumulations are associated with non-piercement salt 
domes and turtleback structures (Teisserenc & Villemin, 1990; Katz et al., 
2000), while interbedded and overlying Port Gentil shales provide the pri-
mary seal to these reservoirs. Seal efficiency is best developed in the thin 
but regionally extensive condensed shales associated with transgressive 
systems tracts (Katz et al., 2000). The marine post-rift Madiela, Cap Lopez, 
Azile and Anguille Fms seem to provide the primary source sequences (op. 
cit.), depending on the sedimentary overburden thickness associated with 
the development of the delta, which is the main control on hydrocarbon 
generation (op. cit.). Migration from the sources to the turbidite reservoirs 
takes place along salt-induced faults and via lateral or bed-parallel migra-
tion (op. cit.).

Besides this potential analogous play in the Gabon Coastal basin, other ana-
logues exist in the Brazilian Cumuruxatiba and Espírito Santo basins to the south 
of Almada-Camamu: Upper Cretaceous-Paleocene turbiditic sandstones depos-
ited in deep neritic to upper bathyal depths (Brasil Round 4 - Cumuruxatiba; 
Brasil Round 4 - Espírito Santo; Brasil Round 9 - Espirito Santo) represent a 
possible play (D’Avila et al., 1998). However, uncertainty exists with respect to 
the extent of such turbidites in the Almada-Camamu basin, since delta develop-
ment is less pronounced. Also the limited deformation by halokinetic movements 
resulted in the development of fewer potential trapping structures (Scotchman & 
Chiossi, 2009). Other risks include the maturity of surrounding Urucutuca shales 
as well as the length of the migration pathways from syn-rift sources to these 
reservoirs.

7.5.3 Potential Plays in the Almada-Camamu Basin
 Many more play levels have been identified in the Gabon Coastal basin 
than in Almada-Camamu (Fig. 7.8), and in this section we examine which of these 
play levels might prove to be present in the Almada-Camamu. The main risks for 
such play levels involve reservoir quality, migration pathways from source to res-
ervoir and timing of trap formation relative to hydrocarbon generation/migration. 
Analogue comparison of the stratigraphy, suggests that the following potential 
reservoir levels could become targets for exploration in Almada-Camamu:

Alluvial/fluvial basal sandstones of the Basal Early Rift Sandstone • 
Play (Chang et al., 1992; Smith, 1995; Brownfield & Charpentier, 2006) 
occur around basement highs within the syn-rift section of Gabon. Such 
lithofacies are particularly well developed in onshore or shallow water areas 
(Martin & Toothill, 2009): they are exposed in the Interior Gabon sub-basin 
and are locally the main exploration target (De Galard, 2006).
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Fluvio-marine reservoir sandstones of the Gamba Fm in the transition-• 
al cycle form part of the Dentale/Coniquet/Gamba Play. This is a trans-
gressive unit, recording the first marine incursion into the Proto-South Atlan-
tic, and consists of (1) basal conglomerates, (2) poorly sorted sandstones, 
(3) sandy shale, (4) clean sandstone and (5) at the top shale interbedded 
with sandstone, dolomite and/or anhydrite (USGS World Petroleum Assess-
ment 2000b; Brownfield & Charpentier, 2006). The Dentale/Coniquet/Gam-
ba Play is the most prospective play, which is at least partially located within 
the syn-rift cycle (Dentale and Coniquet Fms). Note that different sealing 
facies are involved in this play: the Ezanga evaporites may seal off any 
one of the associated reservoirs, but Dentale and Coniquet reservoir sand-
stones may also be sealed by intraformational fluvio-lacustrine shales pres-
ent within the same formation. Since no Dentale-equivalent exists within 
Almada-Camamu, an analogue play could be envisaged in the Taipus Mirim 
Fm (~Serinhaem Fm), which is analogous to the Gamba Fm. 

Shallow marine ramp carbonates of the Algodões Fm at the base of the • 
post-rift may be equivalent to the Early Drift (Albian) Carbonate Play 
(Madiela Fm) in Gabon. In Gabon, the thickness of this formation varies 
greatly, between 90 and 1500 m, as a result of deformation of the underly-
ing evaporites during deposition (Brownfield & Charpentier, 2006). Liro & 
Dawson (2000) report very low porosities, due occlusion by early calcite 
cementation. Teisserenc & Villemin (1990) report better porosities ranging 
between 20-30 %, indicating that in place the Madiela has good reservoir 
quality. Similar targets have been successfully developed in the Espírito 
Santo and Lower Congo basins (Regencia and Pinda Fm, respectively) 
(Brasil Round 4 & 9 - Espirito Santo; Figueiredo & Inkollu, 2002). 

The • deep marine turbiditic post-rift sandstones of the Urucutuca Fm could 
form a play analogous to the Senonian Turbidite Play of Gabon. Although 
only one field has been defined, this play provides quite some hydrocar-
bon potential, considering the successful exploration of equivalent plays in 
other South Atlantic marginal basins. In Gabon, halokinesis is responsible 
for the formation of trapping structures in the post-rift strata, and influenced 
the sedimentary deposition patterns (Liro & Dawson, 2000). How strongly 
salt deformation affected the post-rift strata in the Almada-Camamu basin 
remains unclear, since the geographical extent of the evaporites is poorly 
constrained (Fig. 7.2).

The • deep marine fractured chert facies of the post-rift Ozouri Fm in the 
Gabon Coastal basin (Teisserenc & Villemin, 1990) might analogously also 
exist in Almada-Camamu, but it has not yet been identified there. 

7.5.4 Potential Plays in the Gabon Coastal Basin
 Although the Gabon Coastal basin is much better explored, based on 
comparison with Almada-Camamu, some potential targets for future exploration 
can also be pointed out
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Fluvial/aeolian sandstones deposited during the pre-rift sag phase • and 
locally preserved in the Interior Gabon sub-basin. The analogue in Alma-
da-Camamu is given by the Sergi reservoir (Scotchman & Chiossi, 2009), 
consisting of similar sediments positioned against the footwalls of major 
regional faults (Gonçalves et al., 2000; Gonçalves, 2002). Seal is provided 
by the metamorphic basement, which is in direct lateral contact with the 
reservoir, in combination with lacustrine shales of the Itaipe Fm (Gonçalves 
et al., 2000). This play is quite prospective with several important fields in 
the adjacent Recôncavo basin (Ghigone & Andrade, 1970; Brasil Round 
4 - Recôncavo; De Bona et al., 2008). 

There is one play that might exist in both the Gabon Coastal- and Almada-• 
Camamu basins, but which has not been proven (i.e. found) yet in either 
one. Lacustrine syn-rift carbonates are expected in the Gabon Coastal 
basin, analogously to the Toca Fm carbonate reservoirs in the Lower Congo 
basin. Other African and Brazilian marginal basins, such as the Lower Con-
go, Campos and Santos basins show significant reserves associated with 
these reservoirs (Bertani & Carozzi, 1985a, 1985b; Harris, 2000; USGS 
World Petroleum Assessment, 2000a; Mello, 2008; Smith, 2009). They are 
difficult to explore due to major sedimentary facies changes over short dis-
tances, reflecting decreasing lake salinity and probably climate change (Har-
ris, 2000). Reservoir properties were enhanced by early dolomitization and 
early dissolution caused by subaerial exposure, but later adversely affected 
by early compaction, calcite cementation and late dolomitization (Bertani & 
Carozzi, 1985a, 1985b; Harris, 2000). In Almada-Camamu, these carbon-
ate reservoirs could be present within the Morro do Barro or Rio de Contas 
Fms, and in the Gabon Coastal basin within the Banio Fm.

 Some of the plays identified in the Gabon Coastal basin cannot exist in 
the Almada-Camamu basin, such as the shallow marine/littoral sandstones in 
post-rift 2  (open marine post-rift super-sequence) which are part of the Ogooue 
Delta system. 

7.6 Petroleum Prospectivity
 Analogue comparisons have been made between tectonostratigraphic-, 
petroleum system- and play development and used to suggest potential yet un-
discovered petroleum systems, as well as targets for future exploration. The last 
step in relating petroleum system- and play development to basin evolution is to 
consider the remaining hydrocarbon potential of these petroleum systems and 
plays in each area. Creaming curves and field size distribution diagrams (Fig. 
7.9) provide insight into the basin’s remaining potential, but by no means can they 
predict exact volumes. 

 The Almada-Camamu basin is a relatively small (and narrow) Atlantic-
margin basin, and is generally considered to be of limited prospectivity. The 
creaming curve and field size distribution diagram (Fig. 7.9) suggest that ex-
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ploration has not reached a mature state yet, but since the basin contains only 
a few discoveries, it is not susceptible to statistical analysis. Exploration started 
only during the early 1980’s and the few fields discovered to date are located in 
pre- and syn-rift lacustrine/fluvial/aeolian sandstones. One field has been dis-
covered in turbidite sandstones of the post-rift deep marine Urucutuca Fm. Note 
that the hydrocarbon reserves discovered so far mainly consist of gas and that 
the deep water sector remains largely undrilled (Scotchman & Chiossi, 2009). 
Since this narrow basin has a thick sequence of mature Lower Cretaceous pre-
salt source rocks (syn-rift Rio de Contas lacustrine shales and Serinhaem fluvio-
marine shales at the base of the transitional cycle), potential petroleum systems, 
as yet unidentified, could be envisaged. A potential petroleum system could also 
originate from Turonian/Cenomanian anoxic deep marine shales in the post-rift. 
A petroleum system based on the Urucutuca marine shales within the post-rift 
section is potentially defined by (only) one field. The main uncertainty associ-
ated with these last two potential petroleum systems concerns the maturity of 
the associated source shales: the shelf area of the basin experienced 1.2 to 2.7 
km uplift, probably during Early Tertiary times (Scotchman & Chiossi, 2009). As a 
consequence, the syn-rift sources record higher vitrinite reflectance values than 
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Figure 7.9: Creaming curves and field size distribution diagrams for the frontier 
exploration basin of Almada-Camamu and the well-explored Gabon Coastal ba-
sin. Note that scale of the horizontal and vertical axes in each type of diagram is 
the same for both basins (Statoil Internal Reports; IHS Inc data). The creaming 
curve and field size distribution diagram form part of the BDI program. 



would be expected at the present-day burial depth. However, the timing of up-
lift (and consequent erosion) may have prevented sufficient burial of any of the 
organic-rich post-rift rocks, and thereby preventing them to reach the oil-window. 
Fortunately, maturity is expected to increase farther offshore.  

 Potential undiscovered reservoir lithofacies in Almada-Camamu might 
occur in the alluvial/fluvial sandstones around basement highs within the syn-rift 
section, syn-rift lacustrine carbonates, fluvio-marine sandstones at the base of 
the transitional cycle, early post-rift shallow marine ramp carbonates and post-
rift deep marine turbidites. The main risk for the pre-salt plays involves the initial 
extent of the overlying sealing evaporites, as well as the timing of generation/
migration versus the halokinetic movements that created salt windows. These 
halokinetic movements are also critical for the viability of post-rift reservoirs, since 
trap formation must pre-date generation/migration/accumulation. However, ha-
lokinesis seems limited in this basin (Scotchman & Chiossi, 2009). 

 Exploration in the Gabon Coastal basin started in the early 1950’s (Fig. 
7.9). Several jumps are observed in the creaming curve, associated with the dis-
covery of new play types or the initiation of exploration in a new area within the 
basin. The basin has proven to be moderately prospective in terms of reserves 
discovered in comparison to other basins along the South Atlantic, which contain 
much greater reserves (e.g. Lower Congo-, Campos- and Santos basins) (Liro 
& Dawson, 2000). Through time, the volume of new discoveries has decreased 
and the curve has flattened during the last 15 years, suggesting that the basin is 
becoming mature with respect to exploration. The field size distribution diagram 
supports this: a skewed log-normal distribution with gaps only in the smaller field 
size domains, suggests that relatively little potential remains in currently explored 
areas. A jump in the creaming curve can probably only be established with the 
discovery of a new type of play. Exploration is still immature in the North Gabon 
syn-rift section, in the deeper parts of the Ogooue River delta (turbiditic reser-
voirs) and the post-rift section of the South Gabon basin. Promising in this respect 
is the Banio Carbonate play (not yet documented, by expected), as it analogous 
to the Guaratiba and Toca carbonate reservoirs in the Santos and Lower Congo 
basins that are proving to contain significant reserves. These carbonates are 
located offshore in the pre-salt section, and may contain similar reserves as long 
as the overlying evaporite layer is not disturbed. In the ultra-deep offshore sector, 
turbiditic sandstones within the post-rift represent interesting targets for explora-
tion.  

