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This thesis concentrates on a study of sedimentary basin development along the
divergent boundaries of tectonic plates.

English summary

ENGLISH SUMMARY

Extensional forces lead to thinning of the crust. The thinning of the crust may lead
to crustal break up and the formation of new oceanic crust at mid-ocean ridges. Before the crustal break up, a long period of extension can take place. Sediments fill up
the crustal depression, such as organic rich sediments that could eventually generate
petroleum if the temperature is sufficiently enough at its burial depth.
Common sedimentary patterns and structural styles can usually be recognized,
although the depositional environment and tectonic situation may change considerably over short distances. This helps recognizing common petroleum system types
with related parameters, as well as plays likely to be associated with them. If the development of petroleum habitats can be related to these basic patterns, a broad scale
comparisons of petroleum systems between different basins with similar geological
history can be made.
In this thesis I studied the evolution of extension and the related crustal thinning,
fault patterns and sedimentary fill. I looked at the possible occurrence and characteristics of associated source rocks in order to ultimately predict important trends in oil
and gas generation and trapping potential.
In Chapter 2 the basic structural and sedimentary patterns of the Northern North
Sea, Central Graben and Moray Firth Jurassic rift provinces in the North Sea are
divided in standard tectonostratigraphic cycles and stages. This division helps to
understand the stages in basin evolution and allows to compare the basins with each
other more readily. Although the provinces in the North Sea share common source
rocks and comparable depositional environments, the style of rifting differs, affecting the trap formation.
The Tertiary sub-basins in the Pannonian Basin System in Eastern Europe experienced comparable styles of rifting. In Chapter 3 it is demonstrated that a relation
exists between the tectonic cycles (syn-rift and post-rift with inversion), play levels,
trap types and the thermal structure for the different sub-basins.
The effect of different styles of rifting on the source rock maturation is discussed
in Chapter 4. This study is based on integrated analogue and numerical modelling.
This integrated modelling highlights the differences in fault-structures, subsidence
patterns, graben migration paths, sediment stacking patterns and heat flow between
symmetric and asymmetric grabens. All these factors contribute to the graben’s
source rock maturation architecture.
The thermal consequences of faulting (in this case the main boundary fault) are
studied in Chapter 5, showing its significance at high deformation rates.
Finally Chapter 6 presents an operational model of the method presented in the
thesis. This model allows us to make predictions of potential petroleum system
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development and kinds of plays that may be expected in under-explored basins or
regions.

Deze dissertatie concentreert zich op de studie van sedimentaire bekkens die ontstaan langs uit elkaar bewegende tektonische plaatgrenzen.
De tegenover elkaar staande krachten in de ondergrond kunnen leiden tot verdunning van de continentale korst. Het steeds maar dunner worden van de korst kan
uiteindelijk leiden tot het opbreken van een continent en het ontstaan van oceanische
korst. Een lange periode van korstverdunning gaat vooraf aan het uiteindelijke opbreken van de korst. Sedimenten worden afgezet in depressies gevormd door korstverduning. Hierin kunnen ook organisch rijk gesteente (source rock) afgezet worden
dat uiteindelijk kan leiden tot het genereren van petroleum bij een juiste temperatuur
op een bepaalde begravingsdiepte.

Nederlandse samenvatting

NEDERLANDSE SAMENVATTING

Karakterisiteke sedimentatie patronen en structuur-vormen in de ondergrond
kunnen voorkomen op verschillende plaatsen op de aarde, ondanks dat sedimentatie
patronen en structuur-vormen snel kunnen veranderen over kleine afstanden, door
bijvoorbeeld variaties in het milieu waarin de sedimenten afgezet worden.
Ik bestudeer deze karakteristieken van sedimentatie en tectonische signatuur om
uiteindelijk belangrijke trends in olie en gas ontwikkeling te voorspellen.
Het geheel van organisch rijk gesteente, petroleum generatie, petroleum migratie langs breuken en door gesteente en vervolgens het opslaan van petroleum in
reservoirs (gesteente met hoge porositeit dat afgesloten wordt door gesteente dat
petroleum niet doorlaat en/of door breuk (gerelateerde) structuren) noemen we een
petroleum systeem. Een petroleum systeen wordt dus opgebouwd vanuit de tectonische en sedimentaire evolutie van een bekken. Op deze wijze kunnen we aan de hand
van deze signaturen in de ondergrond bepalen welke petroleum systemen aanwezig
kunnen zijn in een gebied waar beperkte informatie van de ondergrond bekend is.
In Hoofdstuk 2 worden de structurele en sedimentaire patronen behandeld van de
Noordelijke Noordzee, de Central Graben en de Moray Firth rift provincies in the
Noordzee. Deze provincies worden gekenmerkt door intense korstverdunning tijdens
de Jura. De gebieden worden onderverdeeld in hun tektonische fases en gerelateerde
sediment opbouw. Deze onderverdeling in fases helpt niet alleen de evolutie van
het bekken beter te begrijpen, maar ook om de verschillende provincies met elkaar
te vergelijken. Ondanks dat de Noordzee gelijkwaardige organisch rijk gesteente
(source rock) heeft en sedimentair afzettingsmilieu, verschillen de manier van
korstverdunning per provincie, wat direct consequenties heeft voor de olie en gas
reservoirs.
De Tertiaire sub-bekkens in het Pannonian Bekken Systeem in Oost Europa hebben wel dezelfde manier van korstverdunning ondervonden. De studie in Hoofdstuk
3 heeft een relatie aangetoond tussen de tectonische fases (syn-rift, post-rift, inversie), de niveaus waar olie en gas voor kan komen, de reservoir structuren en de
thermische structuren voor de verschillende sub-bekkens.
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Het effect van verschillende manieren van korstverdunning op de mate van petroleum generatie vanuit organisch rijk gesteente, wordt behandeld in Hoofdstuk 4. In
dit hoofdstuk worden analoge en numerieke modellen gecombineerd. De modellen
simuleren breukstructuren, sediment dalingspatronen, bekken-migraties, sedimentatie patronen en warmte productie in symmetrische en asymmetrische bekkens. Al
deze factoren dragen bij aan het genereren van petroleum uit organisch rijk gesteente.
Het thermische effect van breukbewegingen (in dit geval de voornaamste bekkenbreuk) op de ontwikkeling van petroleum uit organisch rijk gesteente wordt behandeld in Hoofdstuk 5. Bij hoge deformatiesnelheid blijkt de thermische bijdrage op de
ontwikkeling van petroleum hoog.
Uiteindelijke laat Hoofdstuk 6 een bruikbaar model zien waarin de methode, besproken in de dissertatie, toegepast wordt op twee aan elkaar gerelateerde bekkens in
de Zuid-Atlantische oceaan. Het model helpt mogelijke petroleum systemen en type
van olie en gas reservoirs te identificeren in regios waar gedetailleerde kennis over
de bekkens ontbreekt.

xvii
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CHAPTER
Introduction

1

1.1 Objectives and outline of the thesis 						

During the past decades understanding of basin structures has increased rapidly by
fast advancing exploration techniques, such as 3D-seismics and new borehole imaging tools. However, it is becoming more difficult to find new oil and gas fields with
the increasing maturity of the known oil and gas provinces. The objectives of the
thesis are to study and use evolutionary basin cycle characteristics to compare and
find similarities that ultimately can help to improve our ability to predict the prospectivity for oil and gas accumulations in less well-known basins or parts of basins
that perhaps can become important provinces for exploration in the future.
In order to identify families of sedimentary basins and to make predictions of their
petroleum prospectivity, we propose that the following steps should be followed: (1)
identify standard evolution patterns related to overall geodynamic drivers, manifested in the sequence of the basin cycles which the basin passes through, (2) group
basins with similar tectonostratigraphic evolution and to correlate these with the
characteristic petroleum systems belonging to the cycles, (3) relate basin trap types
to basin history and (4) calculate trends in source rock maturation.
Basic sedimentary patterns and structural styles can usually be recognized that
help recognizing common petroleum system types with related parameters, as well
as the plays likely to be associated with them (e.g. see Doust and Sumner, 2007). If
the development of petroleum habitats can be related to these basic patterns, we can
make broad scale comparisons of petroleum systems between different basins with a
similar geological history.
The thesis is built-up from purely geological analysis of basin evolution (cycles
and their characteristics), through the thermal modelling to address the applied
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aspects related to petroleum exploration, the analysis of basin petroleum systems and
the predictions we can make from such an analysis.
In Chapter 2 we aim to identify relations between the tectonostratigraphic cycles
and trap characteristics in the Northern North Sea, Moray Firth and the Central
Graben provinces of the North Sea rift. This chapter introduces the approach that is
tested and evaluated in the following chapters.
A classification of rifted sedimentary basins of the Pannonian Basin System is
presented in Chapter 3. The emphasis in this chapter lies on identification of subsidence patterns and their influence on source rock maturation zonation in the various
sub-basins.
Each type of rifted sedimentary basin has its characteristic shape, basin migration
pattern, sedimentary fill, and internal faults. As an example, we examined different
types of sedimentary rift basins and their source rock maturation characteristics.
Chapter 4 discusses the source rock maturation characteristics of symmetric and
asymmetric grabens inferred from integrated analogue and numerical modelling,
with an application to the southern Viking Graben (North Sea).
Chapter 5 discusses the importance of basement fault movements with inversion
on the thermal structures in asymmetric basins, directly affecting the kinetic process
in source rocks.
In Chapter 6 analyses of basin and petroleum systems are made, using a new
comparative database approach. Comparisons are made between the Cretaceous to
Tertiary West African Gabon Coastal Basin and the conjugate Brazilian AlmadaCamamu Basin.

1.2 Sedimentary basins
Sedimentary basins are regions of prolonged subsidence of the Earth’s surface.
The driving mechanisms of subsidence are principally related to processes within the
relatively rigid, cooled thermal boundary layer of the Earth known as the lithosphere.
The lithosphere is composed of a number of plates which are in motion with respect
to each other. Sedimentary basins therefore exist in a background environment of
plate motion.
Knowledge of the behaviour of the lithosphere is essential if we are to understand
the initiation of the development of sedimentary basins.
The basic unit in rifted sedimentary basins is the rift cycle, which consists of the
sediments deposited during the phase of thinning of the lithosphere: the active rifting. Simple grabens have only one rift cycle. Most rifted grabens, however, contain
more than one rift cycle, with a polyphase history (Ziegler and Cloetingh, 2004;
Cloetingh and Ziegler, 2007). Grabens, both simple and complex, may be classified
by analyzing their geologic history in the context of plate tectonics (e.g. Janssen et
al., 1995).
The structural style of rifts, as defined at upper crustal and active rift cycle (syn-

rift) sedimentary levels, is influenced by the thickness and thermal state of the crust
and mantle-lithosphere at the onset of rifting, by the amount of crustal extension and
the width over which it is distributed, the mode of crustal extension (orthogonal or
oblique, simple- or pure-shear), the lithological composition of the pre- and syn-rift
cycle sediments (Cloetingh et al. 1995b, Ziegler 1996a) and the lithospheric memory
associated with former fault and thrust belts.
The duration of the rifting stage of extensional basins is highly variable. Stress
field changes can cause abrupt termination of rifting. Pre-existing crustal and mantlelithospheric discontinuities contribute to the localization of rift systems.
The thinning of the lithosphere also creates pronounced density and viscosity contrasts between the deformed mantle/crustal lithosphere and the upwelling asthenosphere. This provides conditions for development of positive and negative RayleighTaylor instabilities (asthenospheric upwelling and downwelling, respectively) that
affect rift evolution and graben geometry (Burov, 2007).
Post-rift basin subsidence is governed by thermal re-equilibration of the lithosphere-asthenosphere system. The magnitude of post-rift subsidence is a function of
the rift-induced thermal anomaly and crustal density changes, the potential temperature of the asthenosphere and initial water depths (Van Wees, 1994). Intraplate
stresses can have an overprinting effect on post-rift subsidence, the location of the
onset of the rifting, structural style and width of the evolving rift system, as well as
the necking depth of the lithosphere (Cloetingh et al., 1995b), which is defined by
the rheological structure of the lithosphere.
There are many processes influencing the types of sediment fill of the basin
throughout its history. The record of these processes in sedimentary rocks allows us
to interpret the rocks in terms of environments. A couple of the contributors to the
diversity of sedimentary rocks within the basin are paleo-latitude, paleo-ocean circulation, paleo-water depth, paleo-climate, and the type of source area.
In this thesis an integrated analogue and numerical study is applied to focus on
structural, stratigraphic and thermal differences that develop in sedimentary basins
as they experience different steps in extension. The nature and architecture of graben
infill during rifting are determined by a combination of tectonics, climate, sediment
type and supply rate, eustasy and, to a lesser extent, by the position within the evolving rift system (Nøttvedt et al., 1995; Ter Voorde et al., 1997; Den Bezemer, 1998).
Knowing the formative mechanism of a basin consequently has predictive power
in assessing the basin-fill. This should not be done in isolation from the particular
“basin-specific” tectonic and burial history.
The close link between tectonics and sedimentation results in a logical distribution
of source rocks, reservoirs and seals, which may be geographically and stratigraphically consistent, and, therefore, predictable. The occurrences of known petroleum
accumulations can then be analyzed in terms of the predictive model and an exploration strategy devised (Lambiase and Morley, 1999).
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CHAPTER

2

Basin analysis of the North Sea Graben
System

The objective of this chapter is to identity relations between the tectonostratigraphic cycles and trap characteristic in the Northern North Sea, Moray Firth and
the Central Graben provinces of the North Sea rift. In this manner we attempt to
demonstrate the advantages gained by bridging the scales of sedimentary basin
investigation between academic (often at a large / lithosphere scale developing
thermal/stress models - further discussed in Chapters 3-5) and industry research
(usually more immediate, smaller scale, concentrating on sedimentary and structural
development in basins). Essentially academic research is hypothesis-driven while
oil and gas industry investigations are more empirical and practical, informationdriven, aimed at acquiring data to constrain interpretations.
The oil and gas industry evaluates new investment opportunities through the
development of a systematic means to rank basins by risk and volume potential.
Currently, they do this at a basin scale through evaluating the potential of the plays
within them. Our objectives are to predict which sort of petroleum systems may be
present in basins (usually less well-known ones), what plays can be expected to occur, which basins may have plays that may not have been tested adequately yet, and
to estimate the potential value of such plays (Chapter 6).
Here a method is presented that allows more easy and efficient comparisons
between petroliferous sedimentary basins with similar geological characteristics, i.e.
basins which could act as analogues for exploration purposes. The method builds on
the idea that sedimentary basins can be classified according to their structural genesis and evolutionary history and are comprised of tectonic and sedimentary cycles
and stages (Kingston et al., 1983), to which common elements of petroleum systems
and plays may be linked. Using this method we can improve the prediction of potential petroleum systems and plays occurring in under-explored basins or regions. This
allows us to combine an information-driven investigation with a hypothesis-driven
investigation for play prospects.
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2. Basin analysis of the North Sea Graben System

2.1 Terminology
The petroleum system has been defined as the natural context through which
related petroleum accumulations are linked by origin and occurrence. Petroleum
systems have been recognized and defined in many basins and provinces (e.g. Tissot
and Welte, 1984; Magoon and Dow, 1994). The concept, which includes all of the
elements and processes needed for an oil and gas accumulation to exist, provides a
link between the distribution of oil and gas and the stratigraphic and structural development in a basin.
Magoon and Dow (1994) emphasized that plays, being economic units differ essentially from petroleum systems. For all practical purposes, however, plays can be
considered to represent the families of similar accumulations and prospects within
the petroleum systems. Currently, a universally agreed definition for ‘‘play’’ does
not exist, but within the context of the petroleum system, we believe that a logical
consistent application of the term can be made and can prove valuable.
The types, habitats and occurrences of source rocks that charge a petroleum system are often characteristic for the basin cycle they are located in. In this manner we
can define different groups or types of petroleum systems. We can define a petroleum
system type as a group of petroleum systems that have similar source rocks with
similar geochemical signatures that were deposited in the same basin cycle. They
often encompass a suite of plays that are comparable in location, reservoir lithofacies
and trapping structure (Beglinger et al., 2009). Such plays can be located in the same
basin cycle, but can also occur throughout the stratigraphy where petroleum migration allows this.
Doust (2003) proposed a hierarchical definition of plays, in which a distinction
is made between the petroleum charge character, which is typically defined by the
petroleum system, the play level, typically the formation or lithostratigraphic unit of
the different reservoir horizons charged with petroleum, and the play itself, which is
a subdivision of the play level, defined by trap type. The play level, being dependent
on the basin stratigraphy, is easier to relate to the petroleum system than the trap
type, which often depends on the local structural development. The play level can,
therefore, more easily be used for analogue purposes: the trap type reflects more the
individual trap geometry.

2.2 The concept
In order to analogously compare basins and to make predictions of their petroleum prospectivity, we need to consider the basin-forming tectonics, sedimentary
response/processes and basin-modifying tectonics (Corver et al., 2009).
The first step is to identify standard basin evolution patterns related to geodynamic
drivers to distinguish phases of deformation or cycles in basin development.
The second step to be taken is description of the depositional sequences in the
cycles and their composition. Depositional sequences are by definition distinct

phases in basin history, often bounded by regional unconformities triggered by
tectonic or eustatic events. Each may contain one or more fully developed cycles of
sedimentation, in which source rocks, reservoirs and seals may be represented, as
noted by Posamentier and Allen (1999), who also outlined where they tend to occur
in a marine environment. Very generally, Table 2.1 shows the potential for source
rock, reservoir and seal, within the proximal and distal parts of a typical marine
sedimentary sequence.
The third element to be incorporated is represented by the basin-modifying tectonics. Basin-modifying tectonics and the resulting typical trap types are key features
defining petroleum fields and undrilled petroleum prospects. Structures formed due
to tension, subsidence, uplift/inversion and compression result in distinct trap types.
Figure 2.1 shows a qualitative indication of typical trap types that may be developed
in different stress regimes as a function of the magnitude of deformation. Therefore
there is a relationship between their development and the basin cycles such that
different trap types are often characteristic for the various stages in basin evolution
as indicated at the base of Figure 2.1. This relationship exists only for traps developed as a consequence of on-going tectonics and is not applicable to stratigraphic -,
diagenetic - and hydrodynamic traps. For a discussion of a similar approach, relating
basin cycle division to petroleum system analysis in syn-rift to post-rift Tertiary basins in Southeast Asia (compiled from both external sources (Petroconsultants, 1996)
and internal sources, includes 1007 fields from 25 producing basins), the reader is
referred to Doust and Sumner (2007).
Table 2.1
Potential for:

Source

Reservoir

Seal

Lowstand (LST)

Proximal
Distal

None
Risky

Widespread
Widespread

Very risky
Excellent

Transgressive (TST)

Proximal
Distal

Good
Excellent

Restricted
Very risky

Good
Condensed

Highstand (HST)

Proximal
Distal

Terrestrial
Risky/good

Excellent
Risky

Risky
Interbedded

Tentative scheme showing system tracts within a sedimentary sequence. The scheme shows the potential
for source, reservoir and seal in proximal and distal positions within a marine lowstand, transgressive and
high stand periods, taken from Posamentier and Allen (1999).

2.3 Basin-forming tectonics
The North Sea Graben System is characterized by Early Permian-Early Cretaceous extension, with rifting being most intense during the Late Jurassic (Faerseth et
al., 1997). Extensional tectonics and failed rifting during the Late Jurassic and Early
Cretaceous are fundamental to the oil and gas occurrences in the North Sea (Brooks
and Glennie, 1987; Pegrum and Spencer, 1990).
The style of rifting changes from north to south, illustrated in Figure 2.2. The
figure shows seven structural cross sections in the North Sea Graben System.
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Basin modifying tectonics and typical trap types
tension
Increasing magnitude of deformation/faulting
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Figure 2.1

subsidence

uplift/inversion

compression

Tilted flanks

Immature

Very low-relief folds

Very low-relief folds

Weak

Synthetic listric &
growth faults.
Unconformity traps

Facies change/onlap,
pinch-out, reefoid,,
dune, channel.

Salt/shale diapir, lowrelief folds
Unconformity traps

Detachment folds
Unconformity traps

Moderate

Footwall tilt-blocks,
horsts & trap-door
structures , deeplying hanging-wall
rollovers

Facies change/onlap,
pinch-out. reefoid,
dune, fans
Drape - differential
compaction fold

Fault drape (Sundatype) folds,
reverse fault traps,
ductile folds.

Fault bend, drag &
propagation folds
(thrusts). Strike-slip
fault traps.

Complexly-faulted
footwall / horst /
hanging-wall blocks

Palaeotopography
Piercement diapirs.

Complex strike-slip
fault traps.

Complex fault-bend
thrust folds.

Highly rotated
degraded fault
blocks,

Basin centre trapping
styles

Flower structures

Duplex and chevron
folds

Highly rotated
degraded fault blocks
above flat faults

Loss of reservoir

Loss of
hydrocarbons

no play

Very weak

Moderate to
strong

Strong

Very strong

SYNRIFT

SYN-/POSTRIFT

POSTRIFT

CONVERGENT

Typical trap types developed in different stress regimes. The vertical axis gives an indication of the
magnitude of deformation, while the horizontal axis represents the style of deformation, due to tension,
subsidence, uplift/inversion and compression. At the bottom we indicate in which basin cycle these stress
regimes tend to be developed. Both conventional compression and transpression contribute to the uplift/
inversion and compression categories here. Courtesy: H. Doust.

The Northern North Sea has a symmetric graben geometry with reactivation of
Triassic faults on the eastside of the graben (Figure 2.2b, cross sections 1, 2 and
Figure 2.3). The South Viking Graben is segmented and asymmetric in geometry
with minor reactivation of the Triassic faults. The stepovers, representing relatively
high parts within the graben system resulting from segmentation of the rift, are likely
to be among the first to have access to generated petroleum. The relay ramps and
smaller fault offsets in stepovers also ease petroleum migration to structurally higher
traps in the basin (Fossen et al., 2010) (Figure 2.2b, cross section 3).
The Moray Firth province is divided into two sub-basins, the Inner Moray Firth
Basin (Figure 2.2b, cross section 7) and the Outer Moray Firth basin. The Inner
Moray Firth Basin is dominated by north-easterly structural trends, while the Outer
Moray Firth Basin has an overall north-west to south-east orientation.
The southern part of the North Sea is strongly affected by Zechstein salt displacement. The salt forms a detachment level creating a wide rift in the Central Graben
(Figure 2.2b, cross section 4, 5, 6).
These different styles of rifting affect the trap formation and are discussed in the
following paragraphs.

The history of the area allows the North Sea to be grouped into ‘pre-rift’, ‘syn-rift
and ‘post-rift’, which emphasizes the close links between the petroleum geology and
the Late Jurassic rifting (Spencer et al., 1996). This means that the tectonic history
prior to the Late Jurassic rifting, with multiple phases of extension, subsidence and
inversion, is represented by only one basin cycle: the pre-rift. This simplified division in basin cycles is made for easier comparison between the Northern North Sea,
Moray Firth and the Central Graben provinces and plays.
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Figure 2.2a

Sketch map of the North Sea basement and tectonic features (modifief from Pharoah, 1999). Laurentia
was separated from Baltica and Eastern Avalonia by the Iapetus Ocean. Parts of the ocean, separating
Baltica from Eastern Avalonia, are referred to the Tronquist Sea. During Late Ordovician the Iapetus
Ocean and the Tornquist Sea closed and subsequent collision between the three continents occured. The
location of the Iapetus suture beneath and east of the North Sea rift system is uncertain (thick dashed line).
The Hercynian deformation is expressed in the North Sea by the Early Carboniferous compression. The
thin dashed lines outline the Late Jurassic - Early Cretaceous rift system (NNS: Northern North Sea, MF:
Moray Firth, CG: Central Graben). The cross sections (1-7) are shown in Figure 2.2b.
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Figure 2.2b (continued)
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Figure 2.2b (continued)
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Cross section in the North Sea with projections of nearby fields (field location map is presented in Figure 2.5). Location is shown in Figure 2.2a. Cross sections 1-6 are modified from
Ziegler, 1982). Cross section 7 is modified from The Mellinium Atlas (2003).

Figure 2.2b (continued)
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2.3.1 Pre-rift
Much of the tectonic framework of the North Sea Graben System developed in
two separate accretionary events, the Caledonian and the Hercynian that represents
two complete Wilson cycles of rifting - ocean separation - compression and destruction. The Caledonian zone of deformation is located between the Moine thrust and
the Caledonian deformation front (coinciding with the Tornquist suture zone in
the south of Norway). The Caledonian Orogeny is redefined, by McKerrow et al.,
(2000), to include all the Cambrian, Ordovician, Silurian and Devonian tectonic
events associated with the development and closure of those parts of the Iapetus
Ocean, which were situated between Laurentia, Baltica and Avalonia (Figure 2.2a).
The Hercynian front is located south of the North Sea (Figure 2.2a).
Following the Hercynian, the area remained intracratonic. Permian and Triassic
extension structures reworked these earlier compressional crustal fabrics. The extension is characterized in the Northern North Sea by wide, north-south-oriented, tilted
fault blocks, whereas in the Central North Sea the structural style is dominated by
halokinesis (Figure 2.2b, cross section 4, 5, 6 and Figure 2.3). Phases of extension
and thermal subsidence recommenced until the Middle Jurassic but the main period
of extension was during the Late Jurassic and Early Cretaceous.

2.3.2 Syn-rift
The current structural framework of the North Sea Basin was established during
the Late Jurassic. Subsidence increased in the Northern North Sea from Bajocian to
Bathonian times due to renewed, east-west oriented extension. During the Callovian
to early Kimmeridgian the rifting produced north to northeasterly trending normal
faults with northwesterly trending tear and transfer faults in the Viking Graben. The
principal axis of extension in the Northern North Sea changed to northwest-southeast
during its Jurassic development (Doré and Gage,1987; Faerseth et al., 1997; Gabrielsen et al., 1999; Pascal et al., 2002) (Figure 2.3b).
During the late Kimmeridgian to Volgian, the Central North Sea province was
subjected to north-east to south-west directed extension across the Tornquist suture
zone (Figure 2.2a and 2.3c). A significant rotation of the extensional kinematics
resulted in an overprint of the earlier basin fabric as shown by fault, isopach and
stratigraphic data (Eratt et al., 1999).
In the Outer Moray Firth Basin and the Viking Graben, west-north-westerly trending normal faults, associated with Volgian and Early Cretaceous extension are superimposed on the north-easterly trending Late Jurassic normal faults (e.g. Andrews et
al., 1990). New north-westerly trending faults formed, or older similar aligned structures were reactivated, with normal fault movement. Earlier north to north-easterly
trending structures were reactivated as strike-slip faults.
The Viking Graben acted as a left-lateral transfer system between north-east to
south-west extension in the Central Graben and the rifting along what is now the

Norwegian margin. In the southern Viking Graben, earlier fault blocks were rotated,
causing local compressional inversion on the basin margins (Faerseth et al, 1997).
In the Central and Northern North Sea, normal faults were still active during the
earliest Cretaceous, with deposition of clastic wedges against the fault scarps. Extension ceased during the Early Cretaceous with the onset of passive thermal subsidence; the syn-rift topography was covered by transgressive sediments to form the
so-called Base Cretaceous Unconformity (Ziegler, 1975a, b).

2.3.3 Post-rift
The North Sea underwent post-rift thermal subsidence during the Late Cretaceousearly Cenozoic (Cartwright, 1989), as a response to lithospheric cooling following
the Late Jurassic - Early Cretaceous stretching event (Sclater and Christie, 1980;
Wood and Barton, 1983). Late Cretaceous, Tertiary and Quaternary thermal subsidence continued to fill up the underlying north-south and north-north-west - southsouth-east trending Late Jurassic basins in the Central Graben (Figure 2.2b).
Middle Cretaceous flank uplift along the Norwegian margin in the Northern North
Sea suggests that the subsidence was not uniform (Nøttvedt et al., 1995). Some
models have suggested that this may be related to intraplate compressional stresses
(Cloetingh et al., 1987) or, alternatively, to a dynamic propagation of the Iceland
plume (White and Latin, 1993; Hall and White, 1994; Skogseid, 1992).
The dominant post-rift deformation in the Moray Firth is subsidence in the east
(Outer Moray Firth) and uplift in the west (Inner Moray Firth). Principal Structures
are tilt block half-graben, back tilting, anticlinal drapes over horsts and tilt block
crests, rollover anticlines (Andrews et al., 1990)
Divergent and convergent wrenching along high angle extensional faults in the Inner Moray Firth produced synclines, anticlines, monoclinal flexures, reverse and extensional faults during Early Paleocene to Present. In the Outer Moray Firth regional
Figure 2.3

The grew areas represent: a) Triassic extension, b) Oxfordian - Early Kimmeridgian extension, c) Kimmeridgian - Early Cretaceous extension, modified from The Millennium Atlas, (2003).
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subsidence followed earlier northwest-southeast trends and this was accompanied by
minor strike-slip faulting producing similar structures to those of the Inner Moray
Firth (McQuillin et al., 1982). These structures were created contemporaneously
with both Alpine and North Atlantic ‘Thulean’ events (Thomson and Hillis, 1995).
Plate boundary forces associated with these events probably combined to produce
the intraplate stress field that was responsible for the structural inversion (Cloetingh
et al., 1985).

2.4 Sedimentary environment
2.4.1 Pre-rift
A variety of sedimentary environments were created during the development of
the North Sea Graben System. In the Early Permian to Late Permian broad east-west
trending basins were developed: The Southern Permian Basin and the Northern Permian Basin (Glennie, 1998; Ziegler, 1982, 1990a,b). These basins were filled with
non marine sediments. During the Permian the Rotliegend sandstones and Zechstein
salt were deposited. The Late Permian and Triassic periods of extension developed
numerous half-grabens allowing shallow marine shales to accumulate in the system
in the south of the North Sea Graben System.
The Permian halites were first mobilized during the Early Triassic by regional
tectonism and later by overburden (Ziegler, 1975a). Coward (1995) attributes the
complex sedimentary pattern in the Triassic to decoupling of the Triassic from the
Zechstein salts. The Northern North Sea lay north of the Permian salt basins and was
not affected by halokinesis (Figure 2.2b, cross sections 1-3). The periods of extension were largely succeeded by thermal subsidence. The Late Permian and Triassic
period of thermal subsidence continued until Early Jurassic times (Underhill, 2003).
During the late Early Jurassic to Middle Jurassic a doming, accompanied by
igneous activity took place at a triple junction between the northern and central
North Sea and the Moray Firth (Dixon, 1981). Erosion of plume-related volcanics in the central parts of the North Sea led to deposition of significant volumes of
fluvio-deltaic sediments prograding to the deeper marine area to the north (see Brent
Group delta in the East Shetland basin; Budding and Inglin, 1981; Graue et al., 1987;
Helland-Hansen et al., 1992).

2.4.2 Syn-rift
The subsequent collapse of the thermal dome initiated the Late Jurassic to earliest
Creteceous extensional tectonics. This extensional phase led to the development
of the trilete rift system consisting of the Northern North Sea, Central Graben, and
the Moray Firth province. The rift produced mainly deep marine topography with

islands comprising the footwall blocks. Sediments include mainly deeper marine
clays (Kimmeridgian Clay unit, deposited in a deep water anoxic environment) with
turbidite sands. Adjacent to the main faults there are in many places locally derived
coarse hangingwall fans. The rift was strongly underfilled and shows no vertical
stratigraphy. This makes it impossible to distinguish sedimentary stages in the synrift development.

2.4.3 Post-rift
After this period of rifting a phase of thermal subsidence dominated in the Cretaceous - Cenozoic. During the Early Cretaceous the North Sea was a starved basin,
where the rift flanks continued to erode. This led to a flat topography in the Upper
Cretaceous, and with the highstand sealevel, little terrigenous and warm environment
input allowed carbonates (chalk) to flourish (except in the deeper water area to the
north).
During the Paleocene the terrestrial sediment input increased due to the thermal
uplift of the West Shetlands plus the eustatic seal level fall leading to substantial
erosion of the area to the north and west of Scotland. Deep water channels developed
depositing turbidites over large areas of the North Sea (Ziegler, 1990b). During the
Eocene a rapid transgression took place with continued delta build-out reducing the
turbidites.
A convenient means to visualize the sedimentary basin evolution is to prepare a
‘‘trajectory plot’’ (Doust, 2003). This diagram summarizes the tectonostratigraphic
evolution by plotting the basin cycles and stages in basin evolution on the horizontal axis against the depositional environment on the vertical axis. Each trajectory
represents the path that a single (sub-)basin makes through its history, allowing us to
compare the tectonostratigraphic basin histories by comparing the trajectories. Along
each trajectory, the known commercially significant reservoir levels are indicated. It
is suggested that where the trajectories of two basins coincide, productive play levels
identified perhaps in the better known basin could be predicted to occur in the less
well-explored basin.
Figure 2.4 shows the trajectories of the three North Sea Graben provinces. The
strong resemblances between the trajectories for these provinces is apparent. Pre-rift
facies are primarily non-marine. The rift results in rapid deepening to outer shelf/
bathyal environment during the Late Jurassic Ocean Anoxic Event (accompanied by
source rock deposition). Followed by a regression in the post-rift as the basin gradually fills. The main source, reservoir and seal rock intervals match, justifying further
comparison between the provinces (paragraph 2.6). All associated fields discussed in
this chapter are presented on the map in Figure 2.5.
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Figure 2.4a
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Figure 2.4b
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Figure 2.4c
Rift basin/cycle trajectory
plots with the tectonic
cycles on the horizontal
axis and the deepening
sedimentary sequence
(depositional environment)
on the vertical axis. Along
the trajectories of the
basins, the known commercially significant play
levels and source, reservoir
and seal rock intervals are
indicated. a) the Northern
North Sea, b) Central
Graben, c) Moray Firth.
Play levels or reservoir
levels are named. Note
that the geodynamic cycles
are plotted independent of
time (ages are indicated at
the base of the figures).
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Figure 2.5
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The North Sea Graben System with all the fields discussed in this chapter. This figure includes the
vitrinite-reflectance map of top of the Kimmeridge Clay unit (Robertson Research International, 1996).

2.5 Petroleum systems
The most prolific source rock in the North Sea Graben province are presented by
the deep water shales from the Kimmeridge Clay unit, deposited during the syn-rift.
The shales from the Kimmeridge Clay unit contain from 2 to more than 15 weight
percent total organic carbon (TOC) and rich horizons are easily identified by high
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gamma-ray values. Detailed petroleum to source-rock correlations are carried out by
Cornford et al. (1989), Conford (1998) and Underhill (1998).
In the Viking Graben all of the oils and some of the gases and condensates are
derived from these “hot” shales of the upper part of the Kimmeridge Clay / Draupne
Formation. Extensive sandstones of Triassic and Jurassic age are the lateral carrier
beds in large tilted fault blocks. Some petroleum migrates vertically via faults and
overpressured fractured mudstones into Paleogene sandstones where updip migration
is possible.
Most of the oils and much of the gas and condensates in the United Kingdom,
Danish and Norwegian sectors of the Central Graben province are also derived
from the “hot” shales of the Upper Jurassic Kimmeridge Clay, Mandal and Farsund
formations.
Migration of petroleum from the deep overpressured grabens is predominantly
vertical via the graben marginal faults or via halokinetic or overpressure fractures
through the base chalk. Longer-range updip migration of petroleum can take place
where fractures extend vertically through the chalk into the overlying PaleoceneEocene turbidite fan system.
For the Moray Firth, the petroleum system that provides almost all of the petroleum found in the basin is the Kimmeridge Clay - Humber/CromerKnoll petroleum
system. Reservoir and carrier beds are provided by Paleozoic, Jurassic, Cretaceous
and Paleocene strata; seals are provided by Upper Jurassic, Cretaceous and Paleocene mudstones and marls.
Figure 2.5 shows the vitrinite reflectance contour map of the top of the Kimmeridge Clay unit (expressed in % Ro) . Please note that the main zones with an Ro
maturity of > 0.7%, that are suited to effective oil expulsion, are restricted to the
Central Graben, the Viking Graben and the outer parts of the Witch Ground Graben.
Larger areas reach threshold maturity at the base of the Kimmerigde Clay unit than
at its top, particularly in the Danish sector where the Upper Jarassic strata are thick.

2.6 Modifying tectonics (Trap formation and trap style)
The petroleum of the Kimmeridge Clay unit charges a large variety of traps.
The nature and intensity of basin tectonic evolution strongly influences the trap
formation and therefore the plays present. Structures formed due to tension, subsidence, uplift/inversion and compression result in distinctly different families of
trap types (Figure 2.1). The majority of the petroleum traps found in the North Sea
Graben System have an important structural and stratigraphic component produced
during phases of deformation or subsidence from Triassic to Cenozoic times (charging the pre-, syn- and post-rift) (Figure 2.2b). The trap classification used in this
paragraph is based on Biddle and Wielchowsky (1994).

2.6.1 Pre-rift trap formations
In the North Sea, there are very few traps related solely to pre-Late Jurassic rifting. Triassic tilted fault blocks in the Central North Sea, which formed during the
Late Permian to Early Triassic rifting, cannot be considered as solely responsible for
trapping petroleum, since most were reactivated during the Late Jurassic. Towards
the south, salt movements had a major impact on the pre-rift tectonostratigraphy,
particularly in the Triassic and early Jurassic.
Structures in which the petroleum is trapped in Palaeozoic reservoirs are located
either along the major graben margins, as in the case of the Zechstein carbonates and
Rotliegend sandstones of the Auk and Argyll fields (Figure 2.6) (e.g. Trewin et al.,
Figure 2.6

Argyll Field schematic cross section. Zechstein carbonates developed fractures and vuggy porosity following post-depositional uplift, and formed the main reservoir in the field. Good-quality Rotliegend reservoir is restricted to the central area and comprises of medium-grained, cross-bedded, aeolian sandstones
(modified from Robson, 1991).

Figure 2.7

Seismic cross section through the Buchan Field (a),
and interpretation (b). The field is located in the Buchan High bordering a major listric fault (modified
from Edwards, 1991).
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2003; Robson, 1991), or within intrabasinal highs as in the Devonian of the Buchan
Field (Figure 2.7) (Edwards, 1991). In these instances the throw of the bounding
faults was sufficient to allow the lateral or upward migration of petroleum from the
much younger Upper Jurassic Kimmeridge Clay Formation source rock. In this kind
of trap, petroleum charge of Triassic and Lower to Middle Jurassic reservoirs is more
likely to have occurred because of the closer stratigraphic proximity of the Upper
Jurassic source rock.

2.6.2 Syn-rift trap formations
Structural traps created during Late Jurassic extension are mainly related to tilted
fault blocks scales; these traps can be categorized as either footwall or hangingwall
traps. Complex salt withdrawal structures are also present mainly in the Central
Graben. Sratigraphic traps are present throughout all the graben provinces of the
North Sea.

2.6.2.1 Footwall traps
Petroleum in footwall traps is trapped in the crest of fault blocks tilted during rifting. The size and complexity of the traps varies considerably depending on
secondary fault networks and the degree of erosion on the crest of the footwall. The
traps in the Central North Sea appear to be much smaller than those in the Northern
North Sea (Johnson and Fisher, 1998). This is a result of Zechstein salt to the south
that formed a detachment level for the Triassic and Jurassic faults, resulting in the
generation of narrower fault blocks compared to the more rigid, tilted blocks that
characterize the Northern North Sea.
In this category of trap, the reservoirs always pre-date fault-block rotation, even
where petroleum is trapped in reservoirs considered as syn-rift. An example is the
Claymore Field where the Claymore Sandstone Member reservoir is Late Jurassic in
age, but the trap was formed by fault movements and tilting of pre-rift age, varying
from Devonian to Mid-Jurassic (Figure 2.8) (Harker et al., 1991).

2.6.2.2 Hangingwall traps
In the North Sea, traps formed in the hangingwalls of faulted blocks are less
successful than the footwall traps due to a higher risk for petroleum charge and seal
efficiency. Typical examples of hangingwall traps appear in the South Viking Graben
along the Brae trend, where the petroleum is trapped in syn-rift conglomeratic reservoirs deposited close to hangingwall faults active during the Late Jurassic. In the

Figure 2.8
a)
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b)

The Claymore Field. a) SW-NE seismic line, b) schematic structural cross section (modified from Harker
et al., 1991.) The reservoirs are in sandstones of Late Jurassic, Early Cretaceous and Early Carboniferous ages and carbonates of Late Permian age. The trap is a combination of southerly tilted truncated
fault block in the centrer and western part, and a down-faulted, northerly plunching structural nose in the
northern part.
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Figure 2.9

Generalized E-W geological cross section through the South Brae Field and the Miller Field. The areal
extent of the Miller Field is defined by a combination of structural and stratigraphic trapping. The southwestern part of the Miller Field is bounded by the intersection of the top reservoir strucure and oil-water
contact, where a structural saddle creates separation from the South Brae Field. The Brae Formation forms
the reservoir succession in the Brae and Miller fields (modified from Rooksby, 1991).

Figure 2.10

2D seismic line illustrating the Buzzard Field play in 1998. Thick organic-rich mudstones of the Kimmeridge Clay Formation were deposited within the Ettrick sub-basin during the Late Oxfordian to
Ryazanian. Additionally, submarine gravity flows introduced significant amounts of sands into the Ettrick
sub-basin from the Halibut Horst. The Buzzard Field is considered to be a fault-bounded stratigraphic
trap, where the Kimmerdge Clay Formation act as a top, bottom seal.

most successful examples there has been a major component of basin inversion, and
many of the traps in the Brae area are hangingwall fault-bend folds produced by oblique displacement along the main bounding fault. The trap is sealed by the bounding
fault and overlying mudstones, and the reservoir changes laterally to the more distal,
organic-rich facies of the Kimmeridge Clay Formation source rock (Figure 2.9)
(Fletcher, 2003; Branter, 2003; Wright, 2003).
Another example is the reservoir in the Beinn Field that comprises folded Middle
to Upper Jurassic Sandstones in the hangingwall of the South Viking Graben bounding fault. The structure developed by gravity gliding on salt as a result of tilting of
the fault block, and is essentially a frontal fault-bend fold. Compressional structures
developed along the edge of the Miller Field where displacement was buttressed by
the main bounding fault and the north-westerly trending fault (Figure 2.9) (Rookesby, 1991).
Turbidite bodies encased in the Kimmeridge source rock account for good reservoirs too. The Buzzard and Ettrick fields, for example, have an Ettrick Formation
turbidite reservoir located in the Outer Moray Firth (Figure 2.10) (Doré and Robbins,
2005).

2.6.3 Post-rift trap formation
Structural traps formed during Upper Cretaceous to Cenozoic times are commonly
salt-related or result from basin inversion. They may also result from drape and
differential compaction over a deeper structure. The traps are associated with Upper
Cretaceous chalk or Early Tertiary sandstone reservoirs.
The salt-related traps are formed along the flanks of piercing diapirs of Zechstein
salt, and are characterized by upturned reservoir beds deformed during salt piercement. The Banff Field, situated in west Central Graben (Figure 2.5), is an example of
such a trap (Figure 2.11). The traps are sealed either by salt or by overlying shales.
Another style of salt-related trap is represented by four-way dip closure anticlines
formed around and above salt pillows; these are circular or elongate in shape and can
be very large, up to 6-8 km in width for the Ekofisk Field (Figure 2.2b, cross section
5).
Trap types in the post-rift succession also include stratigraphic traps; examples
are pinch-outs at the eastern limit of the Paleocene sandstone fairway, such as Jotun,
Everest and Grane (e.g. O’Connor and Walker, 1993) and traps at Eocene level such
as Alba (Newton and Flannagan, 1993).
Inversion-structure traps are four-way dip-closure anticlines resulting from the
compressional reactivation of major Late Jurassic normal faults. This style of trap is
not common because of the weakness of post-rift deformation in the Northern and
Central North Sea. In some cases it is unclear whether the structures result purely
from inversion movements or if salt movements are also involved, as for instance in
the case of the Tyra Field in the Danish sector.
Compactional-drape structures are low-relief anticlines with four-way dip closure
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caused by compaction drape over underlying highs or crests of tilted fault blocks.
Good examples are fields along the Forties-Montrose High in the Central Graben,
including the Forties, Nelson (Figure 2.12), Montrose and Arbroath fields (Carter
and Heale, 2003; Hogg, 2003; Kunka et al., 2003).
The plots in Figure 2.13 show the provinces, basin cycles and source rock (Kimmeridge Clay unit) that form the basis for the North Sea petroleum systems. The
Figure 2.11

Schematic interpretation of the Banff Field. The Banff Field is an example of a trap formed by salt diapirm; the salt movement has resulted in characteristically highly fractured chalk (The Millennium Atlas,
2003).

Figure 2.12

Seismic profile across the Nelson Field, illustrating the underlying structure. The Nelson Field reservoir
comprises narrow turbidite channels of the Forties Sandstone Member that cross the four-way dip closure.
The four-way dip closure was formed by a combination of structural inversion above the basement horst
of the Forties-Montrose High, and compactional drape over the underlying Balmoral Sandstone unit (The
Mellinium Atlas, 2003).