7.7 Conclusions
 We have applied the methodology (Chapter 2) to compare the Gabon 
Coastal- and Almada-Camamu basins with respect to their tectonostratigraphic 
development. It has allowed us to recognize (potentially) analogous petroleum 
systems and plays (Fig. 7.3, 7.4, 7.5, 7.6, 7.7 & 7.8).  This approach is possible, 
as both basins developed as a consequence of South Atlantic rifting and break 
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up, have experienced a similar tectonostratigraphic evolution and are hence ge-
netically related. 

 The similarities in tectonostratigraphic development allow us to highlight 
potential, as yet undiscovered, petroleum systems and plays that may be present 
in the Almada-Camamu basin, and which are known to exist in the Gabon Coastal 
basin. Such petroleum systems include;

A lacustrine syn-rift petroleum system based on the lacustrine shales of the • 
Rio de Contas Fm.

A fluvio-marine transitional petroleum system charged by the fluvio-marine • 
shales of the Serinhaem Fm.

A deep marine post-rift petroleum system receiving charge from deep ma-• 
rine anoxic shales of Cenomanian/Turonian age. 

A deep marine post-rift petroleum system based on the marine shales of the • 
Urucutuca Fm. 

Possible targets (plays) for exploration in the Almada-Camamu basin include:

Coarse sandstone lithofacies surrounding basement highs, within the syn-• 
rift section, 

Syn-rift lacustrine carbonates. • 

The fluvio-marine sandstones of the Serinhaem Fm at the base of the tran-• 
sitional cycle. 

The carbonates of the early post-rift Algodões Fm. • 

The post-rift Urucutuca deep water turbidites (one discovery so far!), and• 

Deep water chert facies in the post-rift section. • 

 Despite being much better explored than the Almada-Camamu basin, 
we can still point out some potential targets for future exploration in the Gabon 
Coastal basin. The greatest potential lies within the pre-salt section. This section 
has been successfully exploited in the onshore and shallow water areas of the 
South Gabon sub-basin, but remains unexplored in the deep water areas. The 
key issue is the seismic imaging of the pre-salt section, which is distorted by the 
deformed evaporites lying on top of it. However, the recent giant discoveries in 
the deep waters of the Brazilian marginal basins have renewed interest in this 
play. Targets for future exploration within the pre-salt section include:

Lacustrine-deltaic and fluvio-marine sandstones at the top of the syn-rift- • 
and at the bottom of the transitional cycle (Dentale and Gamba Fms). 

Syn-rift lacustrine carbonates of the Banio Fm (equivalent to the significant  • 
reservoirs discovered in the Lower Congo basin).

Syn-rift lacustrine turbidites within the Kissenda and Melania Fms. • 

Syn-rift alluvial/fluvial basal sandstones around basement highs.• 

In the onshore Interior Gabon sub-basin, potential reservoirs are provided by pre-
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rift terrestrial sandstones. 

 This methodology also addresses differences between the Gabon Coast-
al- and Almada-Camamu basins, raising questions such as:

Why do the hydrocarbon accumulations in the syn-rift of Almada-Camamu • 
mainly consist of gas, while in Gabon Coastal these accumulations con-
sist mainly of oil? Could this be the result of a higher thermal gradient in 
the Almada-Camamu basin, possibly related to the uplift and erosion of the 
margin during Tertiary times (Scotchman & Chiossi, 2009)? Or, is it an effect 
of the higher thermal conductivity of the sediments within the basin, such 
as salt. Or are these mainly gas-prone source rocks, less likely to generate 
oil?

What is the reservoir quality of each new potential reservoir intervals identi-• 
fied by this approach in the Almada-Camamu basin?

What is the reservoir quality of the lacustrine carbonates of the Banio Fm in • 
the Gabon Coastal basin? Or do they even exist?

How continuous and what was the extent of initial evaporite deposition dur-• 
ing the transitional cycle in the Almada-Camamu basin? Did post-deposi-
tional movements create salt-windows, allowing upward migration of syn-rift 
generated hydrocarbons into post-rift strata? How strongly did halokinetic 
movements alter the geometry of the overlying post-rift strata? Since no 
plays in the post-rift appear to have been charged from syn-rift sources in 
Almada-Camamu, a sealing evaporite sequence should be expected. Al-
ternatively, if the extensional domain was limited, generation and migration 
may have taken place before suitable post-rift traps developed. 

Are the marine source rocks in the early post-rift section of the Almada-Ca-• 
mamu basin mature and do they generate hydrocarbons, just as the equiva-
lent shales in the Gabon Coastal basin? This may be the case locally.

The middle post-rift in the Gabon Coastal basin is dominated by delta de-• 
velopment: why did this not happen in Almada-Camamu? And what are the 
consequences for reservoir and trap development? The transport system 
for continental sediments towards the continental margin is located towards 
the south of the Almada-Camamu basin. This has a direct effect on the 
type and thickness of post-rift sediments in Almada-Camamu. Such deltaic 
sediments are mostly good reservoir rocks and are instrumental in creating 
enough overburden for the underlying source rocks to mature.

 To conclude, this approach is a tool, and by no means provides any cer-
tainty. However, it will provide a good first impression of tectonostratigraphic basin 
evolution and the related potential for petroleum system- and play development. 
After applying this methodology, geologists will have approached the evaluation 
of exploration opportunities in a more systematic fashion and will raise questions 
and/or suspicions that can be addressed by directed studies and practical tools 
such as seismic- and/or well data interpretations.
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Tectonic Subsidence &
Source Rock Maturation

in the Campos Basin, Brazil

Based on:

Beglinger, S.E., van Wees, J.D., Cloetingh, S. and Doust, H., submitted. Tectonic subsidence history 
and source rock maturation in the Campos Basin, Brazil. Petroleum Geoscience. 

8.1 Introduction
 Marginal sag basins are commonly regarded as quiescent after the tran-
sition from rift to drift and during the following subsidence. However, many such 
basins undergo strata disruption to some degree caused by processes such as 
halokinesis, post-rift break up flank uplift or margin instability (Cloetingh et al., 
2008; Hirsch et al., 2010). The Campos basin along the Brazilian South Atlantic 
margin is an example of such a basin. As it contains a stratigraphic record from 
lithospheric extension and rift tectonics to a fully evolved post-break up setting, 
the basin provides an ideal area to study the evolution of a “passive” continental 
margin. However, halokinesis does form a major risk in this basin. The effects of 
halokinesis on subsidence will be discussed as it is responsible for both the cre-
ation and destruction of accommodation space. 

 In this chapter, we will analyse the tectonic subsidence history of this 
basin and develop a tectonic model that explains the observed subsidence his-
tory. Following Hirsch et al., (2010), a combined approach of reverse and forward 
modelling has been applied in the course of which several model configurations 
have been tested: classical approaches obeying the principles of uniform stretch-
ing (McKenzie, 1978) have been applied and have been further expanded to ac-
count for the effects of underplating. Thermal implications of the obtained models 
will be analysed and the consequent maturation patterns of different source rock 
intervals will be discussed, providing insight into the remaining prospectivity of 
the basin.

Chapter 8 - Case-study



8.2. Geological Setting
 The Campos basin is located on the passive continental margin offshore 
the state of Rio de Janeiro, SE Brazil (Fig. 8.1). The basin is about 500 km long 
and 150 km wide, and covers an area of approximately 100.000 km2 (up to the 
3400 m isobath). To the north, the basin is separated from the Espírito Santo ba-
sin by the Vitoria High (Vitoria-Trindade Chain), and to the south it is bounded by 
the Cabo Frio High, separating it from the Santos basin. 

 The tectonic evolution of the Campos basin is dominated by Mesozoic 
rifting of the South Atlantic, resulting in the break up of Pangaea and the develop-
ment of several basins, whose similarities in tectonostratigraphic evolution point 
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Figure 8.1: Campos basin location maps with well locations. 1A: Basin location 
map with present-day bathymetry. 1B: Map of main rift-related structural prov-
inces (Nürnberg & Müller, 1991; Meisling et al., 2001). 1C: Summary map of main 
features influencing petroleum systems. 1D: Summary map of salt-detached 
structural domains (after Meisling et al., 2001). 



towards a common mechanism of basin formation (Mohriak et al., 1990a). The 
tectonostratigraphic evolution of Campos, and most other basins along the Bra-
zilian margin, can be subdivided into four cycles (Fig. 8.2) (Cainelli & Mohriak, 
1999; Guardado et al., 2000), represented by:

The continental/volcanic pre-rift megasequence1. : is characterized by vol-
canism in the Campos basin. Along the entire Brazilian margin, this phase 
lasted from late Jurassic to the Early Cretaceous (Estrella, 1972) and in-
cludes events that preceded rifting of the continental crust: crustal uplift 
and the development of peripheral depressions associated with hot spot 
volcanism. In peripheral basins, such as Sergipe-Alagoas and Recôncavo-
Tucano, fluvio-lacustrine sediments were deposited (Ojeda, 1982).

The continental/volcanic syn-rift megasequence2. : is associated with 
basement-involved, block rotated faulting in a rapidly subsiding crust togeth-
er with widespread mafic volcanism (Mohriak et al., 1990a). The sequence 
is composed of lacustrine Barremian sediments overlying Neocomian ba-
salts. These strata were deposited in a variety of palaeo-environments that 
were strongly influenced by rift tectonics, such as alluvial fans, fan deltas, 
carbonate banks and lacustrine environments ranging from fresh to hyper-
saline. 

The restricted marine transitional megasequence3. : represents a phase 
of tectonic quiescence (Aptian) at the beginning of the drift phase. It con-
tains a lower sequence composed mostly of conglomerates and carbonates 
and an upper sequence of halite and anhydrite, representing the first sea-
water inflows through the Walvis Ridge (Leyden et al., 1976; Mohriak et al., 
1990a). 

And4.  the marine post-rift megasequence: can be subdivided into three 
stages or super-sequences. 

The first one is made up of Albian shallow marine carbonates, mud-• 
stones and marls (Macaé Fm) (~ restricted marine post-rift super-se-
quence). This section is strongly affected by halokinetic movements, 
causing the development of halokinetic features such as detached lis-
tric normal faults, which sole out on salt (Mohriak et al., 1990a).

The overlying Upper Cretaceous-Paleocene sequence consists of • 
bathyal shales, marls and sandstone turbidites. This section corre-
sponds to a period of general tectonic quiescence and continuing sub-
sidence (~ open marine post-rift super-sequence). Residual salt move-
ments still exist and increase in intensity in the deep water region (Lobo 
& Ferradaes, 1983; Mohriak et al., 1990a). 

The remaining Neogene section is characterized by a progradational • 
sequence of siliciclastics (~ open marine/deltaic post-rift super-se-
quence).

 As Mohriak et al. (1990a) pointed out, several backstripped wells show 
that the subsidence history of the basin can be attributed to an initial rifting and 
subsequent thermal recovery of the lithosphere, despite there being some im-
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Figure 8.2: Tectonostratigraphic chart of the Campos basin., also showing the 
stratigraphic location of the different elements making up the three petroleum 
systems (potentially) present in the basin (Mohriak et al., 1990a; Chang et al., 
1992; Cainelli & Mohriak et al., 1999; Coward et al., 1999; Guardado et al., 2000; 
Meisling et al., 2001).
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portant deviations from the homogeneous simple stretching model (McKenzie, 
1978). The widespread basaltic magmatism contemporaneous with the rifting is 
indicative of a thermal anomaly in the mantle (Furlong & Fountain, 1986), and the 
onlapping of Tertiary sediments on the western margin of the basin suggests flex-
ural control on subsidence (Mohriak et al., 1987), or distributed, depth-dependent 
stretching mechanisms (Rowley & Sahagian, 1986; Mohriak et al., 1990a).