Figure 2.13

a)
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b)
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Figure 2.13 (continued)

c)

The migration from mature source rock to the main trap formations and trap styles of a) Northern North
Sea, b) Central Graben, c) Moray Firth. The petroleum system, the source rock and the basin cycle where
it is located in are listed at the top of each figure. The source rock charges all the basin cycles where the
petroleum migrates to a variaty of trap types. A collection of associated fields are presented in the figures.
The play levels (1-6), indicated in the boxes, are discussed in the conclusions following the classification
of Spencer et al., 1996.

source rock charges several levels or play levels in the pre-rift, syn-rift and post-rift
sections thanks to the rift geometry. At each of the reservoir levels, a number of
distinct trap types or plays can be distinguished. In the plot each “box” represents a
separate play (Doust, 2003).
The most important fields are also listed in the figures. In this way we come to recognise which traps are expected in a certain basin cycle that is charged by the Kimmeridge Clay Formation. For instance tilted fault block traps characterise the early
pre-rift, while pinch outs and dip closure traps are more common in the post-rift.

2.7 Sedimentary environment and trap formation related to the style of rifting
Although the North Sea Graben shares one main petroleum system, differences
exist in sediment and trap types across the graben. The Northern North Sea shows

the impact of pre-rift horst blocks reactivations on the symmetric shape of the
graben. The southern Viking Graben has minor reactivation of the Triassic faults that
ease petroleum migration to structurally higher traps due to the presence of relay
ramps and smaller fault offsets in stepovers (Fossen et al., 2010) (Figure 2.2b, cross
section 3).
The late pre- and early syn-rift sediments are thicker in these northern parts of the
North Sea. The migration path of petroleum from Late Jurassic source rocks favours
the tilted fault blocks on the basin flanks. The tilted pre-rift footwall fault blocks,
bounded by north-south and northeast-southwest faults are often separated by cross
faults. The structures closest to the basin centre were filled first with petroleum, then
spilled to the next structure and across fault zones. The excellent combination of essential parameters and their favourable juxtaposition make this the most prolific play
in the North Sea.
The Triassic, Lower Jurassic and Middle Jurassic structural plays occur in large
tilted fault blocks both sealed and sourced from Upper Jurassic mudstones. The
Triassic, Lower Jurassic, Middle Jurassic and Upper Jurassic structural-unconformity plays are situated in large tilted fault blocks which have suffered considerable
crestal erosion and were subsequently sealed by unconformably overlying Lower
or Upper Cretaceous mudstones. Upper Jurassic structural plays generally involve
shallow marine sandstones in tilted fault blocks while Upper Jurassic and Cretaceous
stratigraphic structural plays generally involve turbidite fan sandstones. Paleogene
stratigraphic plays are generally turbidite sandstone pinch-outs. Paleogene stratigraphic structural plays are depositional plays modified by later shale compaction
while Paleogene structural plays drape Jurassic fault traps or Zechstein salt pillows
in the southern part.
The structural style of the Moray Firth is not fundamentally different from the
Viking Graben. Both the Inner and the Outer Moray Firth are characterized by well
developed symmetric and asymmetric grabens and horsts. Most of the tilted fault
blocks were formed during the Kimmeridgian to Early Cretaceous times (Boldy and
Brealey, 1990).
Deposition of large submarine fans in the Outer Moray Firth during the Paleocene
resulted from the tectonic uplift and eastward tilting of the Scottish mainland, the
East Shetland and the Inner Moray Firth. In the Inner Moray Firth, a hangingwall
compressional anticline affects Lower Cretaceous sediments on the Wick Fault. During the Cenozoic right-lateral strike-slip movement took place along the Great Glen
Fault (Thomson and Underhill, 1993).
The Upper Jurassic shallow marine, Upper Jurassic turbidite occurrences and the
Cretaceous turbidite plays account for the majority of known petroleum in the basin.
Other significant plays occur in the Upper Old Red Sandstone, Paleocene sands, Permian sands and carbonates, and Lower-Middle Jurassic shallow marine sandstones.
The majority of fields and discoveries are located on the flanks of, or adjacent to
the Witch Ground Graben within the Outer Moray Firth. This distribution is likely
to reflect close proximity (short migration distance) to the mature Kimmeridge Clay
source rocks.
The remainder of the fields and discoveries are located on a broad east-west trend
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through the centre of the basin and to the south of the Halibut Horst. Very few fields
and discoveries have yet been found within the Inner Moray Firth, of those found to
date have Lower to Middle Jurassic shallow marine reservoirs.
In the Central North Sea the Triassic sedimentation is strongly influenced by Permian salt movement. Salt deformation associated with rifting leads to the accumulation of isolated, thick sequences of Triassic rocks or “pods” (potential reservoirs),
while Tertiary inversion, related to distal far field stress effect of the Alpine collision,
leads to a variety of salt related traps. The migration of petroleum is mostly vertical
through fractures produces by halokinesis.
The post-rift wrench faults favour vertical migration, while horizontal migration
occurs at the Paleocene level. Mass flows, slumps and turbidites are abundant in
the Cretaceous of the Central Graben. This is caused by rising chalk ridges during
sedimentation and is induced by inversion and halokineses.
The Devonian, Rotliegend, Zechstein, Triassic and Jurassic structural-unconformity plays are tilted fault-blocks which have suffered crestal erosion and were subsequently sealed by unconformably overlying Lower or Upper Cretaceous sediments.
Rotliegend, Zechstein, Triassic and Jurassic structural plays are in tilted fault-blocks
with interbedded or conformably overlying seals. Jurassic stratigraphic-structural
plays are predominantly Upper Jurassic shallow marine sandstones deposited in
areas of salt dissolution between grounded Triassic “pods”. Jurassic stratigraphic
plays are largely made up of Upper Jurassic turbidite sandstones interbedded with
deep marine shales. The Lower Cretaceous structural play involves overpressured
and fractured marly chalk reservoirs.
The Upper Cretaceous structural play consists of chalk reservoirs which have
resulted from tectonic inversion or salt related structures. In the Upper Cretaceous
stratigraphic-structural play, redeposited clastic chalk reservoirs are present around
the flanks of these structures. The Paleogene structural play consists of Paleocene to
Eocene turbidite sandstone reservoirs in large, low relief drape structures and smaller
salt related structures. In the Paleogene stratigraphic play, turbidite sandstone pinchout predominates, while the Paleogene stratigraphic-structural play is a combination
of salt-induced structures, lateral sandstone pinch-out, shale compaction and existing
seabed topography at the time of deposition.

2.8 Conclusions
This chapter summarizes the sedimentary history and play development that are
typical for the North Sea Graben System.
A hierarchic division of the sedimentary basin is presented in basin- forming tectonics, the sedimentary environment and the trap formation (Kingston et al., 1983;
Doust, 2003) of the North Sea Graben system. Figure 2.14 shows the scheme for this
hierarchic division of the sedimentary basins. The geodynamics control the basin
formation. This may be a result of plate motions, far field stresses or thermal activity

(thermal doming, plumes etc.). The effects of the geodynamics on basin evolution
depend on the composition of the crust, the plate movements and the position of the
basin (intra-continental, marginal) (Kingston et al., 1983). The tectonic activity is
strongly affecting the sedimentary environment with additional external factors such
as sea level change, sediment supply and climate controlling sediment composition
and quantity. The final element in basin division is the modifying tectonics. Basins or
cycles formed by one type of tectonic movement may be affected during their history
by other structural events. A sedimentary basin can be modified by basin inversion,
salt movements, and growth faults. These structural events are very important for the
formation of traps.
The petroleum system of the North Sea is situated in the syn-rift (see basin cycle 2
and petroleum system b in Figure 2.14) and charges cycles 1-3 (pre-, syn- and postrift). Each cycle has a number of play levels with related trap types and plays.
Figure 2.14

Schematic presentation of a basin divided in cycles, play, levels and traps. The geodynamics control the
basin formation and affecting the sedimentary environment (Spencer et al., 1996). The plays can be created or modified by any stress event during the evolution of the basin

We can identify six play levels related to the Jurassic Kimmeridge Clay unit, summarized below:
Pre-rift play level 1:
• Devonian to Triassic reservoirs in deeply eroded rift flank fault
blocks, formed in the Late Jurassic syn-rift, adjacent to syn-rift source
rock (short migration), sealed by Jurassic-Cretaceous shales. Examples:
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◊ Snorre Field: Triassic, deeply eroded block.
◊ Auk and Argyll fields (Figure 2.6): porous Zechstein carbonates
below Cretaceous unconformity. Uplifted after graben formation
(in post-rift), but still before charge.
Pre-rift play level 2:
• Early - Middle Jurassic in tilted fault blocks, including truncated
footwalls, sealed by Upper Jurassic - Lower Cretaceous shales; migration short. No post-rift disruption in most of area. Most important play in
the North Sea.
• Reservoirs belong to non/marginal marine Statfjord Formation and
northward prograding Brent Delta (mainly during the Bajocian)
• South Viking Graben/Outer Moray Firth/ Central Graben - an uplifted
area with volcanics and fluvial sediments (poorer reservoirs and gasprone source)
• Brent province: Late Jurassic extension during syn-rift, giving
low angle faults. Reservoirs - fluvial/paralic sands in slightly eroded
footwall blocks, below Jurassic/Cretaceous shale seals; short migration
during post-rift subsidence. Examples:
◊ Brent Field - simple fault block (Figure 2.2b, cross section 1).
◊ Gullfaks Sor Field - many small rotated fault blocks,
some wrench effects, deep erosion
◊ Beatrice Field (Figure 2.2b, cross section 7) - Middle Jurassic
reservoir in tilted fault block, outside main rift and mature source
rock. Charge from Oxfordian and Devonian source rocks.
Syn-rift play level 3:
• Late Jurassic, active rifting in a marine transgressive environment
• Oxfordian / Kimmeridgian: shallow marine sandstones in footwall
closures (Troll, Piper) and domal traps (Fulmer, Clyde).
◊ Troll Field (Figure 2.9): shallow marine sheet sand in a few
gently dipping fault blocks.					
			
◊ Fulmer, Clyde fields: Oxfordian-Kimmmeridgian, shallow
marine sandstone, formed by salt withdrawal and development
above Triassic “pods”

• Kimmeridgian / Volgian: shallow to deep marine turbiditic sandstones
and conglomerates in hangingwall closures adjacent to rift boundary
faults. Real syn-rift play with a closed system - Kimmeridge clay is
source and seal.
◊ Brae trend: 10 hangingwall fields along Fladen Ground Spur,
submarine fans (sands, conglomerates, shale), dipping eastwards
(original depositional dip), with a lateral seal against the boundary
fault (Figure 2.9).
◊ Claymore (Figure 2.8): Upper Kimmeridgian – Mid Volgian
turbidites on the dip-slope of a tilted fault block.
Syn-rift play level 4:
• Early Cretaceous, relatively rare submarine fans and gravity flows in
deeper marine mudstones, traps formed by drape over rift relief.
• In Moray Firth rifting continued, producing sandstone aprons around
emergent blocks
• Two main sand depositional periods:
◊ Oldest Cretaceous: continuation of Late Jurassic mass flow
deposits Scapa Field: Lower Cretaceous sandstone, adjacent to
active Halibut Horst, trap is synclinal, seal is conglomerate
against fault plus wedge- and shale-out.
◊ Aptian - Albian: extensive turbidites, derived from land
areas. Agat Field: dipping turbidites, shale-out up-dip.
Post-rift play level 5:
• Late Cretaceous to Danian chalk in dip closures above salt domes/
inversions, widespread in Central North Sea. No chalk in Northern North
Sea
• Early charge giving formation overpressure is essential for preservation of porosity. Best original porosity in debris flows formed on flanks
of rising salt diapirs/walls
• Traps partly stratigraphic, fractures lead to leakage to Paleocene
sands where they overlie chalk, so play only found beyond area of Tertiary fans
◊ Ekofisk Field (Figure 2.2b, cross section 5): south Norway and
Denmark, above salt, gas chimney is present - leakage to near
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Post-rift play level 6:
• Paleocene - Eocene submarine fans, mass flows and turbidites derived
from uplift of Scotland. Traps: drape dip-closures and pinch-outs, domes
above salt, stratigraphic relief, canyon fills, mounds.
• Migration is both vertical and horizontal
◊ Forties Field: Paleocene dip closure above deep structure, thick
sands
◊ Frigg Field (Figure 2.2b, cross section 2): Eocene stratigraphic
relief
◊ Alba Field: distal shoe-string channel sands
Looking at basins in this manner, by breaking them down in so-called basin building blocks, shows the similarities and differences between the provinces on various
scales. It creates questions like: what causes the similarities/differences and it helps
to point out the play levels including a spectrum of trap types that are likely to be
present.
This approach is applied and evaluated in the following chapters.

2.9 Summary remarks
• Using “trajectory plots” we have summarised the evolution of the
Late Jurassic rift - post-rift basin in the three main areas of the North
Sea: these show the following differences:
◊ geodynamic - (orientation of principal stress, type of geometry)
◊ sedimentary - (type of sediments/degree of fill)
◊ tectonic - (main structural features)
• We have analysed the petroleum systems in these 3 areas, locating
◊ the main charge system: syn-rift Kimmeridge source rock
charging pre-/syn-/post-rift
◊ the main reservoir levels: Devonian - Oligocene depending on

the juxtaposition with the syn-rift. They show the following evolution:
* Pre-rift - mainly coastal/shallow marine sands of Triassic, Lower Jurassic and Mid Jurassic but including older
sequences
* Syn-rift - a sharp shift to deep water sediments
* Post-rift - a gradual regressive filling in rift topography,
from deep marine to shallow marine
◊ the main types of trap typical for:
* the main type of geometry (symmetrical (Northern North
Sea), half graben (southern Viking Graben), distributed
graben (Central North Sea))
* the evolution of trap types through the pre-/syn-/post-rift
history. Pre-rift: mainly fault blocks; syn-rift: normal faults;
post-rift: depositional pinch outs, anti-clines above diapirs.
• The methodology used demonstrates how geodynamic and geological history can be used to identify patterns in petroleum system and play
development.
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Largely based on: Corver, M.P., Doust, H., van Wees, J.-D., Bada, G., Cloetingh, S., 2009. Classification of rifted sedimentary basins of the Pannonian Basin System. Marine and Petroleum Geology,
26, 1452-1464.

CHAPTER

3

Classification of rifted sedimentary basins of
the Pannonian Basin System

In the previous chapter we have approached the basin classification by breaking
the basins down into the cycles or stages that they comprise.
In this chapter we apply the same approach, but in addition we calculate characteristic source rock maturation zones by thermal modelling. These model predictions
have been verified against petroleum exploration data and observed subsidence
patterns.
We present an application to the Pannonian Basin System of Eastern Europe, an
area formed by Miocene back-arc extension and affected by compressional reactivation during its late-stage evolution. The sub-basins of the Pannonian Basin
System appear to have experienced comparable magnitudes of deformation, to have
developed similar trap types and to have experienced a characteristic source rock
maturation history in a way that supports comparison of play prospectivity.
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3.1 Introduction
In this chapter I identify and classify the families of Tertiary rift basins of the
Pannonian Basin region of Eastern Europe and relate them to basin evolution. Following early work by Royden and Horváth (1988), a vast geophysical and geological database in this area has been collected in recent decades as a result of a major
international research collaboration, partly carried out in the framework of European
programs such as the EU Integrated Basin Studies project (Cloetingh et al.,1995a;
Durand et al.,1999), the ILP-ALCAPA (Cloetingh et al., 1993; Neubauer et al.,
1997) and the EUROPROBE PANCARDI (Decker et al., 1998; Horváth et al., 2006)
programmes, and the Peri-Tethys program (Ziegler and Horváth, 1996; Dercourt et
al., 2000; Brunet and Cloetingh, 2003), the latter being largely funded in the context
of petroleum exploration. The location of the Pannonian Basin System including the
main areas of interest are indicated in Figure 3.1.
High-quality constraints on basin evolution obtained through the systematic acquisition of seismic, gravity, heat flow and magnetotelluric data by various research
groups are available for this natural laboratory (see Rădulescu et al., 1976; Royden
and Horváth, 1988; Dövényi, 1994; Demetrescu and Andreescu, 1994; Ionescu,
1994; Posgay et al., 1995; Szafián et al., 1997; Ádám and Bielik,1998; Tari et al.,
1999; Lenkey et al., 2002). Extensive well coverage in the framework of petroleum
exploration and surface studies has allowed the construction of a high-resolution
stratigraphic framework for the area (e.g. Vakarcs et al., 1994; Sacchi et al., 1999).
The Pannonian Basin System, therefore, allows us to test models for basin formation, evolution and subsequent deformation, and link these to petroleum system
development and subsidence patterns.
Three main tectonic processes controlled the formation of the Pannonian Basin
System. These are gravitational collapse of former over-thickened orogenic terrains,
which played a dominant role in the formation, and initial subsidence of the Pannonian Basin (Ratschbacher et al., 1991; Tari et al., 1992, 1999), subduction rollback beneath the Carpathian chain which facilitated extension in the basin interior
(Royden, 1988, 1993; Sandulescu, 1988; Csontos et al., 1992; Fodor et al., 1999),
and finally stretching and thinning of the Pannonian lithosphere, which resulted in an
asthenosphere updoming and further thermal subsidence of the basin during the Late
Miocene and Early Pliocene (Bada et al., 1999).
Not included in this chapter are the Vienna Basin and the Transylvanian Basin.
The low heat flow in the Transylvanian Basin suggests that it was formed by a different geodynamic mechanism than the Pannonian Basin (Kázmér et al., 2000). The
Vienna Basin, bordering the Pannonian Basin System in the north-west, is interpreted as a thin-skinned pull-apart structure on top of the thrust sheets of the Eastern
Alps and Western Carpathians (Royden, 1985; Wessely, 1988; Lankreijer et al.,
1995; Decker and Peresson, 1996), which developed as a result of lateral escape of
the Eastern Alps along the Vienna Basin Transfer Fault (Ratschbacher et al., 1991).
The main source rock is of Kimmeridgian age.
In this Chapter the sedimentary basins of the Pannonian area is divided into
syn-rift and post-rift cycles. The syn-rift cycle is represented by a period of active
extensional faulting in a continental interior situation and in general encompasses
the early to middle Miocene period (Horváth, 1993). The sediments are primarily

Figure 3.1
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Location map of the Pannonian Basin System showing the locations of the wells and the depocenters of
the sub-basins. Ma: Makó Trough, De: Derecske Basin, Já: Jászság Basin, Da: Danube Basin, Za: Zala
Basin, Vi: Vienna Basin, Tr: Transylvanian Basin (modified from Horváth et al., 1985)

of marine origin (Horváth, 1995). The post-rift cycle is characterized by thermal
subsidence without major faulting, in a continental interior environment, by this time
(late Miocene to Pliocene) isolated from the Neotethys Sea. During the late Pliocene
- Quaternary a phase of inversion took place. The sedimentary fill is of lacustrine to
fluvio-lacustrine origin (Horváth, 1995).

3.2 The different phases of extensional basin-forming tectonics
The Pannonian Basin province consists of a large number of extensional sub-basins of Neogene age overlying Paleogene basins and interior elements of the greater
Alpine foldbelt.
The subsidence history of five different Neogene sub-basins; Makó Trough
(HÓD-I well), Derecske Basin (Derecske-I well), Danube Basin (Bősárkány-I), Zala
Basin (Lovászi-II) and the Jászsag Basin (Jászladány-I) are shown in Figure 3.2.
These subsidence curves were compiled using data in Horváth et al. (1988), Sajgó
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et al. (1988) and Lenkey et al. (2002). The syn-rift phase is characterized by a rapid
tectonic subsidence and commenced at around 18 - 20 Ma in the entire Pannonian
Basin region (Royden et al., 1983; Tari et al., 1999). This phase of pronounced
crustal extension is recorded everywhere in the basin system, where it was mostly
limited to the formation of relatively small, fault-bounded grabens or sub-basins.
During the post-rift phase, which affected much broader areas, general down
warping of the lithosphere manifested itself in a phase of thermal subsidence (e.g.
Sclater et al., 1980; Royden and Dövényi, 1988). An additional, compressional,
phase was characterized by the gradual structural inversion of the Pannonian Basin
System during Late Pliocene - Quaternary times. As a result, the recent build-up of
intraplate compressional stresses has caused basin-scale buckling of the Pannonian
lithosphere associated with late-stage subsidence anomalies and vertical motions
(Horváth and Cloetingh, 1996). As seen in the subsidence curves (Figure 3.2) an
accelerated subsidence has been taking place in the central depressions (HÓD-I,
Derecske-I and Jászladány-I), whereas most external sub-basins have been uplifted
by a few hunderd meters during Pliocene - Quaternary period (Lovászi-II and
Bősárkány-I). The late-stage tectonic reactivations, as well as other episodic inversion events in the Pannonian Basin (Horváth, 1995; Fodor et al., 1999), highlight
the importance of tectonic stresses not only in the stretching phase (tension) but also
during subsequent inversion phases (compression).
On the whole, basin-scale thinning factors indicate a range of 10 - 100% crustal
extension, which is in good agreement with the pre-rift palinspatic reconstruction of
the Pannonian Basin System and the amount of cumulative shortening in the CarFigure 3.2

Decompacted subsidence curves for various locations in the Pannonian Basin System. Locations
of the basins are shown in the map of Figure 4.1 (compiled after Horváth et al., 1988; Sajgó et al.,
1988; and Lenkey et al., 2002). For the time scale the central Paratethys stages of Rögl (1996) are
used. E, O, K, Eggenburg, Ottnangian and Karpatian, respectively (Early Miocene); BAD, SA,
Badenian and Sarmatian, spectively (Mid-Miocene); PAN, PO: Pannonian and Pontian, respectively
(Late Miocene); PL, Pliocene; Q, Quaternary.

pathian orogen (e.g. Roure et al., 1993; Fodor et al., 1999).
Lenkey (1999) calculated the crustal thinning factors by forward modelling employing the concept of non-uniform stretching complemented by the effects of lateral
heat flow and flexure of the lithosphere. This is consistent with the areal pattern of
pre-Neogene basement depth (Horváth et al., 2006).
In the following paragraphs these basin subsidence patterns are analyzed in terms
of depositional environments and petroleum trap styles to understand better how to
predict which play types are likely to occur.