8.3. Data en Methods
 The database for this study, received from Statoil R&D (Bergen, Norway) 
comprises stratigraphical-, lithological and paleobathymetry data for 7 wells lo-
cated in the shallow and deep waters of the Campos basin. Due to confidentiality 
issues, the wells have been plotted as locations only (Fig. 8.1 & 8.3). Basement 
is not reached by any of the wells: basement depths have been estimated from 
seismic data. Where given, paleobathymetry will be indicated by error bars on the 
subsidence curves. 

 To gain insights into the interplay of tectonics and subsidence, we follow 
the same approach as Hirsch et al. (2010) in their analysis of the Orange basin: 
a combined approach of subsidence analysis and forward modelling (van Wees 
& Beekman, 2000; van Wees et al., 2009). A 1-D analysis of the well data was 
conducted in two steps:

First, a geohistory analysis was carried out for the wells to determine the 1. 
tectonic subsidence: the process of deposition was reversed for each well 
using a backstripping technique. 

Second, 1D forward models for underplating and lithospheric thinning have 2. 
been calculated and compared to the tectonic subsidence derived from 
backstripping.

Often, tectonic modelling is neglected in the basin modelling workflow and heat 
flow is generally considered a user input. This approach, however, allows us to 
calculate tectonic heat flows, incorporating a variety of tectonic scenarios (van 
Wees et al., 2009). Changes have been successively applied to the forward mod-
els until a match between modelled and “observed” tectonic subsidence was ob-
tained. These changes relate to different mechanisms that may have influenced 
the subsidence history, such as uniform or depth-dependent thinning and the 
effects of underplating (Hirsch et al., 2010). Subsequently, maturity has been cal-
culated using tectonic heat flow as input. The modelling methodology is outlined 
in more detail below.

8.3.1 Backstripping
 The aim of backstripping is to analyse the subsidence history of a ba-
sin by modelling a progressive reversal of the depositional process (Roberts et 
al., 1998). It is most commonly applied to extensional basins, where it is used 
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to determine the magnitude of lithosphere stretching from post-rift subsidence 
rates (Sclater & Christie, 1980). Stratigraphic units within the sediment column 
are removed progressively from top downwards. The remaining sediments are 
decompacted and isostatically restored using Airy isostasy (Hirsch et al., 2010). 
The final restoration accounts for new load conditions, palaeowater depth and the 
isostatic response to the change in loads. The lithological composition of each 

Figure 8.3: Top - Geoseismic section across nearshore shallow Moho anomaly, 
Campos basin. NW-dipping master fault is shown to continue downward into 
the basement, becoming a low-angle extensional detachment at the Moho, with 
Moho uplift in its footwall (Mohriak & Dewey, 1987; Mohriak et al., 1990b; Meisling 
et al., 2001). Wells used for modelling in this paper are, in their offset positions, 
plotted along this line. See Figure 8.1 for the locations of the transect and wells. 
Bottom - Generalized geoseismic section in the Campos basin, showing the dif-
ferent megasequences, as well as the tectonic compartments associated with 
halokinesis (Mohriak, 2003). The different compartments correspond to those 
halokinetic-zones as defined in figure 6.4 & 8.1.d.  
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well comprises varying fractions of silt, sand, shale, evaporites and carbonates. 
The reversal of the compaction process follows a double exponential porosity-
depth law (Bond & Kominz, 1984). This way, decompaction and its physical im-
pact on density and on thermal conductivity are taken into account as well (Table 
8.1). The quality of any geohistory analysis is fundamentally dependent upon the 
quality of palaeowater depth information available (Roberts et al., 1998), as the 
water body provides an additional load contribution to the isostatic response of 
the system, and in turn, to the observed subsidence (Hirsch et al., 2010). Gener-
ally, palaeowater depths up to 200 m are biostratigraphically well constrained. 
Uncertainty increases with greater depths. 

Backstripping generally produces two subsidence curves:

Basement subsidence curve (Fig. 8.9), describing the subsidence the base-1. 
ment experienced as documented in the stratigraphy of the well. This curve 
consists of two components:

The effect of non-tectonic processes such as load-induced subsidence • 
driven by the presence of the overlying sediments and the water body, 
and

The tectonically driven subsidence. • 

Tectonic subsidence curve (Fig. 8.4) solely reflects the tectonic- or driv-2. 
ing mechanism of a basin, and is obtained by subtracting the load-induced 
component from the total basement subsidence. 

8.3.2 Forward Models
 We follow a model presented by van Wees & Beekman (2000) for au-
tomatic forward modelling of subsidence data. This approach has been further 
developed and extended to account for important effects on heat flow and matu-
rity modelling (van Wees et al., 2009). Both pure-shear uniform stretching (McK-
enzie, 1978) as well as depth-dependent differential stretching (e.g. Royden & 
Keen, 1980) can be simulated. Furthermore, the effects of underplating can be 
determined. The thermal evolution is calculated for the syn-rift evolution and sub-
sequent phases of cooling (van Wees & Stephenson, 1995). Here, a minimisation 
technique is used to evaluate those stretching parameters that reproduce the “ob-
served” tectonic subsidence best. Predefined parameters are given in Table 8.1. 
A detailed description of the modelling procedure and the physical background is 
given by van Wees & Beekman (2000) and van Wees et al. (2009).

 The uniform stretching model predicts the first-order lithospheric re-
sponse to continental extension (McKenzie, 1978; Kusznir et al., 1995). Two 
competing mechanisms occur during rifting: lithospheric thinning is associated 
with an isostatic response of subsidence, whereas the disturbed lithospheric tem-
perature field and the linked increase in the geothermal gradient cause uplift. The 
perturbed temperature field re-equilibrates in an exponential manner after rifting 
ceases. The subsidence curves are characterized by rapid subsidence first, fol-
lowed by increasingly slowing subsidence in the post-rift phase. The respective 
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A)

Model Parameters Units Value
Initial Lithospheric 
Thickness

km 125

Initial Crustal Thick-
ness

km 32

Surface Crustal 
Density

kg m-3 2900

Surface Mantle 
Density

kg m-3 3300

Surface Density 
Underplate

kg m-3 3000

Crustal Conductivity W oC-1 m-1 2.6

Mantle Conductivity W oC-1 m-1 3

Heat Production in 
the Upper Crust

10-6 W m-3 Depends

Heat Production in 
the Lower Crust

10-6 W m-3 0.5

Lithopheric Thermal 
Expansion

- 3.5 10-5

Base Lithosphere 
Temperature

oC 1330

B)
Upper Part: φ (z)|z<=zscale change = φ0 e-z/zscale

Lower Part: φ (z)|z>=zscale change= [φ0 * (ezscale change/zscale / ezscale change/zscale 2)] * e-z/
scale2

φ0 (%) zscale (m) zscale change (m) zscale 2 (m)

Sandstone 35 2300 1000 2000

Shale 68 1500 500 1500

Silt 50 1800 1000 2000

Limestone 50 1400 500 2000

Evaporite 6 7000 20000 1000

Table 8.1: Predefined model parameters. A) thermal parameters in the lithospher-
ic stretching model. B) parameter table and double-porosity-depth curves used 
for the decompaction of the sediments throughout the backstripping approach, 
where “φ” is porosity, “z” is depth (m), “φ0“ is surface porosity, “zscale change” is 
depth at which porosity-depth trend changes (Bond & Kominz, 1984; Mohriak et 
al., 1990b; Chang et al., 1992; Aslanian et al., 2009; Hirsch et al., 2010; Vilà et 
al., 2010).
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Figure 8.4: Tectonic subsidence curves for seven wells. Observed: solid black 
line. Best-fit model: grey dashed line. 



decay time is about 60-70 Ma (Bott, 1992; Kusznir et al., 1995; Roberts et al., 
1998; Hirsch et al., 2010). Departures from the subsidence predicted by the uni-
form stretching model can be interpreted as additional thermal disturbances to 
the basin system that are not accounted for (Hirsch et al., 2010). These thermal 
disturbances may be a result of multi-phase, differential stretching or of magmatic 
underplating or a superposition of both (Kusznir et al., 2005; van Wees et al., 
2009). The magmatic character of the SE Brazilian continental margin and the 
presence of a high density, high velocity body at depth (Mohriak et al., 1990b) 
may indicate that underplating influenced the margin (Gallagher & Hawkesworth, 
1994). 

8.3.3 Heat Flow
 A forward model which represents the best-fit tectonic model includes de-
partures from a classical uniform stretching model. However, the models should 
also be consistent with the presently observed geothermal gradient and base-
ment heat flow, which seem to be relatively low: a geothermal gradient ranging 
between 18-30 °C/km, and averaging around 20 °C/km (Mohriak et al., 1990a) is 
observed. 

 Accordingly, we evaluate the thermal history predicted by the forward 
model and investigate implications for hydrocarbon generation, since the base-
ment heat flow strongly influences the maturity of organic matter throughout basin 
evolution. The modelling approach enables the calculation of maturation based 
on probabilistic heat flow scenarios, taking uncertainties from lithospheric thin-
ning and underplating into account. Furthermore, the effects of depth-dependent 
porosities and related changes in thermal conductivity are considered (cf. van 
Wees et al., 2009). We used the calculated basement heat flow of the best-fit 
tectonic model for the maturation modelling adopting the kinetics of kerogen type 
IV and incorporating the activation energies of Burnham and Sweeney (1989).

8.4. Results
 Here, we will discuss the different 1-D models that we have developed 
that are consistent with the constraints available for the wells. These constraints 
include the stratigraphy and lithology-dependent physical properties (Table 8.1).

8.4.1 Tectonic Subsidence
 Figure 8.4 shows the “observed” tectonic subsidence curves after back-
stripping of the wells. Wells are situated both in the shallow and deep water do-
main (Fig. 8.1 & 8.3). During the rifting phase (145.5 – 120 Ma), all curves are 
characterized by a moderate to steep slope of initial subsidence. After continental 
break up, the transition to the drift phase, the transitional cycle (120 – 112 Ma), 
is associated with a decrease in subsidence rates. The curves of the post-rift 
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stage displays a common high subsidence pulse during Albian times, compat-
ible with the thermal cooling of attenuated continental lithosphere. The post-rift 
shows quite some variations in subsidence pattern for each well, but a general 
first-order trend of “normal” thermal cooling can be recognized. 

8.4.2 Forward Models 
McKenzie versus Syn-rift Underplating Model
 After obtaining the tectonic subsidence history of the wells from back-
stripping, we tried to find forward models that reproduce this “observed” subsid-
ence pattern. All tested models involve an initial lithospheric thickness of 125 km 
(Chang et al., 1988, 1992; Karner & Gambôa, 2007) and a crustal thickness of 32 
km (Chang et al., 1992; Karner & Gambôa, 2007; Aslanian et al., 2009).

 The model that best fits the observed tectonic subsidence is plotted for 
all wells in Figure 8.4. The models obtained for shallow water well A and deep 
water well E are shown to illustrate the differences between the tested forward 
models (and which are representative for all other wells). For reference, Figure 
8.5 shows the range of palaeowater depths through time for both wells. 

 The first model tested in order to fit the “observed” tectonic subsidence 
(Fig.  8.5) concerns the uniform stretching model (McKenzie, 1978). The instan-
taneous stretching factor β for both crust and mantle associated with wells A and 
E (obtained by fitting a McKenzie curve to the backstripped subsidence curves) 
are 1.28 and 1.53, respectively. These stretching factors are responsible for the 
creation of an initial basin depth of 516 m and 794 m, respectively (Fig. 8.5). 
The model also predicts a thickness of the present-day crystalline crust of 25 km 
and 20.9 km, respectively (Fig. 8.6). The results of this uniform stretching model 
give about 2 km more in crustal thickness in case of shallow water well A, and 
about 6 km more in case of deep water well E, as predicted by deep seismics 
(Fig. 8.3). However, an intensification of stretching, particularly in the deep water 
region, would further deepen the initial basin, which is already far too deep when 
compared to the initial basin depths of 408 m (well A) and 561 m (well E) in the 
backstripped curves (Fig. 8.4 & 8.5).