3.3 Depositional cycles or sequences
As discussed in Chapter 2, a convenient means to visualize sedimentary basin
evolution is to prepare a ‘‘trajectory plot’’ (Doust, 2003). Each trajectory represents a
single (sub-)basin so that the tectonostratigraphic basin histories can be analyzed by
comparing the trajectories.
Figure 3.3 shows the trajectories of the Makó Trough, Jászság Basin, Derecske
Basin, Danube Basin and the Zala Basin. The tectonic phases and depositional environments used to plot these curves are taken from Horváth et al. (1988), Sajgó et al.
(1988) and Lenkey et al. (2002).
During the syn-rift period the basins show a rapid marine transgression with overlap of the trajectory plots. During the post-rift period the environment of the basins
becomes more proximal. The degree of overlap of the trajectory plots in the syn-rift
phase and post-rift phase is related to two factors; similar tectonic history (i.e. timing
of syn-rift and post-rift are equal) and similar depositional environment sequence.
The fault patterns in the different tectonic phases can be observed from idealized
cross sections (Figure 3.4 - modified from Horváth and Tari, 1999), while reconstruction of the depositional environments is possible by investigating the lithofacies
from wells and outcrops.
The known productive play levels are illustrated in the trajectory plot. These are a
product of the reservoir rock and seal potential of the sedimentary sequence. At each
level, a number of structural trap types or plays are present, depending on the character of the basin-modifying tectonics.

3.4 Basin-modifying tectonics
The Neogene Pannonian Basin System rests on highly deformed strata of the Inner
Carpathians and on Paleogene basins. It is composed of many sub-basins separated
by basement horst blocks and uplifts.
These sub-basins contain early to middle Miocene age syn-rift sediments and
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Rift basin/cycle trajectory plots: Pannonian Basin families. Figure giving the plots of the tectonic phases and typical trap types on the horizontal axis and the
sedimentary sequence (depositional environment) on the vertical axis. Along the trajectories, the known commercially significant play levels are indicated
(Horváth and Tari, 1999)

Figure 3.3
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intercalated volcanics.
The Neogene sub-basins form pull-apart features and graben structures (Rumpler
and Horváth, 1988; Royden, 1988). Deeper basins are commonly bounded by sets of
normal faults of large displacement, some of them listric in nature. Locally, lowangle extensional normal faulting appears to play an important role, as in the Danube
Basin (Lankreijer et al., 1995).
Syn-depositional structural growth caused deformation and faulting of sediments
and, as noted by Pogácsás et al. (1994), ‘‘the opening of these basins resulted from
strike-slip motion along a set of roughly northeast-southwest trending, left-lateral
shears accompanied by a conjugate set of northwest trending, right-lateral shears.’’
Thermal subsidence, differential sagging and rapid sedimentation in the following
post-rift stage resulted in the deposition of relatively flat lying, undisturbed post-rift
sediments, which rest unconformably on syn-rift sequences in most of the sub-basins
and on basement rocks above the old highs.
The post-rift period is marked by two events of compression. Both phases are associated with fault reactivation and structural inversions on local and regional scales
(Horváth, 1995; Fodor et al., 1999). The earlier compressional event took place soon
after the termination of the syn-rift phase (ca. 11 - 8 Ma) and is well pronounced
in Figure 3.4, while the later event started sometime during the Pliocene and has
continued until Recent time (ca. 6 - 0 Ma) (Figure 3.2: Lovászi-II and Bősárkány-I
wells). The consequences of inversion on the thermal structure contributing the
source rock maturation are further discussed in Chapter 5.
Graben inversion in the Zala Basin (Figure 3.4b) has occurred by reactivation of
the former main normal boundary faults in a reverse sense (play A in Figure 3.4b
- Horváth and Tari, 1999). An anticlinal structure formed in Neogene strata, offers
potentially good traps for petroleum migrating upwards from Miocene source rocks.
However, a significant part (~1 - 2 km) of the younger sedimentary sequence has
been eroded and several traps have probably been breached and have lost their petroleum (Bada et al., 2006).
Another type of structure present in these basins is associated with young wrench
fault zones. These faults often produce positive flower structures and en echelon
folds in Pannonian to Quaternary strata (play C in Figure 3.4a).
Note that potential reservoirs, modified by tectonics, can be charged from petroleum of deeper origin from turbidities and delta-plain sandstone (Szalay and Koncz,
1993). In the following section these trap types are correlated to the basin evolution.

3.5 Correlation between basin evolution and typical trap types
In principle, we have a powerful tool in basin classification if we are able to link
the intensity of deformation to categories of subsidence curves. Figure 3.5 illustrates
how tectonic stresses can be linked to typical trap types as a function of intensity of
deformation (see also Chapter 2).
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b)

Idealized conceptual cross section to show the petroleum system of the Neogene basin fill. (a) The Great Hungarian Plain and (b) idealized cross section to show the petroleum
system of the Neogene basin fill of the Zala Basin. The Neogene tectonostratigraphic unit is bounded by unconformity 4 and the surface. Older tectonostratigraphic units are not
distinguished in this figure and are indicated collectively by the dark gradient pattern (modified from Horváth and Tari, 1999).

a)

Figure 3.4
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The path that basins describe can be traced through this stress versus intensity
scheme during their evolution. The arrow in Figure 3.5 describes the path of tectonic
trap-forming history characteristic for the sub-basins. The structures developed from
the syn-rift to the post-rift are footwall tilt blocks, compaction folds, reverse faults
and thrust folds. The succession of trap types (i.e. the path the basin takes through
the scheme) can also be used to characterize the sub-basin.
Typical trap types can be projected on the horizontal axis of the trajectory graph
(Figure 3.3). Now that the latter presents a summary of the basin evolution and its
petroleum system/play development. If the known commercially significant play
levels are plotted along each trajectory (Figure 3.3) it becomes possible to correlate
the basin evolution to its typical trap type development by zooming in on the fault
structures that are developed in each sub-basin.
Figure 3.5
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3.6 Source rock maturation zones
The configuration of the lithosphere and the tectonic history of the basins are the
driving forces that carry source rocks to depths at which they become mature.
In order to complete our linkage of petroleum prospectivity with basin-forming
geodynamics, depositional cycles or sequence development and basin-modifying
tectonics, the source rock maturation behaviour needs to be correlated with the sub-
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basins in this region.
To investigate this numerical modelling is applied to calculate source rock maturation and potential times and location of generation.
The numerical modelling approach, and the type of input data necessary for
constraining and validating the modelling, is discussed below. It should be noted,
however, that migration and accumulation of petroleum are not dealt within the
numerical model used in this study.

3.6.1 Numerical modelling approach
The workflow starts with backstripping analysis to produce tectonic subsidence
curves. Subsequently a best-fit tectonic model, matching the observed tectonic
subsidence, is obtained using a tectonic modelling inversion procedure. The best-fit
tectonic model contains as output a calculated ‘‘tectonic’’ basement heat flow history curve, which is subsequently used for maturation modelling. In the maturation
modelling a detailed steady-state geotherm for the sediments is constructed using
the transiently modelled tectonic heat flow as basement heat flow condition. Maturation modelling includes the effect of porosity on the depth-dependent conductivity
of sediments (Woodside and Messmer, 1961) and applies kinetics using the activation energies following Burnham and Sweeney (1989). A detailed description of the
model is presented in Van Wees et al. (2009).
The forward modelling approach is found in the pure-shear lithosphere thinning
model of McKenzie (1978) with the possibility of different amounts of thinning in
the crustal and subcrustal parts of the lithosphere (e.g., Royden and Keen, 1980).
The symbols used for the crustal and subcrustal stretching factors are δ and β, respectively. The thermal evolution of the geotherm perturbation caused by lithospheric stretching was calculated, during a finite syn-rift phase, by applying appropriate
velocities and material properties over time (Van Wees and Stephenson, 1995). During lithospheric stretching, fixed strain-rates are assumed. Sedimentation or erosional
rates are assumed to be linear through time in accordance with the backstripping
analysis (e.g. Bond and Kominz, 1984).
The lithosphere is subdivided in four layers (Figure 3.6), comprising sediments,
upper crust, lower crust and mantle. At the start of the basin evolution the sediment
layer has a zero thickness. The crust is divided in an upper crust and lower crust of
equal thickness, with different characteristics for radiogenic heat production (Figure
3.7). Each layer is marked by a temperature difference between top and bottom,
which accumulate to the temperature difference ΔT between the top and base of the
lithosphere:
ΔT = ΔTuc + ΔTlc + ΔTma					
where									
ΔTuc = qt(Δzuc/ Kuc) - 0.5Auc(z2uc/Kuc) 				

ΔTlc = (qt - AucΔzuc)Δzlc/ Klc - 0.5Alc(z2lc/ Klc) 				
ΔTma = (qt - AucΔzuc - AlcΔzlc) Δzma/ Kma
where qt = steady-state surface heat flow (m2/s); K = conductivity of
sediments, upper crust, lower crust and mantle respectively; Δz = thickness
of sediments, upper crust, lower crust and mantle respectively; A = heat
Figure 3.6
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Cartoon of Eulerian finite difference grid for the tectonic model of the lithosphere,
before (left) and after stretching (right) for uniform stretching with stretching factor, β.

Figure 3.7

Schematic illustration of temperature distribution in continental lithosphere. The thermal conductivity (K)
is defined in the heat flow equation: q = K (dT/dz).
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production of sediments, upper crust, lower crust.
Surface temperature is allowed to vary over time. In order to obtain sufficient
numerical precision in the sediments, the grid layout is chosen in such a way that the
density of the grid is 250 m up to the depth level of maximum sediment infill. Below
this depth level 100 grid nodes are used to represent the remainder of the crust and
mantle lithosphere.
The two-layered finite-stretching model (β ≠ δ) is capable of kinematically modelling a variety of modes of lithospheric deformation, beyond the classic McKenzie
model (Van Wees et al., 2009). For basins underlain by conjugate continental plate
margins various authors have pointed out that a two-layered stretching can explain
the kinematics of the lower plate (β < δ) and conjugate upper plate ((β > δ), which
are marked by strongly contrasting modes of thermal and rheological evolution (e.g.
Ziegler et al., 1998). Kusznir et al. (2005) have pointed out that in fact for many continental margins β > δ, as a result of depth-dependent stretching during post-breakup
extension of deeper parts of the crust and upper mantle. In addition impingement of
mantle plumes can cause thermal uplift and thermal alteration of the mantle lithosphere which can be modelled through applying β > 1, δ = 1 (Cloetingh and
Van Wees, 2005). Adoption of β > δ agrees also well for lithospheric settings of
extensional collapse where mantle lithosphere attenuation is taking place faster than
crustal stretching because of slab delamination (e.g. VanWees et al., 2000, 2009).
Basin inversion corresponds to kinematic models in which β = δ < 1.
Thermal attenuation in the mantle can cause pervasive magmatism as melt occurs
when temperatures are in excess of the mantle solidus (White and McKenzie, 1995).
Melts accumulate as underplates at the base of the crust and can cause basalt extrusions at the surface. The kinematic models presented here do not allow modelling
of detailed kinematic effects such as volcanism, which can make up to 10 - 50% of
the crustal thickness and results in permanent uplift, and which should be accounted
for in a rift model. Instead, the uplift effect and large scale thermal attenuation can
be taken into account using a crustal stretching value which is less than that of the
subcrustal stretching. The latter approach is well capable of producing first order
lithospheric effects on heat flow for underplated margins (Kusznir et al., 2005).
An important typical feature of predicted heat flow is that basal heat flow decreases in time, due to the reduction of heat-producing elements in the crust consequent
on its thinning. On the other hand heat production in the sediments accounts for an
increase in surface heat flow relative to basement heat flow.

3.6.2 Model input
The Derecske-I well, located in east Hungary in the Derecske Basin (location on
Figure 3.1), was used to illustrate the modelling procedure. A simplified description
of the Derecske-I well is given in Figure 3.8 (see Dövényi and Horváth, 1988 for a
detailed description).
The Derecske-I well reached a total depth of 4988 m in Neogene sediments, where
the drill reached the bottom of the middle Miocene sediments.

Figure 3.8
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Simplified lithology, measured conductivities, and calculated temperatures versus depth for the Derecske-I
well. (1) Thick continuous shale beds; (2) thick continuous sandstone beds; (3) mixed development consisting of alternating shale and sandstone beds with thicknesses less than 5 m; (4) tectonic breccia including strongly deformed shales; (5) thermal conductivities measured on shale, silt, sandstone and Paleozoic
schist samples, respectively; (6) measured temperatures: corrected bottom hole temperature and drill stem
test data, respectively (Dövényi and Horváth, 1988).
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Table 3.1

Parameter
Lith
Crust
ρcrust
ρmantle
Kcrust
Kmantle
Ksed
Auc
Alc
α
κ
Tsurf
Tbase

description
Initial lithospheric thickness
Initial crustal thickness
Crustal surface density
Mantle surface density
Crustal conductivity
Mantle conductivity
Sediment conductivity
Heat production in upper crust
Heat production in lower crust
Lithosphere thermal expansion
Thermal diffusion
Surface temperature
Base lithosphere temperature

unit
km
km
Kg/m3
Kg/m3
W/m°C
W/m°C
W/m°C
μW/m3
μW/m3
m/s2
°C
°C

value
100
30
2900
3400
2.6
3.1
2
0
0.5
3.2 10-5
1 10-6
15
1330

Initial lithospheric and crustal parameters for the Derecske-I well located in the Derecske Basin.

Figure 3.9

Input well. Input values of the synthetic wells for
decompaction and hydrocarbon maturation calculations. The graph represents the burial history used as
input for the model.

The lithospheric parameters used in this numerical model are shown in Table 3.1.
Figure 3.9 shows a burial history graph and a table. This input burial history curve is
constrained by the borehole data of the Derecske-I well. It should be noticed that this
burial graph is not yet decompacted. Both decompaction and maturation are calculated using these input well data. The maturation modelling includes a detailed steadystate geotherm for sediments, the effect of porosity on depth-dependent conductivity
and applies kinetics to the kerogen.

3.6.3 Model output
The predictions from the numerical modelling have been compared with the well
data. Similarities in source rock maturation zones of the individual sub-basins within
the same subsidence group support the link between the drivers of basin evolution
and the source rock maturation zones.
The numerical modelling of the Derecske-I well gives quantitative estimates for
stretching factors, tectonic subsidence, temperature gradient, surface heat flow and
source rock maturation curves.
Figure 3.10 gives a schematic view of the tectonic configuration including the
calculated crustal and subcrustal stretching factors. Thermal and gravity modelling
suggest that the Pannonian Basin is underlain by a high temperature, low-density region in the upper mantle (Lenkey et al., 2002). This highly disturbed geotherm may
be due to lithospheric stretching and thinning. This is manifested by the presence of
an asthenospheric perturbation below the basin and high subcrustal stretching values;
β = 5 (Figure 3.10).
The calculated tectonic subsidence curve is shown in Figure 3.11 as well as the
modelled surface heat flow (discussion in the following paragraph). The timing of
syn-rift, post-rift and inversion are also illustrated in the graph.
The modelled temperature gradient for the location of the well is illustrated in Figure 3.12. This gradient corresponds closely to the observed borehole data. The zones
of source rock maturation, given in units of vitrinite reflectance; Ro (%), are also
plotted in this graph so that the relationship between depth, temperature and source
rock maturation for this part of the Pannonian Basin System can be seen.
Figure 3.13 shows the maturation versus depth of the sub-basins. One plot is taken
from the well data; the other graph is calculated by the numerical model. The actual
and calculated zones of maturation correspond closely, reflecting the predictive
power of the numerical model.
Modelling with similar results has been carried out on the HÓD-I well, Derecske-I
well, Bősárkány-I well, Lovászi-II well and the Jászladány-I well by Horváth et al.
(1988), Sajgó et al. (1988) and Lenkey et al. (2002), respectively.
An addition to this previous work is that, with the help of this concept, we not
only relate the subsidence curves of the sub-basins to syn- to post-rift development,
to crust/lithosphere thickness and to strength/heat flow, but also to the probable
stacking pattern of the sedimentary fill, as discussed below.
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Figure 3.10

Cartoon of Eulerian finite difference grid for the tectonic model of the lithosphere. The cartoon illustrates
the crustal (δ) and subcrustal (β) stretching factors. dT/dz represents the temperature gradient with depth
showing a disturbed geotherm in the stretched part of the model.

Figure 3.11

Modelled tectonic subsidence and surface heat flow and the timing of syn-rift, post-rift and inversion
period of the Derecske-I well in the Derecske Basin.

Figure 3.12

Temperature gradient. Observed (pink line) and calculated temperature gradient (blue line) and zones of
hydrocarbon maturation in the Derecske-I well.

Figure 3.13

Maturation versus depth graph. One graph is taken from the Derecske-I well data; the other graph is
calculated by the numerical model.
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3.7 Discussion and conclusions
Neogene sedimentary basins in the Pannonian Basin System and the development
of petroleum systems can be classified according to the geodynamic, sedimentary
and tectonic drivers that dictate their dynamic evolution.
Links can be made between the different driving elements as is suggested by the
shared play levels for the sub-basins (Figure 3.3) and the trap types typical of the
different sub-basins (Figure 3.5).
The modelled tectonic subsidence and surface heat flow of the Derecske-I well
(Figure 3.11) show the relation between the tectonic phases (syn-rift, post-rift and
inversion) and the surface heat flow. The thermal pulse created during the syn-rift
period controls the surface heat flow in the later post-rift phase, as illustrated by
reconstruction of the Derecske-I well, which shows a decline in surface heat flow at
the beginning of the post-rift cycle (11 Ma ago).
The decline in surface heat flow is linked to the stacking pattern of the sedimentary fill, since the latter is a consequence of the increased input of sediments into the
created accommodation space. A change in sedimentation style from the syn-rift,
with its fine-grained clastic material deposited from suspension and turbiditic flows,
commonly associated with the flanks of local basement highs, to the post-rift, in
which large volumes of clastic material that were transported towards the basin centers by rivers in a delta system (Horváth et al., 1988) is detected. The heat transport
to the surface was reduced by these deltaic sediments, but after the first 2 My of the
post-rift phase the sedimentation rates became less, allowing the surface heat flow
to recover and rise again. The surface heat flow, with the ‘‘peak’’ in the post-rift,
matches the observed temperature gradient (Figure 3.12) and source rock maturation
zones (Figure 3.13).
Figure 3.14 shows the maturation through time of 6 horizons of the Derecske-I
well with ages of 17, 12, 11, 10, 8 and 2.4 Ma. The oldest layers reached the oil
window around 10 Ma, while the youngest layers have just reached the oil window
due to the present heat flow.
Figure 3.15 shows all the observed and/or calculated maturation curves for a number of wells in the sub-basins. Every curve follows the same pattern and more or less
coincides with the others down to the level of 3000 m depth. From this point down
different values in vitrinite reflectance per well can be detected. This is interpreted
to be a product of small differences in the thermal gradient and/or problems with the
measurement of the vitrinite (Sajgó et al., 1988). The HÓD-I well, however, shows
the lowest values. We cannot present an explanation for these low vitrinite values
which should be examined in future studies.
This study showed us that great similarities exist between the different sub-basins
of the Pannonian Basin System. Crustal extension and lithospheric thinning culminated during the syn-rift, with normal faulting. The sedimentation rate did not keep
pace with the fast basement subsidence, as reflected in the Dereckse-I well thermal
modelling. This resulted in deep water sedimentation in most of the troughs.
A prograding delta system filled the Pannonian Basin System by the end of the
Miocene. Additional thermal subsidence of the basement was roughly equal to the

Figure 3.14

75
The maturation trough time of 6 horizons with ages of 17 (yellow), 12 (blue), 11 (green), 10 (red), 8
(black) and 2.4 (brown) Ma in the Derecske-I well.

Figure 3.15

The maturation versus depth graph from the wells in the Pannonian Basin System, including the zones of
maturation. The locations of the wells are shown in Figure 3.1.
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rate of sedimentation during the Pliocene and Pleistocene, giving rise to shallow
lacustrine and marshy depositional environments (Horváth et al., 1988).
In the Pannonian Basin System play levels occur mainly in the post-rift, where
deltas and alluvial deposits were involved in inversion structures. Finally, the source
rock maturation curves show similar patterns with comparable values for the selected sub-basins.
Given this level of stratigraphic and geodynamic knowledge, this approach of
linking basin evolution drivers in an analysis of the subsidence, sedimentary, tectonic
and thermal history can help to identify characteristic basin trends that may be used
to predict which plays could be expected to occur in a particular basin or region.

3.8 Summary remarks
• Similarities in the basin-forming geodynamics and depositional evolution, especially in the post-rift, imply that similar petroleum systems
could develop.
• Similarities in source rock maturation zones of the individual subbasins support the link between the drivers of basin evolution and the
source rock maturation zones.
• The actual and calculated zones of source rock maturation correspond
closely, reflecting the predictive power of the numerical model.
• Subsidence curves of the sub-basins can be related to syn- and postrift development, to crust/lithosphere thickness and strength/heat flow,
and also to the probable stacking pattern of the sedimentary fill.
• A decline in surface heat flow is linked to the stacking pattern of the
sedimentary fill, since the latter is a consequence of the increased input
of sediments into the created accommodation space.
• The young layers in the post-rift (~2 Ma) have just reached the oil
window due to the present heat flow.
• The source rock maturation curves show similar patterns with comparable values for the selected sub-basins. HÓD-I well does not match the
characteristic subsidence and maturation path.
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CHAPTER

4

Source rock maturation characteristics of symmetric and asymmetric grabens inferred from
integrated analogue and numerical modelling:
the southern Viking Graben (North Sea)

This chapter presents the results of an integrated analogue and numerical modelling study with a focus on structural, stratigraphic and thermal differences between
symmetric and asymmetric grabens. These models combine interpretation of active
fault activity with subsidence analyses in studies of rifting and graben migration.
We imported the surface topography and crustal thinning factors from analogue
models into tectonostratigraphic forward models that allowed an assessment of the
relative importance of sediment stacking in the generation of symmetric and asymmetric grabens. Effects on source rock maturation zones were calculated through
1D thermal modelling for the different graben types. Combined analogue-numerical
modelling appears to be a useful method to simulate natural examples, as shown in
this study of the southern Viking Graben in the Northern North Sea. This area was
formed by Early Permian - Late Jurassic extension, with rifting most intense during
the Late Jurassic. The thermal structure of the model, constrained by lithospheric
and sedimentary parameters for this region, compares well with actual source rock
maturation data on the southern Viking Graben.
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4.1 Introduction
The bulk mechanical behaviour of the extending lithosphere has been extensively
studied using numerical models that incorporate the strong temperature dependence
of rock rheology (e.g. Dunbar and Sawyer, 1989; Chéry et al., 1990; Govers and
Wortel, 1995). However, these models fail to simulate faulting in brittle layers. On
the other hand laboratory experiments on small-scale models using brittle and ductile
analogue materials are unable to adequately incorporate temperature dependence
of rock rheology but have proved effective for the study of both bulk and internal
mechanical instabilities of extending lithosphere (Faugère and Brun, 1984; Vendeville et al., 1987; Brun et al., 1994; Benes and Davy, 1996). Smit et al. (2008b), for
example, developed analogue models for pull-apart basin formation with an application to the Dead Sea Basin to address basin geometry and basin fill (see also Smit et
al., 2008a).
To this aim, an integrated analogue and numerical study has been carried out. The
focus is on structural, stratigraphic and thermal differences that develop between
symmetric and asymmetric grabens as they experience different steps in extension. The nature and architecture of graben infill during rifting are determined by a
combination of tectonics, climate, sediment type and supply rate, eustasy and, to a
lesser extent, by the position within the evolving rift system (Nøttvedt et al., 1995;
Ter Voorde et al., 1997).
In this chapter a study is presented to examine the relative importance of tectonics on sediment stacking during the syn-rift and post-rift graben cycles. The surface
topography derived from graben propagation characteristics obtained from the analogue model is used in subsequent tectonostratigraphic forward modelling.
The thermal perturbation caused by lithospheric stretching was calculated, during
a finite syn-rift phase, by applying appropriate velocities and material properties over
time (Van Wees and Stephenson, 1995).
Also source rock maturation modelling is performed, expressed in vitrinite reflectance (Ro%), including the effect of porosity on the depth-dependent conductivity of
sediments (Woodside and Messmer, 1961) and applying the chemical kinetic model
of Burnham and Sweeney (1989).
Heat flow, temperature gradient and source rock maturation are calculated for
different scenarios of sediment stacking along a synthetic well at the center of the
graben and tested against data in an application to the southern Viking Graben
(North Sea).

4.2 Rift development and sedimentary fill
In continental rift systems, active faulting is likely to be of significant influence
on syn-rift stratigraphy and facies distribution (e.g. Frostick and Steel, 1993), since
the accommodation space as well as sediment input is to a large extent controlled
by fault movements (Den Bezemer, 1998). The growth and linkage of fault seg-

ments during fault array evolution has a fundamental control on patterns of sediment
dispersal in rift basins (Gupta et al, 1999). In addition, variations in sediment supply,
sedimentary processes and sea level are likely to complicate architectural signature
(Nøttvedt et al., 1995).
There is a general consensus that basal sandstones represent rift initiation, with
low tilt rates and rapid emptying of weathered detritus from catchment areas, and
that shale-rich intervals represent the climax of rifting (Prosser, 1993). This is because high rates of subsidence and fault block rotation create space faster than it can
be infilled while coarse sediments are trapped and stored nearer to the fault scarps.
The upper graben fill is supposed to represent a time of reduced subsidence towards
the end of the active stretching phase, evolving towards the start of the post-rift
(Nøttvedt et al., 1995). At this point, transverse drainage systems become better established and shallow marine systems can prograde out across the graben, potentially
leading to infilling of the sub-grabens to sea level (see Prosser, 1993; Sinclair and
Riley, 1995). Thus the most active rifting is commonly associated with fine-grained
sediments, whereas coarsening is associated with decreasing fault activity. The duration of the introduction of coarse sediments will influence source rock composition
and topographic gradient (Den Bezemer et al., 2000).

4.3 Methodology
In this study analogue modelling with numerical modelling is integrated to compensate for inherent limitations of each method. Analogue models have been widely
used to analyze the deformation resulting from extension of continental lithosphere.
Analogue models can successfully reproduce fault development in an extending
lithosphere, but are unable to properly take into account the complex rheological
variations induced by temperature changes (Brun, 1999). In contrast, numerical
models are able to simulate the strong temperature dependence of rock rheology but
fail to reproduce complex fault patterns in the upper brittle layers. Further, numerical
models can be validated by temperature and source rock maturation data.
The combined outcome yields structural predictions resulting from the analogue
modelling and adds sediment stacking and thermal structures, contributed by numerical modelling.
The methodological approach of the integration of analogue and numerical models
is shown in Figure 4.1 and is discussed further below.

4.3.1 Analogue modelling
For meaningful analogue modelling of Earth processes proper scaling of model
parameters is a pre-requisite (King Hubbert, 1937). Scaling of the models to the
natural prototype was achieved by maintaining similarity in geometry, dynamics,
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Figure 4.1

Flow-chart illustrating the integration of analogue and numerical models for the study of heat flow and
source rock maturation in rifted basins.

kinematics and rheology (e.g., Ramberg, 1981; Weijermars, 1997). Fault processes
in real rocks can be described as frictional plastic responses to stress. The frictional
mechanical parameters are the cohesion and the frictional coefficient angle. Dry
quartz sand was selected as an analogue for brittle rocks, since it is a plastic material,
which fails by faulting, and the fault geometries are independent of the deformation
(i.e. strain) rates (Byerlee, 1978).
In this study dry quartz sand of grain-size ≤ 0,300 mm in diameter and 1.5 g/cm3
density, was used to represent the brittle behaviour of the fractured upper continental
crust (Byerlee, 1978). The strength of a rock depends on the cohesive strength (σ0)
and the internal frictional resistance to faulting. The stress must be large enough to

overcome the cohesive strength and the internal friction in order to give displacement along the potential fault plane. The dry sand has a Mohr-Coulomb failure
envelope with negligible cohesion and ~30° angle of internal friction.
Two models with dimensions of 30 x 25 x 3.5 cm were created. The models were
scaled such that 1 cm in the model represents about 6 km in nature. No sedimentation has been applied in the analogue model and no isostatic compensation was
performed, since the latter is built of sand only. During active rifting the deformation
is assumed to be instantaneous. Following Jarvis and McKenzie (1980), no strength
is assigned to the lithosphere during the relative short period of active rifting (5 - 15
My) adopted in our models. Lithospheric strength is however incorporated during
the post-rift phase in the numerical model calculations (see section 4.3.2 numerical
modelling).
The models focused on the deformation of the brittle upper crust and were
decoupled from the lower ductile crust above a detachment surface represented by
the plastic floor of the squeezebox. All models were deformed up to 3 cm of lateral
extension to show the characteristic graben shape with multiple faults. The width at
the surface of the graben, created by the 3 cm of extension represents approximately
50 - 60 km in nature. This is compatible with a characteristic width of 30 to 40 km
at the onset of necking in continental rifts (Brun, 1999). Grabens with comparable
widths are for example the most southern part of the Viking Graben, the East African
Rift and the Rhine Graben,
Extension was produced above a velocity discontinuity at the base of the model
represented by a sheet of plastic pulled orthogonally. To create symmetric grabens
two sheets were simultaneously pulled orthogonally at the base. To create asymmetric grabens, only one sheet was pulled.
Thin black layers were introduced as passive markers inside the analogue models
to visualize the deformation pattern. High resolution 3D laser-scans were taken during deformation at intervals of 1 cm extension in order to visualize the topography.
After extension, the models were soaked in water and cut into longitudinal strips to
expose cross sections for photographs of the internal structures. The structures along
the length of the model (orthogonally to the direction of extension) are uniform,
since stresses were applied orthogonal to the length of the graben.
For integrating the analogue modelling into the numerical modelling we follow
McKenzie’s (1978) quantitative model of uniform stretching. The total subsidence
in an extensional basin is made up of two components: an initial fault controlled
subsidence (obtained from the analogue model) which is dependent on the initial
thickness of the crust and the amount of stretching (β); and a subsequent thermal
subsidence caused by relaxation of lithospheric isotherms to their pre-stretching
position (modelled numerically), and which is dependent on the amount of stretching alone. The crustal thinning of the analogue model was translated into thinning
factors using McKenzie’s (1978) uniform thinning model. These thinning factors
were subsequently used in the tectonostratigraphic forward modelling to include the
thermal subsidence during the post-rift.
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4.3.2 Numerical modelling
The combination the effects of tectonostratigraphic forward modelling was implemented in order to include sedimentation and isostatic response in the model. The
period of active rifting is kept relative short (5 - 15 My) to have a minimum misfit
in the topography obtained from the tectonostratigraphic forward model compared
to the analogue models due to the absence of isostasy and sediments. Lithospheric
depth of necking is set at mid-crustal level to have a minimum regional isostatic response (Kooi et al., 1992; Cloetingh et al., 1995b). This can be escribed as thinning
of the lithosphere around its strongest part(s).
The tectonostratigraphic forward modelling in this study is based on the pure
shear stretching principle, originally proposed by McKenzie (1978). The thinning of
the lithosphere during the syn-rift results in post-rift subsidence due to thermal contraction. This version of the pure-shear model has been extended in order to account
for two-dimensional heat flow, flexural isostasy (including the effects of changing
intra-plate stresses), and level of necking of the lithosphere during extension (Kooi
and Cloetingh, 1992; Van Balen and Cloetingh, 1993). The main parameters for the
tectonostratigraphic forward modelling are: pre-rift crustal and sub-crustal thicknesses, thinning factors, the depth of the level of necking, sea-(or lake-)level history,
palaeowater depths and intraplate stresses. The forward modelling generates a stratigraphic cross section. Prior to the modelling, the parameters have to be constrained
as much as possible by natural examples.
The tectonostratigraphic forward model calculates “basement subsidence” and
“tectonic subsidence” for a two dimensional model of a sedimentary graben initiated
by two layer lithospheric stretching (Royden and Keen, 1980). Basement subsidence
can be inverted to yield a synthetic stratigraphy in which compaction of the sediments can be accounted for.
For each step in the model, the total basement subsidence is inverted to the corresponding stratigraphy by filling of sediments to an imposed paleowater depth profile,
which can include characteristic shallow and deep water depths. The water column
itself is filled up to a reference level, usually sea level. Both water depth and sea
level are permitted to fluctuate through time.
Compaction of sediments as a function of depth (z) is calculated using a standard
porosity-depth relation for all sediments (e.g. Sclater and Christie, 1980).
An analytical approach for the thermal calculations was adopted in order to limit
the amount of cpu-time necessary for the modelling of old grabens. This requires
simple boundary conditions and a simple initial thermal state of the lithosphere
(McKenzie, 1978; Royden and Keen, 1980). Appendix A gives a detailed description
of the tectonostratigraphic forward modelling methodology.
For the development and validation of play concepts, the modelling of source rock
maturation derived from the burial and temperature history is important (Corver et
al., 2009). Source rock maturation data in wells can give additional constraints on
the numerical models. In order to relate the 2D model results to implications for
source rock maturation, timing and magnitude a 1D modelling approach has been
used (Van Wees et al., 2009), which is fully consistent with the 2D modelling rifting
assumptions. For this purpose, synthetic wells have been placed in the deepest parts

of the tectonostratigraphic forward models.
The 1D model is discussed in Chapter 3. The model uses a backstripping analysis
to generate tectonic subsidence curves, tectonic basement heat flow and source rock
maturation curves.
At the start of the basin evolution the sediment layer has a zero thickness. The
crust is divided in an upper crust and lower crust of equal thickness, with different
characteristics with respect to radiogenic heat production of the sediments (Table
4.1). Heat production in the upper crust in the initial configuration accounts for 40%
of the surface heat flow. For the lower crust a fixed heat production of 0.5 mW/m3
is used. The lithospheric thickness (including sediments) retains the same thickness
through time, with a fixed lower boundary temperature of 1330 °C. Surface temperature is allowed to vary over time.
As discussed by Fjeldskaar et al. (2004), the 2D tectonostratigraphic models yield
good representations of the Viking Graben of crustal and lithosphere temperatures
without the use of non-uniform diffusivities/conductivities. In this manner, the 2D
model output (i.e. the crustal geometry and sediment thickness) is used as a boundary or start condition for the 1D model. In contrast, the 1D model requires detailed
and heterogeneous thermal property characteristics to predict accurately sediment
temperatures for source rock maturity calculation. For thermal conductivity it
includes the effect of porosity on the depth-dependent conductivity of sediments
(Woodside and Messmer, 1961). A detailed description of the determination of these
properties is presented in Van Wees et al. (2009). For maturity calculations the model
applies kinetic reactions using the model of Burnham and Sweeney (1989). Decompaction parameters are entered for lithologies, of which the layers are composed. The
decompaction curves are formed by a double exponential porosity-depth law (e.g.
Bond and Kominz, 1984). Details on the calculation of steady-state heat flow for a
layered lithosphere including heat producing crust and sediments, with contrasting
thermal conductivities are given in Appendix B. Table 4.1 specifies the surface porosities, used in the double exponential porosity-depth law, conductivity and the heat
production of the sediments applied in the modelling.
It should be noted that the actual migration and accumulation of petroleum (Magoon and Dow, 1994) are not simulated in the numerical model used in this study.
We are modelling thermal maturation, not expulsion, migration or accumulation
that may take place at different times. The scale of this exercise is looking at gross
characteristics.

4.4 Results
4.4.1 Analogue models
In this study normal faults are created by orthogonal extension in analogue
models. The analogue models of the symmetric and asymmetric grabens demonstrate characteristic shapes after 3 cm of lateral extension (scaled to about 18 km in
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Table 4.1
Lithology

Surface porosity (%)

Conductivity
(W/m°C)

Heat production
(μW/m3)

Sandstone

36

4

0.7

Shale

62

1.8

1.3

Silt

47

2.75

0.7

Limestone

46

3.1

0.05

Salt

6

5.5

0

Coal

6

0.5

0

Anhydrite

6

5.7

0

Carbonate

46

15

0.05

Thermal parameters of the sediments adopted in thermal and maturity modelling.

nature), creating a graben width of approximately 50 - 60 km. The symmetric graben
is bounded by large normal faults at both sides, and normal faults with smaller
offsets are created inside the graben (Figure 4.2). The asymmetric graben displays a
large normal fault at one side of the graben, which remains active, and sets of normal
faults at the other side of the graben that propagate outward during extension (Figure
4.2).
Scans from the surface of the model, made by the high resolution 3D Laser scanner, show the topography evolving per step of 1 cm of extension (Figure 4.3). The
rate of subsidence in the rifting phase is generated by calculating for every time step
differential topographies, presented in the right panel of Figure 4.3.
Figure 4.2

Left: cross sections of the analogue models. Right: fault interpretation. Arrows indicate the displacement
along the faults after 3 cm of extension (equivalent to 18 km). Upper panel represents a symmetric graben.
Lower panel represents an asymmetric graben.

Temporal evolution of topography (left) and basin propagation (right) per step of 1 cm extension for incremental time steps (δt). Colours
represent subsidence rate, expressed in km/My. Upper panel is for a symmetric graben. Lower panel represents an asymmetric graben.

Figure 4.3

The symmetric graben is characterized by a subsidence pattern with maximum
subsidence at the centre, subsequently migrating to both sides of the graben equally,
as faults keep evolving at the boundaries of the graben. The asymmetric graben
shows initial subsidence pattern at the centre migrating toward the side where the
master normal fault remains active.
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4.4.2 Stacking patterns
The magnitude of the subsidence, during active rifting, has a considerable effect
on the stacking pattern of the syn-rift sedimentary fill. The sediment stacking pattern
of rift basins reflects the underlying pattern of fault array evolution (Gawthorpe and
Leeder, 2000). The evolution from small, disconnected faults to full linkage commonly produces a stratigraphic succession of isolated frequently continental grabens
with deep water facies evolving into rifts connected to an opening ocean containing
shallow marine or deep marine sediments.
According to the subdivision in depositional environments during active rifting of
Nøttvedt et al. (1995) and Den Bezemer (1998), each step in extension can be linked
to a characteristic sedimentary environment (Table 4.2). Of primary importance is
the rate of subsidence on the bounding fault and on individual fault blocks compared
to the rate of sedimentation (Morley, 1989). This relationship controls the formation
of accommodation space for sediments and often the depositional facies. Another
aspect of tectonic control on sedimentation is the evolving topography generated by
rift-basin development. Topography controls processes, facies and sediment supply. In rifts with marine sediment fill, relative sea level is a more important control
on sedimentation than climate. Relative sea level determines many aspects of facies
distribution, such as the proportion of deep versus shallow-water environments, and
rates of relative sea level change determine stratigraphic architecture (Lambiase
and Morley, 1999). It is evident that the interplay of these different factors controls
the statigraphic environment inside the graben. We apply a deepening in sedimentary environment during for the total period of extension to incorporate the general
consensus of proximal sedimentation conditions during rift initiation (represented
by basal sandstones) and distal sedimentation condition during the climax of rifting
(represented by shale-rich intervals) (Prosser, 1993) (Table 4.2).

4.4.3 Numerical models
Input parameters for the tectonostratigraphic forward models allow us to study the
impact of the stacking patterns of the syn-rift sediment fill and graben migration on
source rock maturation for both end-member graben types. Each graben represents
a full rift cycle with different amounts of extension during the syn-rift. The post-rift
cycle is a simple basin sediment fill phase, where the deep marine environment shifts
gradually back to a deltaic environment. The assumed corresponding water depths
are also listed in Table 4.2 and are related to the subsidence pattern observed in
the analogue model. During the post-rift phase, the water depth gradually shallows
upward to fill up the basin. All other input parameters are kept unchanged for all the
models (Table 4.3). A rifting duration varying from 5 - 15 My is adopted, corresponding to instantaneous rifting (Cochran, 1983). The age of the grabens has been
kept relatively young. The post-rift phase of the graben represents also a relatively
short time period of 25 - 35 My, but is long enough to allow a pronounced post-rift
cooling trend, relaxing all the heat.

Understanding of the distribution and generating capabilities, both laterally and
vertically, of the source rocks is crucial for accurate prediction of hydrocarbon
resources. Evaluation of source rock potential requires determination of the quantity
and the type of organic material (Vandenbroucke and Largeau, 2007), as well as its
hydrocarbon generation potential (Tissot, 1969; Welte, 1972). The sedimentary environment in which the source rock is deposited controls these quantities and types of
organic material.

Table 4.2
Extension
(cmmodel)

Basal
Extension
(km-scaled
to nature)

Duration DepoSand- Silt- Shale Water
of rifting sitional stone stone (%)
depth
(My)
environ- (%)
(%)
(m)
ment

6

Initial
width
of rifted
basin
(km)
32

1
2

12

40

10

3

18

50

15

5

Alluvial 70
Deltaic
Shallow 80
marine
Deep
20
marine

10

20

25

10

10

100

40

40

500

Sedimentary fill of the grabens adopted as input for numerical modelling. Layer composition is expressed
in proportions of sandstones (Sst), siltstones (Slt) and shales (Shl), as a result of amount of extension
inferred from analogue modelling and associated water depths.

89

Table 4.3
Lithospheric thickness (unstretched) (km)
Crustsal thickness (unstretched) (km)
Effective Elastic Thickness (km)
Depth of necking (km)
Coeff. of thermal expansion (1/°C)
Temperature asthenosphere (°C)
Thermal diffusivity (m2/s)
Mantle density at surface conditions (g/cm3)
Crustal density at surface conditions (g/cm3)
Surface porosity (fraction)
Characteristic depth constant (1/km)
Onset of graben formation (Ma)
Grain density of the sediments (g/cm3)
Input parameters for generalized tectonostratigraphic forward modelling.

120
30
5
15
3.4 10-5
1333
7.8 10-7
3.33
2.8
0.5
0.5
40
2.6

4. Source rock maturation characteristics of symmetric and asymmetric grabens

90

Figure 4.4 shows the model predictions with different extension intensities for the
symmetric graben case. The figure displays the subsidence analysis of the analogue
models, stratigraphic cross sections expressed in time-lines generated by the tectonostratigraphic modelling, and the source rock maturation at the centre of the grabens derived from 1D thermal modelling. Note that differences in syn-rift extension
per graben are consistent with the graben migration study in the analogue modelling.
For comparison, the same features are presented for the asymmetric grabens in Figure 4.5.

Figure 4.4

The basement subsidence trajectory of the symmetric grabens in steps of 1 cm extension. The first column
displays the cross sections of the analogue models, during active rifting. The second column shows the
output of the tectonostratigraphic models that include the postrift phase. The third column shows the
calculated source rock maturation for a synthetic well in the deepest part of the basin.

Figure 4.5

The basement subsidence path of the asymmetric grabens in steps of 1 cm extension. Left: cross sections
of the analogue models during rifting. Centre: predictions of subsequent tectonostratigraphic models that
include the post-rift phase. Right: prediction for source rock maturation for the synthetic well in the deepest part of the basin.

4.4.4 Source rock maturation and heat flow
As pointed out above, source rock maturation, expressed in Ro (%), in the grabens
is controlled by the graben geometry (depth and sediment thicknesses) and sediment
fill type, given an equal initial heat flow. The Ro (%) values of the final stage of
extension are illustrated in Figure 4.6 for a comparison of the source rock maturation
pathways between the symmetric and asymmetric grabens. With all the initial parameters equal for the models, the differences in maturation values must be ascribed to
the different styles of extension controlling the depth and sediment thicknesses inside the grabens. Differences in Ro (%) values become more pronounced at locations
away from the centre of the graben where the sedimentary sequence boundaries vary.
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Figure 4.6

Vitrinite reflectance curves of symmetric and asymmetric grabens taken at the deepest point in the graben
after a total extension of 3 cm (18 km in nature).

To illustrate the effect of the sedimentary facies on source rock maturation a model with a uniform syn-rift sediment fill is performed. Here the syn-rift sediments are
represented by pure sand only (Figures 4.4 and 4.5). The effect of shales on source
rock maturation is evident for grabens that experienced a facies change to a deep
marine environment where large amounts of shale were deposited. In other words:
the thermal conductivity and capacity of the lithologies are the controlling factors.
The introduction of thick shale layers will have a profound effect on the temperature
field.
The grabens reach higher source rock maturation with an increase in extension.
This applies to both the symmetric grabens and the asymmetric grabens. The maturity of source rocks is consistently higher in the asymmetric graben compared to the
symmetric grabens, for a similar amount of total extension. This is a direct result of
the basement depth, where higher temperatures and heat flow values are present.
Van Wees et al. (2009) demonstrated a strong effect of sediments on the predicted
heat flow calculations, for syn-rift sedimentation rates as low as 0.1 mm/yr, resulting in significantly lower heat flows compared to models neglecting the effects of
sedimentation (e.g. McKenzie, 1978). Whereas heat flow is strongly influenced by
transient effects of rifting, the latter authors have shown that at the scale of the sediment infill a detailed steady-state geotherm can be adopted for basin modelling and
source rock maturation purposes, constrained at the bottom (the sediment-basement
interface) by transient basement heat flow predicted from the lithosphere scale modelling. The heat flow in Figure 4.7 shows the basement heat flow including the effect
of sediments being deposited on top of the basement. The heat flow resulting from
high stretching is strongly affected by loss of heat production in the crust. Sediment
infill causes heat flow to be markedly different from heat flow where sediments are
absent. During extension the heat flow drops as a result of the sediment blanketing
effect (Cloetingh et al., 2003).