 Subsequent to rifting, thermal cooling commenced causing uniform con-
tinuous subsidence of a basin of steadily increasing depth. However, the mod-
eled present-day basement depth is too shallow compared with the “observed” 
depth, particularly in the deep water well. Also, neither variation of β nor of the 
initial lithospheric thickness results in a good approximation of the “observed” 
tectonic subsidence, as the initial subsidence always was too fast. And finally, 
later phases of increasing or decreasing subsidence rates remain unconsidered 
in the standard McKenzie model. Therefore, a number of effects have been in-
cluded in the forward models, which deviate from the uniform stretching model. 

 An important consequence of lithospheric thinning is the change in pres-
sure that occurs adiabatically, resulting in partial melting of harzburgites and oth-
er mantle rocks. As these melts migrate upwards, they can mix with crustal rocks 
and either extrude or become trapped into the lower crust as massive underplat-
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Figure 8.5: Subsidence curves for shallow water well A and deep water well E. In 
all figures, the solid black line represents the “observed” tectonic subsidence after 
backstripping. Top: Dashed grey line shows the tectonic subsidence as predicted 
by the best-fit forward model. Stippled light grey line documents the palaeowater 
depth distribution used throughout the modelling for each well. Bottom: Forward 
models – Dashed grey line represents the tectonic subsidence as predicted by 
the uniform stretching model (McKenzie, 1978). Stippled light grey curve consid-
ers uniform syn-rift stretching combined with the emplacement of underplating 
(4.2 km) during the same cycle (Gallagher & Hawkesworth, 1994). 



ed bodies (Cox, 1980; Furlong & Fountain, 1986; Mohriak et al., 1990b). Here, 
we will consider the effect of underplating, which is cumulatively emplaced in the 
syn-rift phase in our forward models. Rifting was superposed onto and during 
the emplacement of the Serra Geral tholeiites, which were subaerially extruded 
across a large part of the area. These voluminous tholeiitic basalts are diagnostic 
of significant partial melting of asthenospheric material at elevated temperatures, 
which might be a result of plume activity (Karner, 2000). The amounts of melt 
generated are dependent on extension velocity and mantle temperature (van 
Wijk et al., 2001). Modelling performed by Mohriak et al. (1990b) suggests that 
the ideal density model would require variable densities in the crust with a lower 
density differential between the crust and mantle near the apex of the mantle up-
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Figure 8.6: Development of lithospheric thickness (top) and heat flow (bottom) 
for the shallow water well A and deep water well B as predicted by the three for-
ward models. The black curves indicate the uniform stretching model (McKenzie, 
1978), whereas the dark grey lines represent the model with 4.2 km syn-rift un-
derplating, but continued normal thermal cooling. The light grey lines represent 
the best-fit forward model, including the departures from the uniform stretching 
model (underplating during the syn-rift and transitional cycle). 



warping: this might be a reasonable possibility if there is underplating. We have 
defined the density of the underplated material to be 3000 kg/m3 and assume an 
emplacement temperature of 1300 °C. If these melts get trapped underneath the 
crust, they replace denser lithospheric mantle: when isostasy applies, this will 
result in uplift compared to a uniform stretching model without magmatic activity. 

 So, we assume that the lower crustal, high density body pointed out by 
Mohriak et al., (1990b) is indeed a certain volume of underplated magma. Gal-
lagher & Hawkesworth (1994) proposed that the present-day average elevation 
of the onshore margin is attributable entirely to underplating, and therefore es-
timated an underplated thickness of between 3.3 and 4.2 km: these estimates 
may be reduced by approximately 1 km, if measured against a Cretaceous sea 
level high of about 200 m (Gallagher & Hawkesworth, 1994). Initially, we will in-
corporate 4.2 km of underplating in our forward models. For wells A and E, this 
underplating causes a decrease of the initial basin depth to 385 m and 661 m, 
respectively (Fig. 8.5). In case of shallow water well A, the consideration of 4.2 km 
thick underplated material results in a good match with the backstripped tectonic 
subsidence. However, for deep water well E more underplating seems required 
to better approximate initial subsidence. Associated β factors increase to 1.47 
and 1,82, respectively, resulting in a predicted present-day crustal thicknesses of 
21.8 km and 17.6 km, respectively.  However, the predicted crustal thickness for 
the shallow water well is now too thin, while that for the deep water well is still too 
thick (Fig. 8.3). To obtain the correct thicknesses (with a error-range of 10%), we 
need to make further changes to the underplating thickness and β-factors.

 As a consequence of underplating, the thermal regime of the early stages 
of basin evolution is affected, since the addition of hot material causes a signifi-
cant rise in basement heat flow (Fjeldskaar et al., 2003; Allen & Allen, 2006). Heat 
flow evolution is compared for both the McKenzie- and “4,2 km Syn-rift Under-
plate” Model (Fig. 8.6). In case of the uniform stretching case, rifting is accom-
panied by an increase in basement heat flow by ~ 2 or 3 mW/m2. Incorporating 
syn-rift underplating elevates the peak heat flow by ~ 10 mW/m2 for the syn-rift 
phase. However, underplating does not only influence the initial stages of basin 
evolution, but also affects the post-rift subsidence pattern. Because of the addi-
tion of hot material, the post-rift thermal cooling becomes more effective (Fig. 8.6) 
(Dupré et al., 2007) and the final basement depth is predicted to be deeper than 
in case of the McKenzie model.

 We have seen that implementing underplating in the early stages of basin 
evolution improves the fit between observations and forward models. However, 
the model does not account for the observed phase of uplift during the transitional 
cycle or the changing subsidence rates during the post-rift. These phases are 
documented for many passive margins and the related mechanisms are still a 
matter of debate (Watts & Fairhead, 1999; Fjeldskaar et al., 2003; Gernigon et al., 
2004). Possible causes behind margin uplift include phases of sub-crustal thin-
ning, rift shoulder uplift in consequence of renewed extension, far-field compres-
sion due to ridge-push forces (Cloetingh et al., 2008) or additional thinning of the 
sub-crustal mantle in response to either mantle plumes or small-scale convection 
(Boutilier & Keen, 1999). 

144 Chapter 8



2-Phase Underplating Model
 In the previous sections we identified a number of challenges which need 
to be addressed by alternative model scenarios to construct a valid model. 

 Present-day crustal thickness predicted by the standard McKenzie model 
overestimate the thickness compared to the actual present-day values. This sug-
gests that we need to increase the McKenzie crustal stretching factor β of 1.28 
and 1.53 for the shallow and deep water wells, respectively. However, increasing 
β will cause greater syn-rift subsidence, incompatible with the subsidence obser-
vations. The elevated position of the (rift) system (at least until break up) has also 
been observed in other South Atlantic marginal basins (Dupré, 2003; Moulin et 
al., 2005; Aslanian et al. 2009). 

 To allow for more crustal stretching, we need a mechanism, such as un-
derplating to counteract subsidence by uplift (Skogseid et al., 2000). Adopting a 
syn-rift underplate of 4.2 km thick for both the shallow and deep wells results in 
an increase β-factor of 1.47 and 1.82, respectively. The predicted present-day 
crustal thickness in the shallow water well of 20.9 km is ~ 2.1 km thinner than 
observed, whereas the predicted crustal thickness in the deep well of 17.6 km is 
~ 2.6 km thicker than observed.

 The model results suggest that a homogeneous distribution of the un-
derplate thickness is incompatible with the observed crustal thickness. Scenarios 
with variations in underplate thickness have been tested and a best-fit model has 
been presented in Table 8.2. 

 During the transition from rift to full drift conditions (the transitional cycle), 
the wells show a decrease or stagnation in tectonic subsidence (Fig. 8.5), which 
does not match to predictions of thermal subsidence in the McKenzie model, 
in which thermal subsidence rates are highest immediately after rifting, and de-
creasing gradually afterwards. The presence of evaporites in the transitional cy-
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Events 
-->

Syn-rift 
(145.5 - 120.0 Ma)

Transitional (120.0 - 
112.0 Ma)

Modelled Present-day 
Crustal Thickness (km)

Wells
β Underplate 

Thickness (m)
Underplate Thickness 

(m)

Shallow 
Water

A 1.36 2500 400 23.5

B 1.87 2500 400 17.1

C 2.01 2500 10 15.9

D 2.26 4700 200 14.2

Deep Water
E 2.06 7000 200 15.5

F 2.08 10000 200 15.4

G 1.75 5500 200 18.3

Table 8.2: Results of the best-fit forward model for all wells, including syn-rift 
crustal stretching factors (β) and required thicknesses of underplated material. 



cle overlain by post-rift carbonates (Aslanian et al., (2009) seems to indicate that 
this elevated position was maintained until well within the early post-rift. To ex-
plain the temporary stagnation in subsidence (rate), we require a mechanism for 
temporary uplift. Crustal thinning cannot explain this, since no crustal extension 
is taking place post-break up. This leaves open two other options to explain the 
elevated position: strong mantle thinning or continued underplating. We assume 
that mantle thinning is a regional process. However, to fit the observed subsid-
ence during the transitional cycle some wells require mantle thinning (δ > 1; wells 
A, B, E and F), while others require mantle thickening (δ < 1; wells C, D and G) 
during this cycle. Also the distribution of the wells mixes up these δ-values, so no 
trend can be distinguished. However, since underplating was already an active 
process during rifting and should normally be most active during break up times, 
we adopted additional underplating during the transitional cycle with thicknesses  
of underplated material varying between 10 and 400 meters (Table 8.2). 

 During the post-rift, starting at 112 Ma, when proper drift conditions are 
met, we observe several variations in the subsidence patterns of the different 
wells. However, the best-fit model for all wells together describes one phase of 
normal thermal subsidence and relaxation, allowing the lithosphere to regain its 
thickness and no distinct phases of additional subsidence associated with crustal 
thinning: no phases of uplift, associated with potential additional underplating or 
sub-crustal thinning (Hirsch et al., 2010).  

 The best-fit model (Fig. 8.4) for the shallow water wells results in a β-factor 
between those predicted by the other two forward models (Table 8.2). Similarly, 
the final lithospheric thickness as well as increase in heat flow, due to rifting (at 
120 Ma), are of an intermediate value (Fig. 8.6). 

 In the deep water wells (Fig. 8.4), much more syn-rift crustal extension is 
required to obtain the present-day crustal thickness. To compensate for the asso-
ciated increase in subsidence, the emplacement of a much thicker underplate is 
required than the initial 4.2 km. Consequently, lithospheric thinning due to rifting 
is much stronger, and the same applies to the increase in heat flow (Fig. 8.6). 

 The incorporation of underplating during the transitional cycle, although 
thin, causes the lithosphere to regain its thickness slower than the other models 
predict. Also, the basement heat flow seems to decrease less rapidly (Fig. 8.6). 

 Finally, due to addition of (more) hot material, the post-rift thermal cooling 
also becomes more effective and the final basement depth is deeper than pre-
dicted by the other models (Fig. 8.6). So, although underplating significantly influ-
ences the initial stages of basin evolution, it also affects post-rift subsidence.  
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8.5. Discussion
8.5.1 Basin Cycle Evolution
Syn-rift Cycle
 The Moho became uplifted during Early Cretaceous rifting and crustal 
extension. The dominant vergence of the extensional faults is landward, and 
Meisling et al. (2001) infer that the NW-dipping master fault continues downward 
into the basement, becoming a low-angle extensional detachment at the Moho, 
with the Moho uplift in its footwall (Fig. 8.3). This detachment is suggested to 
originally have been a Brasiliano (Pan-African) thrust fault, which became reacti-
vated during Neocomian rifting: the vergence of the Neocomian rifts is inherited 
from the vergence of the Brasiliano fold belts (Mohriak & Dewey, 1987; Mohriak 
et al., 1990b; Meisling et al., 2001). 