Figure 4.7
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Calculated basement heat flow from 40 Ma to present for different graben scenarios of 6 km (during 5
My), 10 km (during 10 My) and 15 km (during 15 My) of extension. a) predicted heat flow for the symmetric grabens, b) predicted heat flow for the asymmetric grabens.
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The combination of high stretching and high sediment influx results in a pronounced heat flow reduction. To illustrate the effect of sediment blanketing, two
additional models (asymmetric graben with 6 km of extension and symmetric graben
with 6 km of extension) were run with zero sedimentation resulting in an immediately increase in heat flow during active rifting.
The peak in heat flow in the models that include sedimentation reaches the surface
immediately after the period of active rifting due to the diffusion timescale (typically in the order of 40 My) of the lithosphere. This diffusion timescale is longer for
grabens with higher stretching factors and longer duration of rifting.
The present-day heat flow is less in nature than the heat flow before stretching as
a consequence of the attenuation of the crust, which has resulted in removal of more
heat producing material in the crust.
Figure 4.8 shows the maturation through time of 8 horizons of each graben with
ages varying between 40 and 5 Ma. A clear difference in source rock maturation can
be noted between the symmetric and asymmetric grabens, especially after 15 My of
extension, which is supported by differences in calculated heat flow values between
the grabens. This causes the asymmetric graben to reach the oil and gas windows
first.
To test the robustness of the modelling approach, a case study of the southern
Viking Graben was carried out. The southern Viking Graben was selected to this
purpose due to its characteristic asymmetric shape.

4.5 Application to the southern Viking Graben (North Sea)
4.5.1 Geological history
The Viking Graben is the major structure of the northern part of the North Sea
(Ziegler, 1990a and 1990b). This north to north-easterly trending structure consists of three main individual segments offset along strike by transfer zones and
are deformed by normal faults active during latest Jurassic to earliest Cretaceous
extension. The characteristic asymmetry of the graben system is well expressed
in the southern Viking Graben. The western margin of the graben is marked by a
major easterly dipping set of faults. Here the Upper Jurassic syn-rift sediments reach
thicknesses in the order of 3000 m. The eastern margin of the graben is defined by
smaller, westerly dipping faults with throws of the order of 100 - 500 m that are
interpreted as antithetic faults (Thomas and Coward, 1995).
Extensional rifting occurred through the Early Permian - Late Jurassic, with rifting being most intense during the Late Jurassic. A period of tectonic quiescence took
place before onset of the Late Jurassic rifting. The deformation of the Upper Jurassic
- Early Cretaceous rift phase was concentrated on the narrow Viking Graben (20 to
30 km wide; Klemperer, 1988). Rifting occurred continuously (Faerseth et al., 1997)
from late Bathonian to Ryazanian (with a rifting duration of ~24 My, e.g. Gabrielsen
et al., 1999). Subsidence in the Viking Graben (Gabrielsen et al., 1990; Rattey and

Figure 4.8

Predictions for source rock maturation trough time for 8 horizons with ages of 40 Ma, 35 Ma, 30 Ma, 25
Ma, 20 Ma, 15 Ma, 10 Ma and 5 Ma at different duration of rifting. The left panel column represent the
symmetric grabens, the right column represents the asymmetric grabens.

Hayward, 1993) allowed open marine conditions to develop. The top of the syn-rift
Upper Jurassic - Early Cretaceous shales is defined by the Base Cretaceous Unconformity, which marks the onset of the post-rift phase in the North Sea. Cretaceous
and Cenozoic sediments were deposited in a relatively quiet tectonic setting during
the post-rift subsidence (Ziegler, 1990a and 1990b) in response to lithospheric cooling.
A comparison between the outcome of the integrated analogue and numerical modelling and constraints for a section across the southern Viking Graben is
presented. This section transects through the main graben, Sleipner Terrace and the
southern Utsira High (Isaksen, 2002). Figure 4.9 is a schematic representation of the
main structural features and stratigraphy of this part of the southern Viking Graben.
Below, we concentrate on the intense phase of Late Jurassic rifting in the combined
modelling approach.
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Geoseismic cross section of the southern Viking Graben from the East Shetland Platform in the west, through the main graben and fault terraces of the
Sleipner area, to the southern part of the Utsira High in the east (modified from Isaksen et al., 2002). At the lower right side is a location map of the Greater
Sleipner area in the South Viking Graben.

Figure 4.9
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4.5.2 Model setup
The analogue model is scaled to represent the brittle upper crust with a detachment level at 15 km depth and is extended to a level that fits to the width of the Jurassic graben (approximately 30 km). The analogue model is strain rate independent,
since the analogue model is build up of sand only. For this study case the duration
of rifting is set at to 24 My, matching the Jurassic rifting in the Viking Graben. An
already thinned lithosphere is used in the modelling (Table 4.4) to account for earlier
rift stages in the southern Viking Graben. The stretching distribution of the analogue
model and the southern Viking Graben profile (Figure 4.9) are presented in Figure
4.10. The stretching distributions of the southern Viking Graben are taken from the
profile using the basement geometry and the Moho depths after Ziegler (1990a and
1990b).
The sedimentary layers are modelled in the tectonostratigraphic forward model by
implementing this stretching distribution. The tectonostratigraphic model calculates
the sedimentary stacking pattern from the thermal and tectonic variables. The input
parameters for the tectonostratigraphic forward model are shown in Table 4.4 and
are taken from various previous studies (Cloetingh and Ziegler, 2007; Isaksen et al.,
2002; Justwan et al., 2006; Nøttvedt et al., 1995; Ziegler, 1990a and 1990b).
An important parameter in this study of the Viking Graben is the level of necking.
Fjeldskaar et al., 2004 used similar 2D tectonostratigraphic modelling to estimate the
level of necking in the Viking Graben. His work showed that models, which implicitly set the level of necking at a depth of 0 km generally, lead to an underestimation
of the lithospheric strength, and an overestimation of the thinning factors (Fjeldskaar
et al., 2004). In the northern Viking Graben, a necking depth at intermediate crustal
levels gives results comparable to the observations. Following the work of Fjeldskaar et al., 2004, an intermediate crustal necking depth of 15 km for the southern
Viking Graben is adopted.

4.5.3 Results
The stratigraphic cross section generated by the tectonostratigraphic model is
shown in Figure 4.11. The graben geometry, basement depth and sedimentary basin
cycle thicknesses are comparable to the centre part of the section through the southern Viking Graben (Figure 4.9).
Temperature, basement heat flow and source rock maturation calculations were
performed on a synthetic well at the center of the model (discussed in the methodology paragraph) and compared to well data to test the reliability of the modelling. The
sedimentary fill and paleowater depths are related to the syn-rift subsidence patterns
obtained from the analogue model and post-rift sediment infill is taken from the
wells 15/3-4, 15/3-3, 25/10-R2 (Table 4.5).
The initial faulting stage in active rifting is sand dominated, while during the
Upper Jurassic the system became more distal where mainly shale deposition oc-
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Table 4.4
Lithospheric thickness (unstretched) (km)

125

Crustal thickness (unstretched)* (km)

28

Depth of necking (km)

15

Effective Elastic Thickness (km)

4

Duration of rifting (My)

24

Coeff. of thermal expansion (1/°C)

3.4 10-5

Temperature asthenosphere (°C)
Thermal diffusivity (m2/s)

1333

Mantle density at surface conditions (g/cm3)
Crustal density at surface conditions (g/cm3)

7.8 10-7
3.33
2.8

Surface porosity (fraction)

0.5

Characteristic depth constant (1/km)

0.5

Grain density of the sediments (g/cm3)
* The crust is already thinned due to the Permo-Triassic thinning

2.72

Input parameters for tectonostratigraphic forward modelling of the southern Viking Graben.

Figure 4.10

Uniform stretching distribution of the analogue model matching the geoseismic cross section of the southern Viking Graben (see Figure 4.8). The grey area represents the error-range.

Figure 4.11

Modelling results of the asymmetric graben. Sedimentary layers are expressed in time lines. The black
line represents the synthetic well, which transects the deepest part of the graben.
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curred. The post-rift phase is characterized by Cretaceous shales and mudstones and
becomes more sand dominated during the late Cenozoic.
The stretching distribution in the southern Viking Graben produces a basement
heat flow peak during the Jurassic rifting of 65 mW/m2 (see Figure 4.12). After this
peak the system cools gradually. The contribution of the increase in heat flow during the rifting to source rock maturation is shown in Figure 4.13. The oil window
is reached during the rifting for the oldest layer, while for the youngest strata the
source rock maturation is dependent on the present day heat flow values.
Figure 4.14 and 4.15 shows the predicted temperature gradient and source rock
maturation (Ro%) respectively for the 1 D thermal model along the synthetic well at
the centre of the graben. Also data from nearby wells shows a striking resemblance
to the modelled results.

4675
5920
6601

Syn-rift

144
155
164

Age base (Ma)
23
65
99
99
144
155

Age top (Ma)
0
23
65
14
0
60

Sand (%)
50
17
22
50
30
0

Silt (%)
50
63
13
33
70
40

Shale (%)
0
20
25
3
0
0

Carbonate (%)
0
0
40
800
250
110

Water depth (m)
30
300
600

Sedimentary fill and water depths of the southern Viking graben. Layer composition is expressed in proportions of sandstones, siltstones, shales and carbonates. The syn-rift
sediment composition is based on the rift stages of Nottvedt et al. (1995) and the post-rift stratigraphy from surrounding wells.

Depth horizons (m)
1430
2685
3592

Basin Cycles
Post-rift

Table 4.5
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Figure 4.12

Predicted basement heat flow trough time at the centre of the modelled asymmetric graben (see Figure
4.11).

Figure 4.13
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Predicted source rock maturation trough time for 6 horizons with ages of 164 Ma, 155 Ma, 144 Ma, 99
Ma, 65 Ma and 23 Ma at the centre of the modelled asymmetric graben (see Figure 4.10). The colours in
the graph represent the oil and gas windows.
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Figure 4.14

Temperature gradient versus depth graph inferred from the wells in the southern Viking Graben and the
calculated temperature curve at the centre of the modelled asymmetric graben (see Figure 4.11). The map
shows the locations of the wells.

Figure 4.15

Maturation versus depth graph obtained from the wells in the southern Viking Graben and the calculated
maturation curve at the centre of the modelled asymmetric graben (see Figure 4.11). The map shows the
locations of the wells.

4.6 Discussion and conclusions
This study has demonstrated that an integrated analogue and numerical modelling
approach can enhance understanding the impact of graben geometry and sedimentary
stacking patterns on source rock maturation.
Analogue models are useful for fault interpretation, subsidence analyses and
graben migration studies during active rifting. Sedimentation, isostatic response and
source rock maturation can subsequently be included by carrying out numerically
tectonostratigraphic and thermal modelling, allowing for comparison with natural
examples.
Lithosphere tectonic models generally fail to aid the user to understand the sensitivity of the model results in terms of basin maturation for permissible ranges of
tectonic model parameters and for uncertainties in tectonic scenarios such as absence
or presence of underplating. For that reason we decided to develop our own tectonic
scenarios, creating symmetric and asymmetric grabens. We showed by 2D tectonostratigraphic forward modelling that the style of extension influences the sediment
geometry inside the basin.
The 1D thermal modelling, on the generated 2D section from the tectonostratigraphic model, includes radioactive heating and variable conductivities of the
sediments which are essential for source rock maturation. This is absent in the 2D
tectonostratigraphic forward model but is considered to have a minimum effect on
the geometry of the basin. For future modelling it would be desirable to include the
radioactive heating and variable conductivities of the sediments in the 2D tectonostratigraphic model.
Following up on the approach are largely developed previously by Kooi et al.
(1992) and Fjeldskaar et al. (2004), the results of the numerical modelling part of
this study is largely consistent with the more recent study of Rüpke et al. (2008).
These authors performed an automated thermotectonostratigraphic basin reconstruction to compute for example paleowater depths fitting the input stratigraphy.
As pointed out above, the approach developed in the present chapter enables also
to address the importance of the style of extension that influences the sedimentary
environment affecting the source rock maturation. This is important, as the sediment
type is obviously reflecting the sedimentary environment and, therefore, should be
accounted for in respect with paleowater depth reconstructions.
The integrated modelling in the present chapter highlights the differences in fault
structures, subsidence patterns, graben migration paths, sediment stacking and heat
flow between symmetric and asymmetric grabens. All these factors contribute to the
graben’s characteristic source rock maturation architecture. To model thermal gradients and maturation correctly it is vital to consider the basin migration patterns (with
their changing depocenters during migration) that are related to the style of extension
(e.g. symmetric versus asymmetric). This is shown by a comparison of the symmetric and asymmetric grabens with similar amounts of extension. The depth of the
basement is larger for the asymmetric grabens, due to the style of extension, creating
a higher thermal gradient that results in higher vitrinite reflectance values with depth.
Relative sea level and sediment type also play an important role on heat flow in
the graben and ultimately on the source rock maturation, as shown for both the sym-
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metric and asymmetric grabens.
The modelling results have been tested with well data from the southern Viking
Graben, Northern North Sea. The integrated analogue and numerical modelling provided a good match with observed geothermal gradients and source rock maturation.

4.7 Summary remarks
• The combined outcome yields structural predictions resulting from
the analogue modelling and adds sediment stacking and thermal structures, contributed by numerical modelling.
• The source rock maturation in the grabens is controlled by the graben
geometry (depth and sediment thicknesses) and sediment fill type, given
an equal initial heat flow.
• The thermal conductivity and capacity for the sedimentary facies are
the controlling factors on source rock maturation
• The combination of high stretching and high sediment influx results
in a pronounced heat flow reduction.
• A clear difference in source rock maturation can be noted between the
symmetric and asymmetric grabens, especially after 15 My of extension,
which is supported by differences in calculated heat flow values between
the grabens. This causes the asymmetric graben to reach the oil and gas
windows first.
• Relative sea level and sediment type also play an important role on
heat flow in the graben and ultimately on the source rock maturation, as
shown for both the symmetric and asymmetric grabens.
• This study has demonstrated that an integrated analogue and numerical modelling approach can enhance understanding the impact of graben
geometry and sedimentary stacking patterns on source rock maturation.
• The modelling results have been tested with well data from the southern Viking Graben, Northern North Sea. The integrated analogue and
numerical modelling provided a good match with observed geothermal
gradients and source rock maturation.

4.8 Appendix A
Tectonostratigraphic forward model
In order to quantify the contribution of the sedimentation and isostatic response
to the model, a 2D basin modelling program (see Kooi (1991) for a full description)
has been used which simulates the thermal and mechanical evolution of extensional
basins.
Mode of extension
The two dimensional model is specified by dividing the lithosphere into a number of boxes. Each box is assigned a crustal, δ, and sub-crustal, β, stretchting factor
(Royden and Keen, 1980). The pre-rift conditions of the lithosphere are assumed to
be laterally constant. Multiple stretching episodes (Jarvis and McKenzie, 1980) of
finite duration (Cochran, 1983) can be specified. Finite stretching rates are approximated by a series of instantaneous stretching events, each followed by a short period
of cooling.
The regional isostatic response during extension is controlled by a parameter
called ‘depth of necking’, or zneck (Weissel and Karner, 1989; Braun and Beaumont,
1989; Kooi et al., 1992). This is the level around which the lithosphere thins during
extension and that experiences no vertical deformation in the absence of isostatic
restoring forces. Combined with an extension factor, β, a surface depression, S, is
produced, given by:

S = (1-1/ β)zneck							

(A1)

Thermal calculations
The stretching values applied cause a perturbation of the thermal gradient which
subsequently relaxes; the resulting temperature evolution is governed by the conductive heat equation:

∂T(x,z)/ ∂t = к(∂2T/ ∂z2 + ∂2T/ ∂x2)					

(A2)

where T = lithospheric temperature, x = distance, z is depth, t = time, and к =
thermal diffusivity of the lithosphere ( = K/ρcv.; K = thermal conductivity, ρ = density, and cv = specific heat). Boundary conditions consist of constant temperatures
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at the top and bottom. Lateral heat flow is incorporated using the method described
by Steckler (1981). The thermal state and its subsequent subsidence is calculated
using a finite difference scheme (Verwer, 1977). Blanketing is roughly approximated
by continually updating temperatures at the sediment basement interface from the
changing sediment thickness and a specified geotherm in the sediments (Lucazeau
and Le Douaran, 1985).

Lithospheric flexure
After the thermal state is determined, both thermal and isostatic loads acting on
the extended lithosphere are integrated and regionally compensated using a thin plate
approximation for flexure (Turcotte, 1979). The load p caused by thinning of the
lithosphere is given by:

∫

p(x)= (Δρ(x,z))[1-αT(x,z)]gdz					

(A3)

where Δρ = density contrast caused by thinning, g = acceleration of gravity, α =
coefficient of thermal expansion and T = temperature. The flexural deflection, W, of
a plate with flexural rigidity, D, caused by a vertical load, p, is given by:
p(x) = ∂2 / ∂x2(D(x) ∂2W(x) / ∂2x) + N(ρa - ρs)gW(x)			

(A4)

where the flexural rigidity, D = (ETe3 / 12(1-v2)), E = Young’s modulus, v =
Poisson’s ration, and Te = equivalent elastic thickness of the lithosphere, ρa =
asthenospheric density and ρs = density of filling sediments. In contrast to standard
modelling packages, changes in intraplate stress can be incorporated in the flexural
calculations (Cloetingh et al., 1985; Kooi and Cloetingh, 1992). The axial load, N, is
equivalent to the product of the intraplate stress, σh, and the plate thickness. Equation A4 is solved using a finite difference method (Bodine et al., 1981).

Basin fill
For each time step in the model, the total basement subsidence is inverted to the
corresponding stratigraphy by filling of sediments to an imposed paleowater depth
profile, which can include characteristic continental shelf, slope or rise water depths.
The water column itself is filled up to a reference level, usually sea level. Both
water depth and sea level are permitted to fluctuate through time. When subsidence
does not exceed the imposed bathymetry, no sediment is added and, when the water
is increasing while subsidence < zero, sediment is removed.

Compaction of sediments as a function of depth (z) is calculated using a standard
porosity-depth relation for all sediments (e.g. Sclater and Christie, 1980):

φ(z) = φ0-kz							

(A5)

where φ0 and k denote the surface porosity and the characteristic depth constant,
respectively.

4.9 Appendix B
1D thermal model
The forward modelling approach is based on the pure-shear lithosphere thinning
model of McKenzie (1978) with the possibility of different amounts of thinning in
the crustal and subcrustal parts of the lithosphere (e.g., Royden and Keen, 1980).
The symbols used for the crustal and subcrustal stretching factors are δ and β,
respectively. The thermal evolution of the geotherm perturbation caused by lithospheric stretching was calculated, during a finite syn-rift phase, applying appropriate
velocities and material properties over time (Van Wees and Stephenson, 1995). During lithospheric stretching, fixed strain-rates are assumed. Sedimentation or erosional
rates are assumed to be linear through time in accordance with the backstripping
analysis (e.g. Bond and Kominz, 1984).
For the numerical modelling of the P-T-t evolution a two-dimensional explicit
3-step Runge-Kutta finite difference approach was used (Verwer, 1977). In the finite
difference approach, temperatures in a 2D grid were traced in time by integration of
the heat conduction equation:

∂T/∂t = (1/ρcp)[K (∂2T/∂x2 + ∂2T/∂y2) + A] - vx(∂T/∂x) - vy(∂T/∂y)

(B1)

where: T = temperature, ρ = density; cp = specific heat; K = thermal conductivity,
A = radiogenic heat production and vx,y = velocity in the grid.

Initial condictions
The initial lithosphere steady geotherm consists of 3 different segments corresponding to the upper crust, lower crust and subcrustal mantle layers. Each layer is
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marked by a temperature difference between top and bottom, which accumulates to
the temperature difference (ΔT) between the top and base of the lithosphere:
ΔT = ΔTuc + ΔTlc + ΔTma						

(B2)

where:									
ΔTuc = qt(Δzuc/ Kuc) - 0.5Auc(z2uc/Kuc) 				

(B3)

ΔTlc = (qt - AucΔzuc)Δzlc/ Klc - 0.5Alc(z2lc/ Klc) 			

(B4)

ΔTma = (qt - AucΔzuc - AlcΔzlc) Δzma/ Kma

(B5)

			

where qt = steady-state surface heat flow [mW/m2]; K = conductivity [W/m°C ]
of upper crust (uc), lower crust (lc) and mantle (ma) respectively; Δz = thickness of
upper crust, lower crust and mantle resp.; A = heat production of upper crust, lower
crust.
Knowing all parameters except qt one can calculate the steady state surface heat
flow (qt)for a fixed lithosphere thickness from: 				
ΔT = qt(Δzuc/Kuc + Δzlc/Klc + Δzma/Kma - 0.2 Δzuc/Kuc - 0.4(Δzlc/Klc
+ Δzma/Kma)) - 0.5(Alc(Δz2lc/ K lc) - (Alc Δzlc) Δzma/ K ma 		

(B6)

An important typical feature of predicted steady state heat flow is that it decreases
as a consequence of crustal thinning, due to the reduction of heat-producing elements
(Van Wees et al., 2009). This effect is significantly present in the transient models
for heat flow adopting crustal heat production. On the other hand heat production in
the sediments accounts for an increase in surface heat flow relative to basement heat
flow.
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CHAPTER

5

Thermal consequences of normal faulting and
basin inversion: an integrated numerical and
analogue modelling approach

This chapter discusses the thermal consequences of faulting in asymmetric
sedimentary basins using integrated analogue and numerical models. The thermal
structure of the crust is influenced by stresses in the lithosphere. Extensional stress is
applied to the analogue model creating a graben geometry that is used as input for
the numerical model. In the numerical model the thermal evolution during and after
the creation of the basin is calculated. Different values of deformation rates and
thermal parameters are tested, in order to study the effects on the thermal structure
in the crust.
The velocity of extension is a crucial parameter in controlling the thermal field
of an extensional basin. At high extension rates the re-equilibrium of the isotherms
is lower than the disturbance of these isotherms by the fault displacement. The rate
of extension affects the source rock maturation. High values of vitrinite reflectance
are first obtained in basins with high extension rates. On the other hand, if the strain
rate is high, the temperature increase after active rifting, resulting from still disturbed isotherms, can be (partly) lost if inversion occurs soon after the rifting. This
has a negative effect on the source rock maturation within the basin.
The rate of extension also has consequences for the sediment blanketing effect.
High extension rates, with sediments continuously filling up the basin, produce cooling in the crust. If the rate of extension is low, the opposite will occur. The significance of these effects on source rock maturation are calculated and discussed.
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5.1 Introduction
In this chapter the trends in source rock maturation is studied by varying the rate
and direction (inversion) of fault movement during asymmetric continental rifting.
The style of deformation during continental rifting is controlled by strain rate,
initial geotherm and rheologic structure. In addition, initial heterogeneities causing variability in the mechanical and thermal properties are highly influential in the
graben development (Keen, 1985; Buck, 1986; Braun and Beaumont, 1987; Dunbar
and Sawyer, 1988). Therefore, a good understanding of development of fault movements and the related thermal field in the crust is necessary for the reconstruction of
basin-subsidence and the petroleum-forming processes.
An analogue model is used to simulate the deformation of the brittle upper crust,
and subsequently a numerical model to calculate its thermal development. The faultand basin geometries resulting from the analogue model are used as input for the
numerical model.
Models that adequately simulate the time evolution of pressure and temperature
in regions deforming by faulting are scarce. Where the numerical modelling of fault
development is often simulated using dynamical finite-element models, problems
arise when the amount of fault displacement becomes too large, causing an unstable
finite element mesh.
In this study a finite-difference model is used to overcome this problem. With this
numerical model we calculate the thermal structure around the main boundary fault
during and after deformation (Ter Voorde and Bertotti, 1994).
The velocity, duration, and orientation of the fault movement along the main
boundary fault is varied to study the associated thermal effects and the resulting
source rock maturation. The effect of sediment blanketing is also discussed.

5.2 Analogue modelling
Fault processes in real rocks can be described as frictional plastic responses to
stress. The frictional mechanical parameters that determine the strength of a rock
are the cohesive strength (σ0) and the internal frictional resistance to faulting (see
Chapter 4 for a more detailed discussion).
In this study dry quartz sand of grain-size ≤ 0,300 mm in diameter and 1.5 g/cm3
density, is chosen to represent the brittle behaviour of the fractured upper continental
crust (Byerlee, 1978) (see Chapter 4).
In the model, the deformation by active rifting is assumed to be instantaneous,
and isostatic effects are ignored. The brittle crust is decoupled from the lower ductile
crust above a detachment surface represented by the plastic floor of the squeezebox.

5.3 Numerical modelling
The 2D forward finite difference model (Ter Voorde and Bertotti, 1994) calculates
the basin geometry and the thermal structure, resulting from hangingwall deformation along faults, in time. The model consists of a rectangular area divided into two
layers, the upper layer deforming by discrete deformation along faults, the lower one
by diffuse deformation. Input consists of the fault geometry and the total horizontal
displacement. The deformation along the fault is calculated according to the principle of vertical shear (Kusznir et al., 1987; Waltham, 1989). The footwall is assumed
not to move, while the hangingwall collapses and the resulting basin is filled with
sediments during the extension. The temperatures in the model are calculated by a finite difference method on a rectangular but non-uniform grid. Thermal properties on
each grid point are obtained by interpolation from a second, moving grid representing the extending basin. The initial temperature of the infilling sediments is equal
to the surface temperature. The geometry of the basin, as well as the temperature
history during hangingwall collapse, can be traced through time. Temperature-time
curves can be predicted for selected points in the area.
The heat-producing elements are assumed to be concentrated in the upper part of
the crust. The model uses a layer of constant heat production, although most authors
(e.g. Lewis et al., 1992; Ranalli, 1987) assume an exponential decrease of the heat
production with depth. This makes it possible to move and deform this layer during the model run, and has approximately the same influence on the thermal field,
provided that the thickness of the layer of constant heat production is equal to the
“skindepth” of the exponential approach. In reality, radiogenic heat production values can vary considerable throughout the lithosphere, the amount of radiogenic heat
production varying per lithology and age (Vilà et al., 2010).
For a detailed description of the numerical model the reader is referred to Ter
Voorde and Bertotti (1994).

5.4 Model setup
The analogue model, with dimensions of 30 x 25 x 3.5 cm, was scaled such that 1
cm in the model represents about 4.5 km in nature. This means that the decoupling
between the brittle crust and the lower ductile crust is assumed to be at a depth of
almost 16 km. The structures along the length of the model (perpendicular to the direction of extension) are uniform, since stresses are applied orthogonal to the length
of the graben. Extension and compression are imposed using a plastic sheet at the
base of the model attached to the moving wall, representing the velocity discontinuity (v.d.). Sediments were put into the model to fill up the depression after every step
of 0.5 cm extension. Figure 5.1 shows the setup of the analogue model.
Subsequently, the displacement along the boundary fault is modelled numerically to add a time and temperature component. We carried out a series of numerical
experiments in order to test the thermal response of faulting with different amounts
of extension and inversion (model 1-5, Table 5.1).
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The total tectonic history of the graben is set to 30 My. This time span is sufficient
for the crust to establish re-equilibrium of the thermal structure after deformation.
The temperature of the infilling sediments is assumed to equal the surface temperature, which is 0 °C. All the tests carried out on this model use the parameters in Table
5.2, unless stated otherwise.

Figure 5.1

Experimental setup. Extension and compression is produced above the velocity discontinuity (v.d.) at the
base of the model represented by a sheet of plastic attached to the moving wall.

Table 5.1
Rifting

Inversion

Model

Velocity of
extension (km/
My)

t-start, t-end
(Ma)

Velocity of
compression
(km/My)

t-start, t-end
(My)

1

1

30, 24

5

5, 4.8

2

6

30, 29

5

5, 4.8

3

12

30, 29.5

5

5, 4.8

4

1

30, 24

5

24, 24.8

5

12

30, 29.5

5

29.5, 29.3

Model scenarios

Table 5.2
Lithospheric thickness (unstretched) (km)

120

Crustal thickness (unstretched) (km)

30

Brittle crustal thickness (km)

16

Ductile crustal thickness (km)
Mantle density (g/cm3)

14

Crustal density (g/cm3)

Sediment density (g/cm3)

3.33
2.8
2.5

Temperature at base lithosphere (°C)

1330

Surface temperature (°C)

0

Thermal diffusivity crust (m2/s)

Thermal diffusivity sediments (m2/s)
Specific heat capacity (J/°C.kg)
Heat production (W/m3)

1.0 10-6
0.8 10-6
1100

2.0 10-6

Input parameters for the numerical finite difference model

5.5 Limitations
The analogue model focused on the deformation of the brittle upper crust and
was decoupled from the lower ductile crust above a detachment surface represented
by the plastic floor of the squeezebox. Consequently, the model takes no account of
isostatic lithospheric compensation.
Sand collapsing from the graben borders is the only form of erosion during deformation. These types of models are applicable in areas where erosion plays a minor
role. The sediments are assumed to fill the basin up to the surface after each timestep: constraints on sediment supply, sea level, compaction, basin topography and
the lithology of the material are not taken into account. In our model, the sedimentation rate is directly related to the extension rate, which is not necessarily the case in
nature. This might cause an exaggeration of the amount of sediments and therefore
of the sediment blanketing effect.
Fluid flow and frictional heating along the faults are neglected in the numerical
model. For slip rates lower than 1 cm/year, the temperature increase due to frictional
heating is shown to be insignificant (England and Molnar, 1993). Isostasy is also not
included in the numerical model, and only the brittle upper part of the crust is taken
into consideration. Previous studies (e.g. Ter Voorde et al., 2007) have shown that, in
case of passive rifting, the upwelling of the isotherms caused by the diffuse deformation of the lower lithosphere has no influence on the thermal state at or near the
surface.
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5.6 Results
5.6.1 Analogue model
The analogue model of the asymmetric graben demonstrates a characteristic geometry after 3 cm of lateral extension at the base of the model (scaled to about 13.5
km in nature) (Figure 5.2a). Sedimentation takes place after every 0.5 cm of extension. After the extension, 1 cm of compression is applied to the model. Table 5.3
shows the graben dimension, scaled to the natural values, during and after deformation.
The graben width at surface level, created by 3 cm of basal extension, compares to
approximately 30 km in nature (comparable to the southern Viking Graben, the East
African Rift and the Rhine Graben).

Figure 5.2

a)

b)

Model cross sections. a) after extension, b) after extension and compression. The brown layer (between
blue and black) represents the first episode of sedimentation.

Table 5.3
Rifting

Inversion

Basal displacement in model

3 cm

1 cm

Basal displacement, with respect to nature

13.5 km

4.5 km

Graben width at the surface, with respect
to nature

30 km

26 km

Model dimensions after both rifting and inversion

The asymmetric graben displays a large normal fault at one side of the graben, the
main boundary fault (MBF), and a set of normal faults at the other side of the graben
that propagate outward during extension (Figure 5.2a). The main boundary fault
remains active during extension and reactivates during compression (Figure 5.2b).
Compression more then 1 cm generates 2 sets of new reverse faults at the angle of
30° (Marques and Nogueira., 2008).
Figure 5.3 represents the vertical increase in topography during the inversion
phase, after extension. The angle of the main boundary fault remains approximately
70° during the total amount of deformation (Figure 5.2b). This fault geometry is
used in the numerical model, where different rates of extension and a phase of compression are imposed to study the effects on the thermal field.

Figure 5.3

Topography growth in mm after a) 0.5 cm of basal inversion and b) 1.0 cm of basal inversion.

5.6.2 Numerical model
Figure 5.4 presents the basin geometry, generated by the numerical model, during
the phases of extension and compression. The dashed line, in the top image, shows
the surface of the model, which is assumed to remain constant through time. This
implies that beneath this level sediments are added in the model and above this level
erosion is applied (materials being completely removed).

117
5.6.2.1 Hangingwall and Footwall
The temperature is monitored at different points in the footwall and hangingwall,
during and after deformation. These points move along with the grid. Points I and II
are located in the footwall, points III, IV and V are located in the hangingwall.
We ran the models mentioned in Table 5.1. For models 1, 2 and 3, the T-t curves
measured at the different points (I-V) are shown in Figure 5.5. The period of rifting
and inversion are indicated in the graphs. The T-t curves per model are divided in
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Figure 5.4

Numerical computed basin geometry in various steps of deformation. The main boundary fault
is indictated by the red line, temperature is monitored in points I-V, the shaded area represents
the basin.

footwall and hangingwall blocks. The cooling curves show that the downward movement of the cold hangingwall results in only very limited cooling of the adjacent
footwall (points I and II), even at high velocities of extension (model 3, Figure 5.5).
Only if measurements are taken very close to the fault, in this case at a distance of
3 km (Figure 5.4, point II), a short pulse of temperature decrease is visible during
deformation.
At realistic extension rates, the isotherms re-equilibrate faster than the material
moves (see point III, model 1, Figure 5.5), and heating of the rock samples in the
hangingwall occurs entirely during deformation. With an extension rate of 6 mm/
yr (model 2, Figure 5.5), a minor increase of temperature (~11 °C) also occurs after
rifting. At high velocities (see point III, in model 3, Figure 5.5), a significant part of
the temperature increase occurs after the deformation event. The final temperature,
after 30 My, is equal for all modelled scenarios. Figure 5.6 shows diagrams of the
temperature increase at the base of the basin (point III) for 5 scenarios of different
extension rates, with all other parameters unchanged. The increase of temperature
after rifting can have a considerable contribution to the maturity of source rocks
deposited in the rift cycle, as is discussed in the following paragraphs.
Figure 5.5
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T-t curves of points I and II (footwall) and III, IV, V (hangingwall). Location of the points are shown in
Figure 5.4
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Figure 5.6

Histograms showing amount of temperature increase after rifting at point III for different extension rates

5.6.2.2 Influences of extension rate on the source rock maturation
Of all the synthetic rock samples, sample III, in Figure 5.4, experienced the maximum amount of vertical displacement. If we assume that this point, at the base of
the graben, represents the thermal field for source rocks, we can use the algorithm of
Burnham and Sweeney (1989) to calculate the source rock maturation (expressed in
vitrinite reflectance (Ro%)) from the computed temperature and age data.
To visualize the effect of different velocities and duration of extension on source
rock maturation, the calculated vitrinite reflection values of point III in model I
(where isotherms re-equilibrate faster than the material moves) and point III in
model 3 are compared (where temperature still increases after rifting) (Figure 5.7).
The sediments at the base of the basin reach the oil window much faster in model 3.
This thermal effect should not be ignored in source rock maturation reconstructions
for basins with extension rates in the order of cm/yr.

5.6.2.3 Inversion
The fact that heating of rocks may not be finished after the period of active rifting
becomes especially important if inversion takes place, immediately after rifting. This

Figure 5.7
a)

b)

a) T-t curves of models: 1, 3-5. b) Source rock maturaion for models 1, 3-5.

may imply that cooling due to uplift starts already before the theoretical maximum
temperature has been reached (in this scenario 163 °C).
The inversion in models 1-3 is applied long after rifting, in order to be sure that
the re-equilibration of isotherms was already accomplished. The results (Figure 5.5)
show an immediate decrease in temperature in the sedimentary basin during inversion (point III). Consequently, inversion directly after rifting can also play an important role for the thermal field inside the graben. To quantify this effect 2 new models
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are constructed (model 4 and 5 in Table 5.1). In these models the phase of inversion
took place directly after the rifting. All other input parameters for model 4 and 5 are
identical to model 1, 2 and 3.
The T-t curve of point III in the models 1, 3, 4 and 5 are given in Figure 5.7a. The
cooling due to inversion is significant for all the models. The step down in temperature, as a result of the inversion, is less pronounced in model 5, since the temperature
loss is partly compensated by the temperature increase after the rifting phase related
to the high rate of extension.
The maturation for these points shows each their characteristic path, resulting in
different timing in the generation of the oil and gas (Figure 5.7b). The source rock at
point III in model 5 was not exposed to the maximum temperature of 163 °C, since
the temperature increase after rifting (as can been seen for point III in model 3) is
partly stopped due to inversion directly after the phase of rifting. This has important
consequences for the maturity of the source rock and timing of petroleum migration. Apparently, source rock maturation in inverted basins can be assumed to be less
developed in case of very fast rifting shortly followed by the inversion phase.

5.6.2.4 Sediment blanketing
Another important player in the thermal evolution of a basin is the effect of sediment blanketing. The net effect of thermal blanketing is the result of two counteracting mechanisms: the generally lower conductivity of the sediments (De Bremaecker,
1983; Stephenson, 1989) and the low temperature at deposition.
If we assume that the density and specific heat are maintained constant, a change
in the thermal conductivity is proportional to a change in the thermal diffusivity. The
two models presented in Figure 5.8 represent two thermal cross sections of model 2
(Table 5.1): one with an average thermal diffusivity (0.8 10-6 m2/s) and one with an
extremely (not realistic) low thermal diffusivity (0.1 10-6 m2/s), in order to clearly
illustrate the effect. The thermal effect calculated at point III is expressed in terms of
vitrinite reflectance (Figure 5.9).
The rate of extension plays a major role in the thermal response to the blanketing effect. If extension rate is high and the sediments are continuously filling the
basin, an increase of crustal cooling during rifting is predicted by the model. If the
extension is low, heating will occur. Following Ter Voorde and Bertotti (1994), the
turning point lies at a sedimentation rate of 2.0 mm/yr for shale, 2.2 mm/yr for clay
and 1.4 mm/yr for sand. Figure 5.10 shows the thermal fields of 2 models that both
experienced 6 km of extension, but at different extension rates (2 mm/yr and 0.2
mm/yr). The thermal diffusivity in both scenarios is 0.5 10-6 m2/s. The model with
a sedimentation rate of 2 mm/yr shows cooling of the crust immediate after the onset
of extension, due to the low temperature at deposition of the sediments. The reverse
happens with very low sedimentation rates - where the low conductivity in the sediments creates a high temperature gradient in the sediments and therefore decreases
the rate and amount of cooling of the crust.
After rifting, the temperature equilibrates to the heated situation for both cases.

a)

b)

Figure 5.8
Model 2, thermal diffusivity: 0.1 10-6 m2/s

Contour map of the thermal structure in the crust. a) model with thermal diffiusivity 0.8 10-6m2/s, b) model with thermal diffiusivity 0.1 10-6m2/s

a)

Model 2, thermal diffusivity: 0.8 10-6 m2/s
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Figure 5.9

Source rock maturation for point III in the thermal field of Figure 5.7

5.7 Conclusions
The integrated modelling shows that not only the total displacement along the
fault but also the rate of fault displacement has important consequences for the thermal field. The rate of re-equilibrium of the isotherms, caused by conduction, appears
to be equal to the disturbance of these isotherms by the fault displacement, unless the
strain rate is high.
The rate of extension affects the source rock maturation. High values of vitrinite
reflectance are first obtained in basins with high extension rates. On the other hand,
if the strain rate is high, the temperature increase after active rifting, resulting from
still disturbed isotherms, can be (partly) lost if inversion occurs soon after the rifting.
This has a negative effect on the source rock maturation within the basin.
The rate of extension also has consequences on the sediment blanketing effect.
High strain rates, with sediments continuously filling up the basin, produce cooling
in the crust. If the rate of extension is low, the opposite will occur.
In all scenarios the thermal field is only disturbed in the hangingwall.

b)

Figure 5.10

Models showing the effect of different sedimentation rates. Total extension: 6 km, thermal diffusivity: 0.5 10-6 m2/s. a) 2 mm/yr, b) 0.2 mm/yr.

a)
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5.8 Summary remarks
• The Footwall is not affected by the disturbed thermal field in the
hangingwall.
• At low extension rates the re-equilibrium of the isotherms is equal to
the disturbance of these isotherms by the fault displacement.
• At high extension rates the re-equilibrium of the isotherms is lower
than the disturbance of these isotherms by the fault displacement.
• High values of vitrinite reflectance are first obtained in basins with
high extension rates.
• Inversion direct after the extension in basins that experienced high
extension rates lowers the vitrinite reflectance inside the basin more than
for basins with low extension rates.
• Low sediment diffusivity creates high vitrinite reflectance values.
• The rate of extension also has consequences on the sediment blanketing effect. High strain rates, with sediments continuously filling up the
basin, produce cooling in the crust. If the rate of extension is low, the
opposite will occur.

127

6. A new approach to relating petroleum system- and play development to basin evolution

128

Largely based on: Corver, M.P., Beglinger, S., Doust, H., Cloetingh, S. A new approach to relating
petroleum systems- and play development to basin evolution: An application to the Gabon Coastaland Almada-Camamu Basin. For submission to American Association for Petroleum Geologists
Bulletin.

CHAPTER

6

A new approach to relating petroleum systemand play development to basin evolution: an
application to the Gabon Coastal- and AlmadaCamamu Basin

The method described here allows more easy and efficient comparisons between
petroliferous sedimentary basins with similar geological characteristics. Such basins
can be regarded as analogues for exploration purposes. This method is based on
the approach discussed in Chapter 2, where sedimentary basins can be classified
according to their structural genesis and evolutionary history and are comprised
of tectonic and sedimentary cycles and stages. Here we link common elements of
petroleum systems and plays to these cycles. Using this method we can make predictions of potential petroleum systems and plays occurring in under-explored basins
or regions. We have developed a supporting program (Basin Data Illustrator), which
generates figures and plots displaying known basin-, petroleum system-, and play
data. Here, the methodology is applied, using the well-explored Gabon Coastal
Basin (West African Margin) and the conjugate Almada-Camamu Basin (Brazilian
Margin), which is a frontier basin.
The two basins experienced a similar tectonostratigraphic evolution and share
many similarities. This allows us to propose that petroleum systems and plays identified in the Gabon Coastal Basin might potentially also be present in the Almada-Camamu Basin. These could include a second lacustrine syn-rift petroleum system, as
well as a fluvio-marine transitional petroleum system. Potential, but not yet proven,
reservoirs in the Almada-Camamu Basin include coarse sandstones surrounding
basement highs within the syn-rift, syn-rift lacustrine carbonates, fluvio-marine
sandstones at the base of the transitional cycle and early post-rift ramp carbonates.
This approach also allows for the recognition of important differences, raising
questions that can be answered by more direct techniques. This methodology is particularly useful to obtain a first impression of the tectonostratigraphy, likely petroleum system- and play development and exploration history of potentially analogous
basins.

129

6. A new approach to relating petroleum system- and play development to basin evolution

6.1 Introduction
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This study demonstrates an application of the method present in Chapter 2 in
which we relate petroleum system- and play development to basin cycle evolution.
This process allows us to analogously compare basins with a similar tectonostratigraphic basin evolution and predict the type of petroleum systems and plays that
might be present in yet poorly explored (parts of) basins. The methodology is supported by a computer program, the Basin Data Illustrator, generating figures displaying basin-, petroleum system- and play data. In this chapter, a case study on the
well-explored Gabon Coastal Basin (West African Margin) and the Almada-Camamu
Basin (conjugate Brazilian Margin), which is a frontier basin, is performed (Figure
6.1).

6.2 Presentation of basin-, petroleum system- and play data
The methodology and associated tools are inspired by the hierarchical definition
of plays given by Doust (2003) (Chapter 2), as well as the relation between basin
cycles and petroleum systems (Doust and Sumner, 2007). Six figures are generated
by the Basin Data Illustrator:
• Facies palette; describes the sedimentary environments that have been
identified so far in the various basin cycles. The basin cycles that potentially may be present are defined as pre-rift, syn-rift, transitional, postrift and compression/inversion. In each column all possible sedimentary
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 (Figure 6.3).
• Basin cycle dependent trajectory plot; summarizes the tectonostratigraphic evolution of the basin by plotting the tectonic phases on the horizontal axis against deepening sedimentary sequences (depositional environment) on the vertical axis (Doust, 2003). We use clastic or 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 developed as the basin evolves. We might anticipate that where
the trajectories of two similar basins coincide, comparable generative
source rock levels and productive play levels could exist (Figure 6.4).
• Petroleum system flow diagram; lists the plays per basin cycle that
belong to each petroleum system. Here, a play is defined by its play level

Figure 6.1

Location map of the Gabon Coastal Basin- and Almada-Camamu basins (Google Earth 2010).

(reservoir lithofacies or formation) (Figure 6.6).
• Events chart; provides information on the temporal relationships of
the basic elements and processes associated with a petroleum system: (1)
the timing of deposition of the source-, reservoir- and seal rock intervals,
(2) the timing of deposition of the overburden rocks, (3) the timing of
trap formation, and (4) the timing of generation, migration and preservation of petroleum (Figure 6.7) (Magoon and Dow, 1994).
• Creaming curve; plots increasing cumulative recoverable hydrocarbon reserves against time (Murris, 1984). A basin tends to become a
mature hydrocarbon province when the curve flattens as the main volumes are “creamed off”. This happens when the latest discoveries show
decreasing volumes of petroleum and/or when most wells are dry. Jumps
in the creaming curve are often related to new phases in exploration,
due, for example, to the discovery of a new play (Figure 6.9).
• Field size distribution diagram; summarizes the number of fields
associated with different field size categories (Rose et al., 1992). It is
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suggested that the distribution of field sizes, ideally approaches a skewed
normal distribution, as exploration of the basin matures. Where large
gaps appear in this distribution, it may be postulated that as yet undiscovered fields of missing sizes could be present (Figure 6.9).