 Generally, uniform stretching results in an increasing tectonic subsidence 
from the proximal to distal domains of a basin (e.g. Hirsch et al., 2010). Mohriak 
et al. (1990b) pointed out that backstripped wells in the Campos basin indicate 
an increase in stretching factor from values slightly greater than 1.0 in the west-
ern region to values slightly smaller than 2.0 towards its depocentre. However, 
our shallow water wells show a greater syn-rift subsidence than the deep water 
wells (except well A). Using crustal thinning factors as our constraints, we need 
increasing thicknesses of underplating basinwards to explain the elevated posi-
tion of the rift basin in the deep water region. 

 Gallagher and Hawkesworth (1994) argue that, considering the regional 
elevation of the basin relative to present-day sea level, an underplate thickness 
between 3.3 and 4.2 km is required (-1 km during Cretaceous times). Our results 
for underplate thickness in the shallow water region agree with this statement 
(Table 8.2). However, moving further offshore (already starting at “shallow water” 
well D), more underplating is required to explain the initial, relatively shallow, 
syn-rift tectonic subsidence and the present-day crustal thickness: a maximum 
underplate thickness of 10 km is modeled at deep water well F. Our results for 
underplating agree with those of Hirsch et al. (2010), who calculated a thickness 
of the underplated material between 3 and 14 km across the Orange basin. 

Note that:

our maximum β-factor reaches a value of 2.26 in well D located in the main • 
depocentre, exceeding the proposed 2.0 by Mohriak et al (1990b). 

the region of the most distal well G is characterized by a greater crustal • 
thickness, and therefore smaller β-factor, than wells C, D, E and F. 

the required syn-rift underplating in the most distal part of the basin (near • 
well G), decreases significantly compared to areas near wells D, E and F. 

At the same time, the lithosphere experiences a thinning to less than 116 km in 
domain closest to the shore, and to less than 96 km in the main depocentre during 
rifting (Fig. 8.7). Further offshore, lithospheric thinning seems to decrease again: 
this may be explained by thermal doming of hot mantle material underneath the 
main depocentre of the basin (Fig. 8.3). This might also explain the initial thin-
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ning followed by thickening of the crust moving further offshore (and hence the 
increasing and decreasing β-factors), and similarly the changes in syn-rift under-
plate thickness from the nearshore to the distal domain (Table 8.2). 

Transitional Cycle
 Normally, subsequent to rifting and the emplacement of underplating, 
thermal cooling starts and causes the system to re-equilibrate to regain the thick-
ness of the previously stretched lithospheric mantle. However, the subsidence 
curves of the backstripped wells show a stagnation or even decrease in subsid-
ence rate from 120 to 112 Ma, in contrast to the strongly increased subsidence 
during this phase in the Orange basin, which seems to be dominantly tectonically 
induced (Hirsch et al., 2010). Since no crustal extension is taking place anymore 
and sub-crustal thinning is not able to explain this subsidence pattern, we needed 
to incorporate an extra phase of underplating. The additional thickness of the 
modeled underplated material decreases from 400 m in the nearshore domain to 
0-10 m in the main depocentre and increasing again to about 200 m in the most 
distal domain. 

 As a consequence of this additional underplating, the thinned lithosphere 
regains its original thickness more slowly and, similarly, the associated heat flow 
remains elevated as well (Fig. 8.6 & 8.7). 

Post-rift Cycle
 From 112 Ma onwards, smooth tectonic subsidence curves of moderate 
gradients indicate that a tranquil phase of thermal subsidence prevailed in the ba-
sin till the present-day. Our best-fit model does not show any signs of sub-crustal 
thinning during the post-rift phase, in contrast to the two post-rift sub-crustal thin-
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Figure 8.7: Evolution of the lithospheric thickness through time for all backstripped 
wells as predicted by the best-fit forward model. 



ning phases demonstrated by Hirsch et al. (2010) in the Orange basin (74-67 Ma 
& 16-14 Ma). However, since 112 Ma, sedimentation rates decreased till a mini-
mum was reached during the Late Cretaceous first-order highstand in eustatic 
sea level (Chang et al., 1992), resulting in transgressive sedimentary patterns 
(Contreras et al., 2010). The end of this period of basin starvation is essentially 
controlled by (lack of sediment) supply driven by local tectonics (Chang et al., 
1988; Chang et al., 1992). This period was followed by a phase of higher subsid-
ence rates during the Tertiary, which was mainly the effect of sedimentary loading 
on the lithosphere in response to high clastic supply, resulting in rapid shallowing 
of the basin and seaward progradation of the shelf (Chang et al., 1992). During 
Late Cretaceous/Early Tertiary times, uplift of the Serra do mar mountain range 
caused a shift in the original drainage patterns from the Santos towards the Cam-
pos basin (Modica & Brush, 2004; Raddadi et al., 2008). The origin of the pres-
ent-day Serra do Mar escarpment is still controversial (Hiruma et al., in press.): 
lateral retreat of the escarpment combined with flexural response can provide 
important insights regarding the marginal isostatic uplift and the evolution of off-
shore sedimentary basins in this area (van Balen et al., 1995; Hackspacher et 
al., 2004). However, sedimentary supply exceeded the rates of accommodation 
creation, and led to the development of an aggradation-progradation sedimentary 
architecture (Contreras et al., 2010). 

 It is Important to note that flexural sediment loading amplified slope gradi-
ents and that episodic turbidite deposition persisted from Late Cretaceous times 
onwards. These gravity mass-flows filled small inter-diapir basins and are partly 
responsible for syn-sedimentary salt remobilization (Contreras et al., 2010). 

 Since we cannot model for the influence of halokinesis (Fig. 6.4, 8.1.d & 
8.3) (and/or dissolution of salts), deviations of the observed tectonic subsidence 
from the modelled subsidence can probably be attributed to this process: haloki-
nesis is responsible for both the creation and destruction of accommodation space 
as the salt flows basinwards (thinning near the margin and thickening basinwards 
as all kinds of salt-induced structures develop such as salt windows, welds, pil-
lows, diapirs etc.) (Fig. 6.4, 8.1.d & 8.3).  In areas where the original salt thick-
ness used to be larger than observed at the present day, extra accommodation 
space may have resulted in the accumulation of a thicker sedimentary sequence. 
Consequently, the observed subsidence curves (after backstripping) would show 
a greater subsidence (during the certain periods in the transitional- and post-rift 
cycles) than would be tectonically expected. Similarly, in areas where the original 
salt sequence used to be thinner, the decrease in accommodation space due to 
the formation of salt diapirs and pillows, may have resulted in less thick sedimen-
tary sequences: the observed subsidence curves would display less subsidence 
than tectonically expected. Consequently, errors may occur in the modelled litho-
sphere thickness- and heat flow values (+/- 5 % for both approximately), prevent-
ing the curves from showing a smooth thickening of the lithosphere and decrease 
in heat flow. This error-range also includes the effects of variations in sedimentary 
load (and hence subsidence), due to changes in supply. Salt redistribution may 
also have strongly affected the thermal history of source rocks both beneath and 
above the salt: due to its high thermal conductivity, salt will delay the maturation 
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of underlying series, but, instead, will generate anomalous high geothermal gra-
dients and temperatures above salt pillows and diapirs. Therefore, our modelling 
results may be too high for syn-rift source rock maturation and too low for post-rift 
maturation. 

 Note also the sudden increase in subsidence (rate) during the last 28 
Ma, particularly in the deep water wells. Cloetingh & Kooi (1992) proposed that 
the Late Neogene accelerations in tectonic subsidence in the deeper parts of 
rifted basins in the Northern Atlantic could reflect a change in the level of intra-
plate stress. Phases of lithospheric compression, due to e.g. Atlantic ridge push 
(Burov & Cloetingh, 2009), during post-rift evolution of rifted basins can give rise 
to a substantial deepening of the basin centre, accompanied by uplift at basin 
flanks. This may also have happened to the Brazilian margin, as sea floor spread-
ing- directions and/or rates at the mid-ocean ridge changed. Silver et al. (1998) 
demonstrated that the westward motion of the South American plate accelerated 
about 30 My ago, as the northward absolute motion of the African plate slowed 
abruptly due to its collision with the Eurasian plate. Both plates are coupled to a 
general mantle circulation and the spreading velocity on the ridge has remained 
roughly constant during the last 80 Ma. Therefore the deceleration of the African 
plate diverts mantle flow westward, increasing the net basal torque and westward 
velocity of the South American plate. Relations between changes in plate mo-
tions and phases of rapid subsidence have also been recognized by Janssen et 
al (1995) in African basins. 

8.5.2 Petroleum System Development
 Three (potential) petroleum systems can be distinguished in the Campos 
basin (Appendix B4):

Lagoa Feia – Carapebus PS (!),1. 

Macaé – Upper Cretaceous-Carapebus PS (*), and2. 

Carapebus – Carapebus PS (?).3. 

Figure 8.2 illustrates the source-reservoir couples associated with each petro-
leum system plotted against tectonostratigraphy. Corresponding rock properties 
are given in Tables 8.3 and 8.4. 

Source Rock Maturation
 The emplacement of molten mantle material underneath the crust during 
the syn-rift and transitional cycle is responsible for the modelled elevated heat 
flow, and therefore, greatly affects source rock maturation. Figure 8.8 shows the 
temperature- and maturity evolution of the example wells A and E:

Lagoa Feia Fm1.  (~ 130 – 112 Ma):

In shallow water well A, these source rocks reached oil-maturity be-• 
tween 112 and 95 Ma (~ 130 Ma time-line in Figure 8.8) and 49 Ma (~ 
112 Ma time-line). This entire source section remained in the oil-window 
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till the present-day. 

In deep water well E, oil-generation started even earlier for the oldest • 
sources (~ 112 Ma). The top of this section reached the oil-window at 
approximately the same time as in well A. The section is presently still 
situated in the oil-window. 

Macaé Fm2.  (112 - 95 Ma):

In the shallow water well the oil-window was reached between 49 and • 
37 Ma. This section remains in the oil-window till the present-day.

In the deep water well the oil-window was reached between 49 and 29 • 
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Source Rock Properties
Basin Cycle Formation Name Properties

Post-rift
(112 - 0 Ma)

Carapebus/Uba-
tuba Fm

(~90 - 0 Ma)

Deep marine shales and calcareous mudstones.
Low TOC.
Low HI.
Low S2.
Reflecting highly oxygenated conditions.

Anoxic deep marine shales.
Type II kerogen.
Moderate TOC.

~ Equivalent to Urucutuca Fm shales in Espírito Santo.

Macaé Fm
(112 - ~90 Ma) 

Shallow marine shelf marls.
Type III kerogen.
Max. TOC: 1 %.
Reflecting shallow oxygenated marine shelf environ-
ment. 

Deeper marine marls.
Type II kerogen.
Max. TOC: 3 %.

~ Equivalent to Regencia Fm in Espírito Santo.

Transitional 
(120 - 112 Ma)

Syn-rift
(145.5 - 120 Ma)

Lagoa Feia Fm
(~130 - 120/112 

Ma)

Well-laminated lacustrine shales interbedded with 
carbonates.
Type I kerogen.
Fresh, brackish to saline waters.
Avg. TOC: 2-6 %.
Max. TOC: 9 %.
Max. HI: 900 mg HC/mg TOC.
Max. S2: 38 mg HC/g rock.
Avg. API gravity: 17-37° API.

Pre-rift
 (> 145.5 Ma)

Table 8.3: Campos basin – Properties of known source rocks (Mohriak et al., 
1990a; Mello et al., 1994; Coward et al., 1999; Guardado et al., 2000; Khain & 
Polyakova, 2004). See also appendix B4. 



Play Properties
Basin
Cycle Play Name Res/Seal Formation Name Properties

Oligocene-Mio-
cene Carapebus 
Play
(35-5 Ma)

Res: Carapebus Fm.
Deep marine turbidite sandstone.
Avg. Porosity: 25-30 % - Avg. Per-
meability: 2000-3000 mD

Seal: Carapebus / Ubatuba 
Fm. Deep marine shales.

Paleocene-Eo-
cene Carapebus 
Play
(65-35 Ma)

Res: Carapebus Fm. Deep marine turbidite sandstone.

Seal: Carapebus / Ubatuba 
Fm. Deep marine shales.

Upper Creta-
ceous Carapebus 
Play
(90-65 Ma)

Res: Carapebus Fm.
Deep marine turbidite sandstone
Porosity: 20-25 % - Permeability: 
100-5000 mD

Seal: Carapebus / Ubatuba 
Fm. Deep marine shales.

Namorado Play
(100-90 Ma)

Res: Macaé Fm – Namorado 
Mb.

Turbidite sandstone
Porosity: 2-32 % - Permeability: 
1-1600 mD

Seal: Macaé, Carapebus & 
Ubatuba Fms. Deep marine shales.

Quissama Play
(112-105 Ma)

Res: Macaé Fm – Quissama 
Mb

Shallow marine to intertidal, shoal-
ing upward carbonate sequence.
Avg. Porosity: 20-34 % - Permeabil-
ity: 100-2000 mD.

Seal: Macaé, Carapebus & 
Ubatuba Fms. Deep marine shales.

Goitacas Play
(112-90 Ma)

Res: Macaé Fm – Goitacas 
Mb.

Shallow marine fan-delta sand-
stones.

Seal: Macaé, Carapebus & 
Ubatuba Fms. Deep marine shales.

Transitional 120 - 112 Ma)
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Lagoa Feia Play
(130-120/112 Ma)

Res: Lagoa Feia Fm.

Lacustrine coquinas.
Avg. Porosity: 15-20 % (heteroge-
neous) - Max. Permeability: 1000 
mD.

Seal: Lagoa Feia Fm. Regional/intra-formational lacustrine 
shales and cemented coquinas.

Cabiunas Play
(145.5-130 Ma)

Res: Cabiunas Fm.

Fractured basalts.
Porosity/permeability: where af-
fected by micro-fractures, they may 
have developed brecciated zones 
with interconnected porosity. 

Seal: Cabiunas & Lagoa Feia 
Fms.

Unfractured basalts and regional/
intra-formational lacustrine shales.

Pre-rift (> 145.5 Ma)
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Ma. Also here, the section remained in the oil-window for the remainder 
of basin evolution.

Ubatuba/Carapebus Fm3.  (95 – 0 Ma):

In both wells this section reaches the oil-window: between 37 and 29 • 
Ma in well A, and between 28.45 and 0 Ma in well E. However, the 
youngest source shale to reach this state in well A is 58.7 My old, while 
in well E it is 37.2 My old. 

 Figure 8.9 shows the burial curves for each well, combined with the mod-
elled oil- and gas-windows applying to these wells. The 130 Ma-curve does not di-
rectly result from modelling, but is an interpretation of the subsidence at the base 
of the Lagoa Feia Fm (syn-rift source). Table 8.5 summarizes when each source 
rock-containing age-interval entered the oil- and/or gas-window, as well as show-

Figure 8.8: Temperature- and maturity evolution through time for several depth 
intervals comprising mature source rocks (%R0 > 0.5) documented for shallow 
water well A and deep water well E. Stippled 130 Ma- curve corresponds to base 
Lagoa Feia Fm, but is interpreted from the other modeled curves. Note that the 
effects of salt remobilization and dissolution have not been included in the matu-
ration modelling. 

Table 8.4 (page 152): Campos basin – Properties of known reservoir- and seal 
couples (plays) (Guardado et al., 1989; Mello et al., 1994; De Souza & De Assis 
Silva, 1998; Coward et al., 1999; Guardado et al., 2000; Liro & Dawson, 2000; 
Bruhn et al., 2003). See also appendix D4.
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ing in which state of maturity each source rock unit is situated at the present-day. 
Rangel & Martins (1998) constructed a map showing where the Lagoa Feia Fm is 
mature at the present-day, if source-rich facies are indeed present (Fig. 8.10). 

 The first thing to note is that only wells C and D are located in the pro-
posed area of mature syn-rift source rocks. However, according to our modelling 
results, the maturity envelop should be expanded to include all wells tested here, 
except for well B: all other wells have a syn-rift source interval located, at least 
partially, in the oil-and/or gas-generation window. 

 Similarly, in most wells the potential sources within the early post-rift 
Macaé Fm have reached the oil-window as well. However, in wells C and D this 
section seems to have reached a state of (partial) gas-generation.

 Also, if source-rich facies are indeed present in the Late Cretaceous-
Early Tertiary post-rift Carapebus/Ubatuba Fm, these might generate oil as well. 
The youngest potential source shale (+/- 28.5 Ma) would be located in the area of 
wells C, D and/or F and would have reached the oil-window in the last few million 
years. 

Future Prospectivity
 Since the 1960’s, Petrobras has continuously moved towards exploration 
and production in deep waters (Bruhn et al., 2009). Although the Campos basin 
has long been Brazil’s leading region for oil production, in recent years attention 
has shifted somewhat towards the Santos basin in terms of exploration. Pres-
ently, Campos produces more than 85 % of Brazil’s crude oil (Fick, 2010). 

 Recent discoveries of hydrocarbon accumulations in pre-salt layers un-
der certain Petrobras concession areas in the Campos basin confirm the pre-
salt potential of this basin. Since March 2010, pre-salt accumulations have been 
discovered below the Albacora Leste-, Marlim-, Caratinga- and Barracuda fields 
(Fig. 8.10) (Paschoa, 2010a, 2010b, 2010c). At Barracuda, pre- and post-salt 
reservoirs were discovered by one single well. The pre-salt carbonate accumula-
tion is located at a depth of 4340 m. Preliminary results indicate the presence of 
light oil (28° API), a recoverable volume of about 40 million barrels and a good 
productivity in the reservoir (OilVoice, 2010). The post-salt sandstone accumula-
tion is estimated to contain 25 million barrels of recoverable reserves (OilVoice, 
2010).

 It is generally agreed that the pre-salt reserves in Campos are certainly 
not as large as those in the Santos basin. However, these smaller discoveries 
are important, since relatively little time and money is needed to get production 

Figure 8.9 (page 154): Burial graphs for all shallow and deep water wells. Win-
dows of oil- and gas generation are shown as well, based on changing maturity 
values predicted by the best-fit forward model. Dashed red line: approximate lo-
cation of oil-and/or gas-window boundaries. Stippled 130 Ma- curve corresponds 
to base Lagoa Feia Fm, but is interpreted from the other modeled curves.
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Shalow 
Water 
Wells

Source Fm
Top / Bot-
tom Ages 

(Ma)

Timing 
Enterning 

Oil-Window 
(Ma)

Timing Enter-
ing Gas-Win-

dow (Ma)

Entering: 
Over-Ma-
ture (Ma)

Present-
day 

Window

A

Lagoa Feia
145.5 (130) 95 (112-95) 0 (0?) -

112 48.6 - -

Macaé
112 48.6 - -

95 37.2 - -

Carapebus

95 37.2 - -

58.7 28.45 - -

0 - - -

B

Lagoa Feia
145.5 (130) - (112-95) 112 (100-95) 95 (37-28)

112 95 37.2 0

Macaé
112 95 37.2 0

95 76.4 - -

Carapebus

95 76.4 - -

37.2 0 - -

0 - - -

C

Lagoa Feia
145.5 (130) - (112-95) - (37-28) 112 (0?)

112 58.7 0 -

Macaé
112 58.7 0 -

95 0 - -

Carapebus

95 0 - -

28.45 0 - -

0 - - -

D

Lagoa Feia
145.5 (130) - (112-95) - (85-48) 112 (23-0)

112 58.7 0 -

Macaé
112 58.7 0 -

95 48.6 0 -

Carapebus

95 48.6 0 -

28.45 0 - -

0 - - -
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Table 8.5a: Summary of timing of oil- and gas-generation for three source-rock 
containing age-intervals in the shallow water wells. The age between brackets 
(…) given for the Lagoa Feia Fm in each well, corresponds to the base of this 
formation. The timing of maturation for this age is an interpretation, rather than a 
direct modelling result. The bold-italic age given in each well for the Carapebus 
Fm corresponds to the youngest (potential) source rock reaching a mature state 
with respect to hydrocarbon generation. 



started: there already is a production infrastructure in place. Also, there is still the 
possibility of discovering one or two larger pre-salt accumulations. 

 The pre-salt accumulation discovered near Barracuda, seems to be lo-
cated in a coquina-reservoir of the Lagoa Feia Fm. This, in combination with the 
light oil found, implies that syn-rift lacustrine shales are the source of these hydro-
carbons. To accumulate these oils, the overlying evaporite layer of the transitional 
cycle needs to be continuous. The coquina-reservoir is in direct contact with the 
source shales, allowing for direct-contact migration. Considering the location of 
this field relatively close to well C, and assuming that the oils originate from the 
youngest section of source shales, oil- generation and- accumulation should have 
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Deep 
Water 
Wells

Source Fm
Top / Bot-
tom Ages 

(Ma)

Timing 
Enterning 

Oil-Window 
(Ma)

Timing Enter-
ing Gas-Win-

dow (Ma)

Entering: 
Over-Ma-
ture (Ma)

Present-
day 

Window

E

Lagoa Feia
145.5 (130) 112 (112-95) 0 (0?) - (-)

112 48.6 - -

Macaé
112 48.6 - -

95 28.45 - -

Carapebus

95 28.45 - -

37.2 0 - -

0 - - -

F

Lagoa Feia
145.5 (130) 95 (95) 0 (0?) - (-)

112 76.4 - -

Macaé
112 76.4 - -

95 0 - -

Carapebus

95 0 - -

28.45 0 - -

0 - - -

G

Lagoa Feia
145.5 (130) 93.5 (93.5) - (-) - (-)

112 58.7 - -

Macaé
112 58.7 - -

95 0 - -

Carapebus

95 0 - -

58.7 0 - -

0 - - -

Table 8.5b: Summary of timing of oil- and gas-generation for three source-rock 
containing age-intervals in the deep water marine wells. The age between brack-
ets (…) given for the Lagoa Feia Fm in each well, corresponds to the base of this 
formation. The timing of maturation for this age is an interpretation, rather than a 
direct modelling result. The bold-italic age given in each well for the Carapebus 
Fm corresponds to the youngest (potential) source rock reaching a mature state 
with respect to hydrocarbon generation. 



started some time between ~74 and ~58.7 Ma. According to our modelling, this 
source section is presently located in the gas-window: oil generation is thought to 
have ceased between 23 and 0 Ma. 

 As for post-salt deep water turbidite reservoirs (Albian-Miocene age), de-
tailed studies have been developed over the last 30 years. Bruhn et al. (2009) 
demonstrated with seismic amplitude maps of the Marlim Sul- and Barracuda 
fields the variability and complexity of such turbidite reservoirs. The major types 
of reservoirs observed there include:

Unconfined, sand-rich lobes which are heavily dissected by younger mud-• 
filled channels, 

Unconfined, sand-rich lobes,• 

Trough-confined, sand-rich lobes, and • 

Sand/mud-rich channel fills and splays.• 

Additionally, these reservoirs may present a large variation in water depth, burial 
depth, temperature, and therefore, oil-quality (Bruhn et al., 2009). The develop-
ment of such reservoirs is continuously providing new challenges for reservoir 
characterization and management: these fields need to be developed with fewer 
wells and with high production rates to become economic. Also, the reservoir 
rocks are poorly consolidated, and thus require efficient pressure support by wa-
terflooding (Bruhn et al., 2009). 

 As for the potential source charging these reservoirs, we can point to-
wards the proven syn-rift lacustrine shales of the Lagoa Feia Fm (Lagoa Feia 
– Carapebus PS (!)). According to our modelling these shales are mature to over-
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Figure 8.10: Campos basin maps. Left: Distribution of presently mature syn-rift 
Lagoa Feia sedimentary rock, if source-rich facies are present, as proposed by 
Rangel & Martins (1998). Right: Field location map (Bruhn et al., 2009). Recently, 
new oil accumulations have been discovered near several major oil fields, such 
as Albacora Leste, Marlim, Caratinga and Barracuda.



mature over a large area, so that generation and migration of hydrocarbons could 
have taken place at least during some time in basin evolution. However, for these 
hydrocarbons to reach post-salt reservoirs, migration pathways must exist be-
tween the syn-rift and post-rift through the evaporite layer of the transitional cycle. 
The area we are considering here, is characterized by extensional halokinetic 
movements, in which evaporites are sliding/moving basinwards, creating welds 
and windows in the salt (Fig. 8.1). These salt windows allow for upward migration 
of syn-rift generated hydrocarbons into the post-rift. Further upward migration 
mainly occurs along salt-induced faults. 

 However, considering our maturation modelling, we also propose other 
(potential) sources for these post-rift accumulations. The early post-rift Albian 
Macaé Fm (Macaé – Upper Cretaceous-Carapebus PS (*)) and a large section 
of the Carapebus/Ubatuba Fm (Carapebus – Carapebus PS (?)) are located in 
the oil-window as well. If these sedimentary rocks contain sections of organic-rich 
material (Table 8.3), these might generate oil. Migration could take place along 
salt-induced faults as well as by direct contact with the interbedded turbidite res-
ervoirs.

 The traps associated with post-rift reservoirs formed as a consequence 
of halokinesis, resulting mainly in anticlinal structures. Halokinesis is also respon-
sible for turbiditic depositional patterns as it partly controlled topography. The 
turbidite sandstones are embedded in deep marine shales and marls, which seal 
off the reservoir.

8.6. Conclusion
 In this study, we have analysed the tectonic subsidence history of the 
Campos basin and developed a tectonic model that explains the observed sub-
sidence history. We applied a combined approach of reverse- and forward model-
ling in the course of which several model scenarios have been tested. The ther-
mal implications of these models have been analysed, as well as the consequent 
source rock maturation patterns of different (potential) source rock intervals

 Recognizing four cycles in basin evolution, we started our subsidence- 
and maturation modelling at the beginning of the syn-rift (145.5 Ma). Three for-
ward models were developed to approach tectonic subsidence as obtained after 
backstripping.

 The first two models (uniform stretching McKenzie style and a departure 
of the McKenzie model with 4.2 km syn-rift underplating) could not properly re-
produce initial syn-rift tectonic subsidence (as observed after backstripping) or 
the decrease/stagnation in subsidence during the transitional cycle. Furthermore, 
these models could not properly approximate post-rift subsidence rates, and did 
not provide crustal (β)- and mantle (δ) thinning factors, in agreement with both the 
subsidence record and crustal thickness variations. 

 The best-fit model includes two underplating phases during the syn-rift 
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and transitional cycles. Modelled thicknesses of the underplated material vary 
across the basin, as crustal extension factors and initial syn-rift tectonic sub-
sidence vary as well. The greatest underplate thicknesses are modelled during 
the syn-rift event in the main depocentre. The post-rift cycle is characterized by 
“normal” thermal subsidence, which can be sub-divided into two phases: the first 
is characterized by decreasing sedimentation rates till a minimum was reached 
during Late Cretaceous times. As sea level rose to an eustatic highstand, accom-
modation space exceeded sediment supply, resulting in an overall retrogradation. 
The second phase was initiated by the uplift of the Serra do Mar mountain range, 
changing the direction of the main drainage pattern from Santos to Campos: sedi-
ment supply exceeded the rate of accommodation creation, resulting in an over-
all aggradational-progradational sedimentary pattern. Therefore, next to thermal 
cooling, changing volumes of sedimentary load significantly affected post-rift sub-
sidence. 

 In the post-rift, however, we were not able to model for the influence of 
halokinesis and/or salt dissolution: deviations of the observed tectonic subsid-
ence from the modelled subsidence (best-fit) can probably be attributed to this 
process, as halokinesis is capable of both creating and destroying accommoda-
tion space. Similarly, salt remobilization may have played an important role in the 
thermal history of source rocks both below and above the salts, due to its high 
thermal conductivity. 

 Our results show that the lacustrine shales of the syn-rift Lagoa Feia Fm 
are mature to generate oil and/or gas over most of the study area. The same ap-
plies to the marine shales/marls of the early post-rift Macaé Fm, and to a major 
section of the post-rift Carapebus/Ubatuba Fm, if they indeed comprise organic-
rich facies intervals. It would prove useful to compare these 1-D modelling results 
with 2-D simulations, maybe using commerical software allowing for lateral trans-
port of salt and overlying sediments through time. 

 Considering the latest discoveries near established oil fields in the Cam-
pos basin, in both the pre- and post-salt sections, our results support the main ex-
pectation that more, as yet undiscovered, accumulations may exist. The general 
maturity of (potential) source facies is favourable, but the actual presence and 
distribution of organic-rich facies may provide the greatest risk. Also migration 
pathways are favourable: many reservoirs can receive charge via direct-contact 
with the source or via salt-induced faults. Trapping should also not be problem-
atic with the presence of the evaporites in the transitional cycle: they provide a 
seal for the syn-rift reservoirs; they have deformed the overlying post-rift strata 
by halokinesis; and they determined patterns of turbidite- and fan deposition by 
creating topography. 

 It is not expected that the yet to be discovered accumulations in Campos 
(in both pre- and post-salt) will be as large as those pre-salt reservoirs in the San-
tos basin. However, many more such reservoirs may be discovered making them 
important and substantial in total reserves. Furthermore, a relatively short time 
is needed to bring these reservoirs into production, due to the already present 
production infrastructure. 
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Synopsis & Concluding Remarks

9.1 Synopsis 
     The objective of the research presented in this thesis is to increase the 
knowledge of interpreting basin data in order to facilitate prospectivity predic-
tion in new venture exploration through the recognition of patterns of petroleum 
system- and play development in basin (cycle)s with similar tectonostratigraphic 
characteristics. 

 The conjugate West African and Brazilian South Atlantic marginal basins 
were chosen as the study area to demonstrate the significance of this approach. 
They show many similarities in their tectonostratigraphic evolution, giving rise to 
an almost symmetrical distribution of resources on either side of the Atlantic. All 
basins commenced as interior- rift or fracture basins and, during the opening of 
the South Atlantic Ocean, evolved into post-rift passive margins or marginal sags. 
Both margins are very prolific producers of oil and gas and are currently under 
active exploration, particularly in the deep offshore. However, both margins also 
contain a number of areas which remain under-explored.

 This study demonstrates that as a consequence of the similar tectonos-
tratigraphic basin evolution, similar types of petroleum systems and plays were 
able to develop along these margins. However, fundamental variations in post-rift 
thickness and heat flow give rise to variations in source rock maturity, and hence 
in the prospectivity of the different types of petroleum systems and plays. 

 Chapter 2 discusses the terminology and methodology used in this re-
search, as well as the supporting tools (Basin Data Illustrator - BDI). 

The approach presented involves first of all the establishment of a tectonos-• 
tratigraphic framework, based on the basin classification scheme as de-
veloped by Kingston et al., 1983. To accomplish this, we need to address 
the main geodynamic drivers, the depositional sequence development and 
basin-modifying tectonics. Secondly, the different elements essential for pe-
troleum system- and play development are placed within this framework. 
This will allow us to compare individual basin cycles of different basins. 
Combining these results with basin exploration analyses, allows for identify-
ing remaining exploration potential.

Tools within the • BDI, supporting our methodology:

The • facies palette and trajectory plot provide insights in the tectonos-
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tratigraphic development of basins. 

The • events chart and petroleum system flow diagram are used to com-
pare petroleum systems and plays. 

And the • creaming curve and field size distribution diagram provide infor-
mation on the history of basin exploration, either at basin-, basin cycle-, 
play level- or play scale. 

 Chapter 3 to 6 describe the application of this methodology to the South 
Atlantic margins. Chapter 3 discusses a 5-phase geodynamic model for the South 
Atlantic margins (Cainelli & Mohriak, 1999) and reviews the tectonostratigraphic 
development of both margins. The basins in our study-area have experienced a 
similar tectonic- and sedimentary basin evolution: four standard cycle-compo-
nents have been distinguished, following the classification scheme of Kingston et 
al. (1983):

Basin Cycle Basin Architecture  (Megasequence)
Pre-rift  Interior sag (locally preserved) (1. Continental MS)

Syn-rift  Interior fracture   (2. Continental MS)

Transitional Sag    (3. Transitional MS)

Post-rift  Marginal sag   (4. Marine MS)

These relatively standard basin cycles directly relate to the four megasequences 
(MS) as defined by Cainelli & Mohriak (1999) in these basins, which form the 
basis of our entire further analysis. 

Although the environment of deposition changed with time, the geographical • 
variation in environments along both margins was remarkably consistent.   

The trajectory plots demonstrate that the basins experienced a similar tec-• 
tonostratigraphic evolution. Where the trajectory paths overlap/cross similar 
lithofacies may have developed. Consequently, many analogue source- and 
reservoir- rock intervals have been identified. These give (potentially) rise 
to certain types of petroleum system and plays, which analogously occur in 
most basins around the South Atlantic.

 Chapter 4 and 5 focus on the development of different types of petroleum 
systems and plays along both margins, while putting them into the tectonostrati-
graphic framework established in Chapter 3. Many petroleum systems (!, * or ?) 
have been recognized along the margins. After linking them to the different cycles 
in basin evolution and considering the environment of deposition of the dominant 
source rock, we have grouped them into 7 different types:

Lacustrine pre-rift PST,1. 

Lacustrine syn-rift PST2. ,

Fluvio-marine transitional PST3. ,

Restricted (hypersaline) marine transitional PST4. ,

Shallow marine post-rift PST5. ,
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Deep marine post-rift PST6. , and

Deltaic late post-rift PST7. .

Along both margins, the lacustrine syn-rift PST is the most productive: these • 
source shales are most extensive and mature over large areas.

The development of salt windows facilitates migration of syn-rift sourced hy-• 
drocarbons into post-rift reservoirs. Therefore, post-rift reservoirs may con-
tain a mixture of hydrocarbons originating from different sources. 

The (shallow/deep) marine PSTs of the African margin are almost equally pro-• 
ductive as the lacustrine syn-rift PST. Along the Brazilian margin, such petro-
leum systems are a lot less productive: the limited thickness of the overlying 
post-rift section causes the potential sources not to reach a mature state. 

Along both margins, the PSTs of the transitional cycle were only able to de-• 
velop locally. Main risk for these not being viable petroleum systems include 
the presence, thickness and quality of the potential source facies.

The deltaic post-rift PST only occurs in areas where a thick deltaic wedge • 
was able to develop during the later stages of post-rift evolution, such as in 
the Congo Fan basin. 

Potential, along both margins, exists for a lacustrine pre-rift PST; mature pre-• 
rift source shales have been identified in the Almada-Camamu- and Pelotas 
basins. However, no accumulations have been discovered yet. 

Similarly, play development is closely related to basin tectonostratigraphic evolu-
tion, with each basin containing a characteristic variety of play (level)s occuring 
margin-wide:

Pre-rift plays,•  comprising fluvial sandstones as well as fractured metamor-
phic basement, are known to contain hydrocarbons in the Sergipe-Alagoas 
and Almada-Camamu basins. Prolific pre-rift plays are expected along the 
entire Brazilian margin, analougsly to the very productive pre-rift plays in the 
Recôncavo basin. On the West African margin, no such plays have been 
discovered yet, but potential exists for similar reservoir lithofacies (e.g. Inte-
rior Gabon sub-basin). 

Syn-rift plays•  include lacustrine sandstones, turbidites and carbonates (e.g. 
coquinas), fluvial/aeolian sandstones and fractured volcanic rocks. Traps 
are a result of graben development and fast changing facies configurations. 
Particularly the carbonate plays are considered very promising for future 
exploration, considering the recent discoveries in the Santos basin. 

Plays within the transitional cycle•  include alluvial, fluvial, lacustrine and del-
taic conglomerates, sandstones and carbonates in fault-bounded anticlinal 
structures or depositional pinch outs, which developed as a result of the last 
waning phases of rifting. 

Post-rift plays • comprise the greatest variety, as the variety in depositional 
environments and the complexity of trap forming tectonics (halokinesis) in-
creases with basin evolution. Reservoir lithofacies include fluvial and shal-
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low- to deep marine sandstones, conglomerates and carbonates. Traps de-
veloped as a result of weathering of the shelf carbonates during alternating 
periods of sea level rise and fall, as well as due to halokinetic movements: 
the post-rift margin can be subsidvided into three tectonic zones moving 
basinward, each characterized by different types of trapping structures: ex-
tensional, translational and compressional structures. Where a thick deltaic 
wedge was able to develop, deltaic reservoir sandstones can be found in 
structures associated with a prograding delta, which are also affected by 
halokinesis. 

 Note that no 2-D kinematic modelling has been performed with respect 
to hydrocarbon migration and trapping: all given ages and/or time-periods asso-
cated with these processes have been extracted from literature. However, such 
modelling would provide more realistic estimates of oil/gas generation and trap-
ping. 

 Comments on the significance of this approach with respect to basin pe-
troleum volumes and prospectivity are given in Chapter 6. 

The approach developed in this study is particularly useful when looking for • 
analogues at basin cycle scale, rather than on basin scale.  

The methodology provided us with a good first impression of the tectonos-• 
tratigraphy and source- and reservoir rock development. Combining this 
with our knowledge of the exploration history of these basins, allows us to 
make predictions on the (remaining) prospectivity. 

Exploration density is not uniform across both margins: some areas are • 
already mature with respect to exploration, while others remain under-ex-
plored. Along the West African margin, such under-explored areas include:

The Douala basin,• 

The pre-salt section of the Rio Muni basin,• 

The pre-salt section of the North Gabon Coastal basin,• 

The deep- to ultra-deep waters of the Ogooue Delta (Gabon Coastal • 
basin),

The deep- to ultra-deep waters of the Lower Congo basin,• 

The deep- to ultra-deep waters of the Congo Fan basin,• 

The deep- to ultra-deep waters of the Kwanza basin, and• 

The Namibe basin. • 

Along the Brazilian margin, such areas can be found in:• 

Both the syn- and post-rift sections in the deep- to ultra-deep offshore • 
of actually all basins. Particuarly the following basins are considered 
frontier areas with high risk: 

The Almada-Camamu basin,• 

The Jequitinhoha basin,• 
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The Santos basin, and• 

The Pelotas basin. • 

The main risks for syn-rift accumulations to develop are:• 

The source rock distribution,• 

The source rock maturity, • 

The trapping geometries, and• 

The reservoir quality. • 

The main risks for post-rift plays to develop include:• 

The presence or absence of migration pathways from mature syn-rift • 
sources to post-rift reservoirs through the evaporites of the transitional 
cycle, and

The immaturity of the post-rift sources (particularly a problem along the • 
Brazilian margin, due to insufficient overburden and/or low heat flow).

 Chapter 7 deals with a more in-depth case-study on the Gabon Coastal- 
(West Africa) and Almada-Camamu basins (East Brazil), in which we apply the 
same methodology. Since both basins developed as consequence of South At-
lantic rifting and break up, they have experienced a similar tectonostratigraphic 
evolution and are hence genetially related. Comparing their tectonostratigraphic 
basin evolution, we were able to recognize (potentially) analogous petroleum sys-
tems and plays. 

Potential, yet undiscovered, petroleum systems that may be present in the • 
Almada-Camamu basin, and which are known to exist in the Gabon Coastal 
basin, are:

A lacustrine syn-rift petroleum system based on the lacustrine shales of • 
the Rio de Contas Fm.

A fluvio-marine transitional petroleum system charged by the fluvio-ma-• 
rine shales of the Serinhaem Fm.

A deep marine post-rift petroleum system receiving charge from anoxic • 
shales of Cenomanian/Turonian age.  

A deep marine post-rift petroleum system based on the marine shales • 
of the Urucutuca Fm. 

Similarly, potential targets (plays) for exploration in the Almada-Camamu • 
basin include:

Coarse sandstone lithofacies surrounding basement highs, within the • 
syn-rift section, 

Syn-rift lacustrine carbonates. • 

The fluvio-marine sandstones of the Serinhaem Fm at the base of the • 
transitional cycle. 

The carbonates of the early post-rift Algodões Fm. • 
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The post-rift Urucutuca deep water turbidites (one discovery so far!), • 
and

Deep water chert facies in the post-rift section. • 

Potential targets for future exploration can, analogously, also be recognized • 
in the Gabon Coastal basin, despite being much better explored than Alma-
da-Camamu:

Lacustrine-deltaic and fluvio-marine sandstones at the top of the syn-• 
rift- and at the bottom of the transitional cycle (Dentale and Gamba 
Fms). 

Syn-rift lacustrine carbonates of the Banio Fm (equivalent to significant • 
carbonate reservoirs of the Toca Fm in the Lower Congo basin).

Syn-rift lacustrine turbidites within the Kissenda and Melania Fms. • 

Syn-rift alluvial/fluvial basal sandstones around basement highs.• 

Pre-rift terrestrial sandstones (in Interior Gabon sub-basin - onshore).• 

Furthermore, this case-study has shown that the methodology also points out 
differences between basins, raising questions and/or suspicions that can be 
adressed by directed studies and practical tools such as seismic- and/or well 
data interpretations. 

 In Chapter 8, another case-study is performed involving subsidence- and 
maturation modelling in the Campos basin. We have seen that many parts along 
both margins remain under-explored and a thorough understanding is lacking 
of the thickness of the source sequences, as well as their geographical- and 
maturity distribution. Since source rock maturity heavily depends on the variable 
overburden thickness occuring along the margins, detailed maturation modelling 
should be a top priority for further research. In the Campos case-study, we have 
analysed the tectonic subsidence history of the basin and developed a tectonic 
model that best explains the observed subsidence history. We applied a com-
bined approach of reverse- and forward modelling in the course of which several 
models have been tested. The thermal implications of these models have been 
analysed, as well as the consequent source rock maturation patterns of different 
(potential) source rock intervals. 

The best-fit model includes two underplating phases during the syn-rift and • 
transitional cycles. Modelled thicknesses of the underplated material vary 
across the basin, as crustal extension factors and initial syn-rift tectonic 
subsidence vary as well. The greatest underplate thicknesses are modelled 
during the syn-rift event in the main depocentre. 

The post-rift cycle is characterized by “normal” thermal subsidence, which • 
can be sub-divided into two phases: the first is characterized by decreasing 
sedimentation rates till a minimum was reached during Late Cretaceous 
times. As sea level rose to an eustatic highstand, accommodation space ex-
ceeded sediment supply, resulting in an overall retrogradation. The second 
phase was initiated by the uplift of the Serra do Mar mountain range, chang-
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ing the direction of the main drainage pattern from Santos to Campos: sedi-
ment supply exceeded the rate of accommodation creation, resulting in an 
overall aggradational-progradational sedimentary pattern. Therefore, next 
to thermal cooling, changing volumes of sedimentary load affected post-rift 
subsidence. 

However, in the post-rift, we were not able to model for the influence of ha-• 
lokinesis: deviations of the observed tectonic subsidence from the modelled 
subsidence (best-fit) can probably be attributed to this process, as haloki-
nesis is capable of both creating and destroying accommodation space. 
Similarly, we were not able to simulate the 2-D kinematic basin evolution in 
order to check the incidence of lateral- and vertical salt motion on het overall 
thermal history of the underlying and overlying source rocks. Consequently, 
our modelling results with respect to maturity may be too high for syn-rift 
source rocks and too low for post-rift source rocks.

According to our results, the lacustrine shales of the syn-rift Lagoa Feia Fm • 
are mature to generate oil and/or gas over most of the study area. 

The same applies to the marine shales/marls of the early post-rift Macaé • 
Fm, as well as to a major section of the post-rift Carapebus/Ubatuba Fm (if 
they indeed comprise organic-rich facies intervals). 

Considering the latest discoveries near established oil fields in the Campos • 
basin, in both the pre- and post-salt, our results support the main expecta-
tion that more, as yet undiscovered, accumulations may exist. 

The following factors are favourable for the development of, yet undiscov-• 
ered, plays:

The general maturity of (potential) source facies,• 

The migration pathways, since many reservoirs can receive charge via • 
direct-contact with the source or via salt-induced faults.

Trapping, since the evaporites of the transitional cycle provide a seal • 
for the syn-rift reservoirs, but have also deformed the overlying post-rift 
strata by halokinesis.

The greatest risk is the actual presence- and distribution of organic-rich fa-• 
cies. 

 

9.2 Conclusions
 This novel approach of recognizing patterns in basin cycle evolution and 
relating the occurrence of petroleum systems and plays to these cycles is par-
ticually useful for obtaining a first impression of their development as well as the 
tectonostratigraphy of potentially analogous basins. We were not able to recog-
nize any distinctly different basin families in our study area, supporting our view 
that it is difficult to compare basins as a whole. However, the applied approach 
has proven to be a useful tool for evaluating exploration opportunities in a more 
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systematic fashion at basin cycle scale. The methodology has also brought up 
new questions, which need to be addressed by future studies and/or practical 
tools, such as seismic- and/or well data interpretations. And, by combining the 
information obtained through this approach with our knowledge of the exploration 
history, we are able to make predictions on the remaining prospectivity of these 
basins. 

 The Campos-study is a perfect example of this. Because of our study 
of the South Atlantic marginal basins in general, we were able to conclude that 
detailed maturation modelling should be a top priority for further research: many 
parts along both margins remain under-explored, and a thorough understanding 
of the geographical- and maturity distribution of the different source rock facies is 
lacking. By our tectonic- and maturity modelling, we demonstrated that the lacus-
trine shales of the syn-rift Lagoa Feia Fm are mature to generate oil and/or gas 
over most of the study area. The same applies to the marine shales/marls of the 
early post-rift Macaé Fm, and even to a major section of the post-rift Carapebus/
Ubatuba Fm, if they indeed contain organic-rich facies intervals.    

 However, one should remain cautious when proposing/discussing 
source- and reservoir analogues for different basins sharing the same overall 
tectonic/geodynamic evolution. This particularly applies to basins located in dif-
ferent continents and latitudes, or if they record very distinct stratigraphic ages: 
paleo-climate and -latitude exert a strong control on source- and reservoir rock 
quality. Similarly, the age of the stratigraphic record may affect the prospectivity 
of the basins: very old basins may contain similar petroleum systems and plays 
with respect to younger basins, but the accumulated oils may have undergone a 
process of biodegradation or may have escaped to the surface. Also the paleo-
diversity, changing with time, may strongly  affect the source quality and genera-
tive potential.  

9.3 Perspectives
 By applying the developed methodology to the South Atlantic marginal 
basins, more questions arose then were actually answered. This is best demon-
strated by Chapter 7, in which we were able to point out some important differ-
ences between the Gabon Coastal- and Almada-Camamu basins. However, we 
were able to get a good first impression of their tectonostratigraphic,- petroleum 
system- and play development, which allowed us to evaluate exploration oppor-
tunities in a more systematic manner.

 To increase the usefulness of our approach and consequently improve 
the quality of our analysis and/or predictions, we need to further improve the 
existing tools within the supporting program BDI and/or add new features. Most 
important is to develop a more robust basin type classification, as different basin 
achitectures may result in different subsidence- and thermal histories, thereby 
affecting the petroleum prospectivity. Furthermore, we would like to incorporate a 
basin subsidence- and thermal modelling tool. The BDI should also become more 
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transparent to the user. Including a query-function would allow the user to more 
easily find petroleum system- and play analogues. And including the BDI in Arc-
GIS of Google Earth, would provide information on the distribution of hydrocarbon 
charge and play (level)s with respect to major basinal structures and drainage 
patterns. Combining all this information, will allow us to make more detailed pre-
dictions on the geographical distribution of certain petroleum systems and their 
plays, and hence on the remaining prospectivity. 
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