6.3 Case Study: Gabon Coastal Basin versus Almada-Camamu Basin.
The Gabon Coastal and Almada-Camamu basins represent conjugate elements of
the West African and Eastern Brazil margins (Figure 6.1). The Gabon Coastal Basin
is situated for the main part within Gabon, but extends into Equatorial Guinea. The
basin is up to 300 km wide. Its eastern limit is marked by outcropping Precambrian
basement and metasediments, while the first occurrence of oceanic crust defines the
western limit. The southern limit is taken at the southwestward 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: the 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 actually a failed rift basin preserved
northeast of the Lambarene High, in which pre-rift sediments are preserved (Teisserenc and 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 than 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
Olivenca High (ANP, 2000; Geochemical Solutions International, 2010).
Both basins resulted from South Atlantic rifting and break-up, and are genetically
related. In contrast to the Almada-Camamu Basin, which is considered a frontier area
(Scotchman and Chiossi, 2009), the Gabon Coastal Basin is well explored. In Gabon,
significant hydrocarbon accumulations have been discovered throughout the stratigraphy. The Almada-Camamu 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). The proposed methodology
and associated tools demonstrate how we might use analogue comparisons between
two basins to help us evaluate future exploration opportunities.

6.3.1 Tectonostratigraphic development - Facies Palette and Trajectory Plot
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The first step in relating petroleum system- and play development to basin 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 (Figure 6.2), but reactivation of
zonal weaknesses in the Precambrian basement during the Permian, Triassic and Jurassic, resulted in the formation of localized sag basins (Meyers et al., 1996; Cainelli
and 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
ocean spreading (Figure 6.2). The Gabon Coastal and Almada-Camamu basins form
elements of a coupled narrow-wide margin. The wide-narrow juxtaposition indicates
that the rift zone covered a broad region, with 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., 2008). As separation progressed, continental alluvial, fluvial and
lacustrine pre- and syn-rift sediments were deposited. Oceanic emplacement began
in the south and advanced northwards: the oldest oceanic crust south of the Walvis
Ridge is Jurassic, while to the north it is Cretaceous (Rabinowitz and LaBrecque,
1979; Nurnberg and Muller, 1991; Gladczenko et al., 1997). Accordingly, the synrift and transitional stages start and terminate later in the northern basins than in the
southern basins, in agreement with a “zipping open” model of the South Atlantic
from south to north (Rabinowitz and LaBrecque, 1979). 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
(Figure 6.2) (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 subsided.
Movement of the evaporite deposits is particularly important in determining patterns
of younger fan- and turbidite systems. Post-depositional salt movement also created
Figure 6.2

Paleogeographic maps of the Cretaceous breuk up of Africa and South America (modified after Tissot et
al., 1980; Brownfield and Charpentier, 2006).
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traps in the overlying sediments: extensional structures developed in the upper margin of the basins and compressional structures in the deeper basinal parts (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-Camamu- and
Gabon Coastal basins (Figure 6.3 and 6.4):
• 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 as well. In the Almada-Camamu Basin, the prerift section (Itaipe and Sergi formation) (Scotchman and Chossi, 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 formations) have only been preserved in the Interior sub-basin.
• The syn-rift of the Gabon Coastal Basin can be separated into
three stages. The early rift (syn-rift 1) sediments of Neocomian age
(N’Dombo/Basal Sandstone, Kissenda and Lucina formations) 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 adjacent deep graben lakes (Melania sandstone and shale Formation). During the late syn-rift stage (synrift 3), rifting declined and eventually ceased. At the end of the late synrift stage, the graben topography had been effectively filled by a thick of
siliciclastics, including some reservoir quality sands (Dentale Formation)
(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 Formation). Equivalent
carbonates (Banio Formation) 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 formations).
• In both basins, a period of tectonic quiescence, associated with the
culmination of intra-continental deposition and the onset of oceanic
crust emplacement, marks the transition from the late syn-rift stage to
the transitional cycle. This cycle commences with restricted marine sand
and shale deposition recording the first marine incursions into the protoSouth Atlantic, followed by widespread evaporite deposition (Gamba/
Vembo formations in Gabon versus Serinhaem Formation in AlmadaCamamu), recording the first marine incursions into the proto-South Atlantic, 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-rift 1 - restricted marine post-rift supersequence), was
accompanied by a faster subsidence rate due to cooling of the
oceanic crust, permitting the deposition of transgressive marine
platform carbonates on the shelf and shales and micrites in the
deeper basin (Madiela Group in Gabon versus Algodões Formation
in Almada-Camamu) (Séranne, 1999; Séranne and Anka, 2005;
Anka et al., 2010). 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 - open marine post-rift
supersequence) saw the onset of the development of a number of
delta systems 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 untill
Early Tertiary Cap Lopez-, Azile-, Anguille-, Pointe Clairette-,
Ewongue- and Mandji groups). Along the Brazilian margin, rift
shoulder uplift was coeval with strong subsidence 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
several 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 accumulate mainly in the basins
towards the south and the lack of deltaic input led to dominantly
deep marine deposition in Almada-Camamu (Late Cretaceous Early Tertiary Urucutuca Formation).
◊ The late post-rift stage (post-rift 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 conditions during the middle post-rift stage.
In Almada-Camamu, this stage is characterized by regressive shallow to deep marine clastic deposition (Eocene - Recent Urucutuca-, Caravelas-, Rio Doce- and Barreiras formations), while in the
Gabon Coastal Basin there was a reduction in the Ogooue River
drainage system. However, the Neogene westward subsidence
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Figure 6.4

“Trajectory plots”, describing sedimentary basin evolution through time for the Almada-Camamu and
Gabon Coastal basins. Note that the trajectory paths of both basins show considerable overlap, suggesting the deposition of similar sediments (Teisserenc and Villemin, 1990; Boeuf et al., 1992; Coward et
al., 1999; Liro and Dawson, 2000; Katz et al., 2000; Gonçalves et al., 2000; Brownfield and Charpentier,
2006; Scotchman and Chiossi, 2009). Trajectory plots form part of the BDI program.
“Facies palettes”, summarizing the depositional environments in the pre-rift, syn-rift, transitional and
post-rift cycles of the Almada-Camamu 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 indicated by symbols (Teisserenc and Villemin,
1990; Boeuf et al., 1992; Coward et al., 1999; Liro and Dawson, 2000; Katz et al., 2000; Gonçalves et al.,
2000; Brownfield and Charpentier, 2006; Scotchman and Chiossi, 2009). Facies palette forms part of the
BDI program.
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phase still permitted a thick post-Oligocene depositional unit to
accumulate (Mandorove-, M’Bega and N’Tchengue formations).
The facies palettes and trajectory plots of both basins show a consistency in
environments associated with each basin cycle (Figure 6.3 and 6.4). 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 after 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; Scotchman and Chiossi,
2009). These variations are important for petroleum prospectivity, since insufficient
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.

6.3.2 Petroleum System Development - Events Chart and Petroleum System Flow
Chart
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 pathways, trap type development and timing of generation, migration and preservation of petroleum? Can
we recognize potential analogues and use them for predictive exploration purposes?
First, we will discuss the different types of petroleum 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.

6.3.2.1 Petroleum System Types
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Each basin cycle contains characteristic source rocks which give rise to characteristic petroleum systems or petroleum system types. Associated reservoirs can be
located throughout the basin stratigraphy depending on the capacity of the seals.
Figure 6.5 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 petroleum system type (Figure 6.6a and 6.7a): two
Lacustrine syn-rift petroleum systems have been shown to exist in the
Gabon Coastal Basin, and one 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 petroleum system type (Figure 6.6a and 6.7b): the Dentale/Gamba-DentaleGamba petroleum system (.) is the only petroleum system which seems
to originate from shallow lacustrine shales from the late syn-rift and
restricted marine shales from the base of the transitional cycle.
• Marine post-rift petroleum system type (Figure 6.6b and 6.7c): four
such petroleum systems have been identified in the Gabon Coastal Basin, receiving charge from shallow to deep marine carbonaceous shales
located in post-rift 1 and 2. In the Almada-Camamu Basin, a similar
petroleum system is charged by deep marine Urucutuca shales, but so
far, only one accumulation has been encountered.
Besides these known petroleum system types, another petroleum system type
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 Hypersaline Marine petroleum system type. 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 Formation, located in the pre-rift of Almada-Camamu (Gonçalves et al., 2000; Scotchman
and Chiossi, 2009). Considering the fact that source rocks are mature in the syn-rift
(Scotchman and Chiossi, 2009), these pre-rift shales could be mature to overmature.
However, no associated accumulations have been encountered yet.

6.3.2.2 Analogous Petroleum Systems
At this point, we can recognize three (potentially) analogous petroleum systems in
the two basins:
• The Kissenda - N’Dombo-Gamba petroleum system (!) in Gabon
and the Morro do Barro - Sergi/Morro do Barro petroleum system (!)
in Almada-Camamu. Both receive charge from lacustrine shale sources
deposited during the early syn-rift, and belong to a Lacustrine syn-rift
petroleum system type. In case of the Morro do Barro-Sergi/Morro do
Barro petroleum system (!), the associated hydrocarbon accumulations
occur in structural traps within the pre- and syn-rift sedimentary section
(Gonçalves et al., 1998, 2000). Hydrocarbon generation started during
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Figure 6.5
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Summary overview of every (potential) source rock interval and associated petroleum system identified
in the Almada-Camamu and Gabon Coastal basins. Note that many more source rock intervals, and hence
petroleum systems, have been proven to exist in Gabon.

Petroleum System Flow
Chart for petroleum systems
defined as a Lacustrine
syn-rift petroleum system
type, summarizing which
(potential) plays/reservoir
lithofacies receive charge
from which mature source
rock intervals. Note that the
Dentale/Gamba – Dentale/
Gamba petroleum system (.)
in Gabon Coastal Basin also
receives charge from fluviomarine shales at the base of
the transitional cycle (Coward
et al., 1999; Gonçalves et al.,
2000; Brownfield and Charpentier, 2006; Scotchman and
Chiossi, 2009).
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Figure 6.6a

Petroleum System Flow
Chart for petroleum systems defined as a Marine
Post-rift Petroleum system
type, summarizing which
(potential) plays/reservoir
lithofacies receive charge
from which mature source
rock intervals. Note the
speculative status of the
Urucutuca-Urucutuca
petroleum system in the
Almada-Camamu Basin
(D’Avilla et al., 1998;
Coward et al., 1999; Katz
et al., 2000; ANP 2002a;
ANP, 2002b; Brownfield
and Charpentier, 2006).
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Figure 6.7a

Events charts for petroleum systems defined as a Lacustrine syn-rift petroleum system type (Coward et al.,
1999; Gonçalves et al., 2000; Brownfield and Charpentier, 2006; Scotchman and Chiossi, 2009).

Figure 6.7b
Events chart for a petroleum system defined
as a Lacustrine syn-rift / Fluvio-Marine
Transitional petroleum system type in the
Gabon Coastal Basin (Coward et al., 1999;
Brownfield and Charpentier, 2006).
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Figure 6.7c
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Events Charts for petroleum system defined as a Marine Post-rift petroleum system type. No information
is available on the potential deep marine Urucutuca-Urucutuca petroleum system (?) in Almada-Camamu
(Coward et al., 1999; Katz et al., 2000).

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 secondary 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 down warping (Edwards and
Bignell, 1988; Brownfield and Charpentier, 2006; Martin and Toothill,

2009). Plays are all located within the syn-rift, and hence lateral and
vertical migration distances are short (Katz and Mello, 2000).
• The Azile/Anguille - Anguille petroleum system (!) is one of the
most important petroleum 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 paleoriver mouth, where the input
of terrestrial material was greatest (Teisserenc and Villemin, 1990; Katz
et al., 2000). These marine sources generated 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 and Chiossi (2009) recognized the potential that is
provided by equivalent Cenomanian-Turonian anoxic deep marine shales
in Almada-Camamu and Espirito Santo Basin (ANP, 2002b), but the
absence of a thick overlying delta system means that maturity may never
have been reached.
• If the Urucutuca-Urucutuca petroleum system (?) is a viable petroleum system in Almada-Camamu, it can be considered an equivalent
of the Port Gentil - Senonian-Miocene petroleum system (.) in Gabon.
The Port Gentil shales have been expelling petroleum 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) present 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 and 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, halokinesis
seems to be limited in this basin and part of the Late Cretaceous turbidite
section is missing (Scotchman and Chiossi, 2009).
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6.3.2.3 Potential Petroleum Systems in the Almada-Camamu Basin
As shown in Figure 6.5, more petroleum systems are present in the Gabon Coastal
Basin compared to the Almada-Camamu Basin. Potential analogous sources are recognized in Almada-Camamu, but uncertainty exists with respect to their distribution
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 system that could exist:
• Rio de Contas lacustrine syn-rift shales: these shales are equivalent to
the Melania lacustrine shales that give rise to the Melania - NeocomianCenomanian petroleum system (!). The Melania shales started generating
hydrocarbons in Late Cretaceous times (Edwards and Bignell, 1988;
Brownfield and Charpentier, 2006) and charged reservoirs within the
syn-rift-, transitional and early post-rift basin cycles via faults. Synrift 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 formation sandstones. Windows in the salt allowed
upward migration of hydrocarbons to reservoirs within the early post-rift
section (Brownfield and Charpentier, 2006). Similar migration pathways
and associated reservoirs could be expected for a hypothetical petroleum
system based on the Rio de Contas shales.
• Serinhaem fluvio-marine shales at the base of the transitional cycle:
these would be analogous to the fluvio-marine Gamba shales, which
partly generate the hydrocarbons associated with the Dentale/GambaDentale/Gamba petroleum system (.). 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 vertically upwards along faults through salt windows. The
main risk for the Serinhaem shales (Taipus Mirim Formation) concerns
the extent and thickness of this source section (Scotchman and Chiossi,
2009).
Other potentially analogous petroleum systems are not likely to have developed in
the Almada-Camamu Basin:
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• The early post-rift Madiela and Cap Lopez Formations 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 Formation carbonates in Almada-Camamu, but no source potential has been ascribed yet
to these rocks (Scotchman and Chiossi, 2009).
• The early post-rift Namina Formation shales in Gabon are the deep
water equivalent of the Madiela/Cap Lopez carbonate sources (Brink,
1974; Teisserenc and Villemin, 1990; Dupré et al., 2007). In the Ogooue
Delta, the distribution of Namina-source 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 postrift, 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 has been identified in Almada-Camamu, but no source
characteristics have been ascribed to these rocks yet (Scotchman and
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.

6.3.3 Play Development - Petroleum System Flow Chart
The third step in relating petroleum system- and play development to basin evolution is to examine play development: what are the differences and similarities with
respect to reservoir- and seal rock development and trap formation? And can we
recognize potential analogues and consequently 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 review.

6.3.3.1 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 6.8 provides
a summary of the properties of all (potential) play levels, as well their location in the
stratigraphy. Each basin cycle contains the following characteristic play types:
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• 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 shales or fluvio-marine shales or evaporites of the transitional
cycle. Trap formation generally obeys the simple model proposed by
Nøttvedt et al. (1995) and Gabrielsen and Faleide (2008) for extensional
basins: the syn-rift is characterized by faults and basin relief, promoting
the development of a variety of trap types, both structural and stratigraphic, and a complex distributary system for sediments. The geometry
of the syn-rift infill generally includes a number of wedge-shaped half
grabens, in which sediments thin away from the bounding faults onto the
hangingwalls, due to rotation of the fault blocks, local footwall uplift and
adjacent hangingwall collapse (Nøttvedt et al., 1995). Other geometries
may develop internally within the wedges. The architecture of the synrift infill is controlled by the spacing, orientation and segmentation of the
faults, and whether the drainage systems are positioned on the footwall,
hangingwall or axial portions of the basin (Nøttvedt et al., 1995). ).
Localized subsidence and episodic fault movements lead to variable
rates of rotation across individual fault blocks, which may give rise to
complex depositional geometries (Nøttvedt et al., 1995). Generally, basal
sandstones represent rift initiation with low tilt rates and rapid emptying
of weathered detritus from catchment areas. The shale-rich intervals represent the climax of rifting (Prosser, 1993; Nøttvedt et al., 1995), when
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 subsidence and rotation rates towards the end of the active stretching phase:
the transverse drainage systems become better established and fluvialshallow 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 (Nøttvedt et al., 1995) is recognized
in the basins along the South Atlantic Margin and probably results from
an overall balance between subsidence and sediment input.
• 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
inversion), sealed by the overlying evaporites of the same cycle.
• Post-rift: a variety of lithofacies form reservoirs, including shallow marine sandstones/carbonates, as well as deep marine turbidites
Summary overview of every (potential) play level identified in the Almada-Camamu and Gabon Coastal
basins. For each play level, the associated reservoir/seal- formation names and lithofacies are given, as
well as the reservoir properties, where available.
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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 Cretaceous 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 and Villemin, 1990;
Katz et al., 2000). In the Almada-Camamu Basin, the area of salt deposition seems to have been less extensive and particularly in the Camamu
sub-basin, deformation of the post-rift strata by halokinesis is limited
(Scotchman and Chiossi, 2009).

6.3.3.2 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 postsalt. Only one possibly analogous play-couple can be identified:
• The post-rift Urucutuca play level in the Almada-Camamu Basin is
defined by one field (Norse Energy Corp. ASA, 2007; Rigzone - E&P
News, 2008). The potentially analogous Senonian turbidite play level,
which is the most important play in the Gabon Coastal Basin, might
provide some additional insights (Figure 6.6b and 6.8): Turbidite-fan
complexes are best developed in the northern part of the 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 existing salt-influenced topography, which was then rejuvenated by rapid sediment loading. Most accumulations are associated with
non-piercement salt domes and turtleback structures (Teisserenc and
Villemin, 1990; Katz et al., 2000), while interbedded and overlying Port
Gentil shales provide the primary 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 formations seem
to provide the primary source sequences, depending on the sedimentary
overburden thickness associated with the development of the delta,
which is the main control on hydrocarbon generation. Migration from
the sources to the turbidite reservoirs can take place along salt-induced
faults and via lateral or bed-parallel migration.

Besides this potential analogous play in the Gabon Coastal Basin, other analogues
exist in the Brazilian Cumuruxatiba and Espirito Santo basins to the south of the
Almada-Camamu Basin: Upper Cretaceous-Paleocene turbiditic sandstones deposited in deep neritic to upper bathyal depths (ANP, 2002a; ANP, 2002b; ANP, 2007)
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
development is less pronounced. Also the limited deformation by halokinetic movements resulted in the development of fewer potential trapping structures (Scotchman and 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.

6.3.3.3 Potential Plays in the Almada-Camamu Basin
Many more play levels have been identified in the Gabon Coastal Basin than in
the Almada-Camamu Basin (Figure 6.8), and this section we examine which of the
play levels might prove to be present in the Almada-Camamu Basin. The main risks
for such play levels involve reservoir quality, migration pathways from source to
reservoir and timing of trap formation relative to hydrocarbon generation/migration. Analogue comparison of the stratigraphy, suggests that the following potential
targets 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 and 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 and Toothill, 2009): they are exposed in the Interior
Gabon sub-basin and are locally the main exploration target (De Galard,
2006).
• Lacustrine syn-rift carbonates have been identified in the Gabon
Coastal Basin, but no accumulations are associated with them yet. Other
African and Brazilian marginal basins, such as the Lower Congo, Campos and Santos basins show significant reserves associated with these
reservoirs (Bertani and Carozzi, 1985a, 1985b; USGS World Petroleum
Assessment, 2000a; Harris, 2000; Mello, 2008; Smith, 2009). They
are difficult to explore due to major sedimentary facies changes over
short distances, reflecting decreasing lake salinity and probably climate
change (Harris, 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 and Carozzi, 1985a, 1985b; Harris, 2000). These
carbonate reservoirs could be present within the Morro do Barro or Rio
de Contas formations
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• Fluvio-marine sandstones of the Gamba Formation in the transitional
cycle form part of the Dentale/Coniquet/Gamba Play. This is a transgressive unit, recording the first marine incursion into the Proto-South
Atlantic, 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 Assessment 2000b; Brownfield and Charpentier, 2006). The
Dentale/Coniquet/Gamba Play is the most prospective play, which is at
least partially located within the syn-rift cycle (Dentale and Coniquet
Formations). An analogue play could be envisaged in the Taipus Mirim
Member (Serinhaem Formation).
• Shallow marine ramp carbonates of the Algodões Formation at
the base of the post-rift may be equivalent to the Early Drift (Albian)
Carbonate Play (Madiela Formation) in Gabon. In Gabon, the thickness
of this formation varies greatly, between 90 and 1500 m, as a result of
deformation of the underlying evaporites during deposition (Brownfield
and Charpentier, 2006). Liro and Dawson (2000) report very low porosities, due occlusion by early calcite cementation. Teisserenc and Villemin
(1990) report better porosities ranging between 20-30 %, indicating that
in place the Madiela Formation has good reservoir quality. Similar targets have been successfully developed in the Espirito Santo and Lower
Congo basins (Regencia and Pinda Formation, respectively) (Figueiredo
and Inkollu, 2002; ANP, 2002b; ANP, 2007).
• The deep marine turbiditic post-rift sandstones of the Urucutuca
Formation could form a play analogous to the Senonian Turbidite Play
of Gabon. Although only one field has been defined, this play provides
quite some hydrocarbon 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
and Dawson, 2000). How strongly salt deformation affected the post-rift
strata in the Almada-Camamu Basin remains unknown.
• The deep marine fractured chert facies of the post-rift Ozouri Formation in the Gabon Coastal Basin (Teisserenc and Villemin, 1990) might
analogously also exist in Almada-Camamu, but it has not yet been
identified there.

6.3.3.4 Potential Plays in the Gabon Coastal Basin
Although the Gabon Coastal Basin is better explored, based on comparison with
Almada-Camamu some potential targets for future exploration can also be pointed
out:
• Fluvial/aeolian sandstones deposited during the pre-rift sag phase
and locally preserved in the Interior Gabon sub-basin. The analogue in
Almada-Camamu is given by the Sergi reservoir, consisting of similar
sediments positioned against the footwalls of major regional faults (Gonçalves et al., 2000; Gonçavles, 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 Formation (Gonçalves
et al., 2000). This play is quite prospective with several important fields
in the adjacent Recôncavo Basin (Ghignone and Andrade, 1970; ANP,
2002c; De Bona et al., 2008).
• The lacustrine syn-rift carbonates of the Banio Formation, which
could contain considerable reserves, equivalent to very prospective fields
in the Lower Congo, Campos and Santos basins.
Some of the plays identified in the Gabon Coastal Basin cannot exist in the Almada-Camamu Basin. These include the shallow marine/littoral sandstones in post-rift
2 which are part of the Ogooue Delta system.

6.3.4 Petroleum Prospectivity
Analogue comparisons have been made between tectonostratigraphic-, petroleum system- and play development and used to suggest potential yet undiscovered
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 (Figure 6.9) provide insight
into the basin’s remaining potential, but by no means can they predict exact volumes.
he Almada-Camamu Basin is a relatively small Atlantic-margin basin, and is
considered to be of limited prospectivity. The creaming curve and field size distribution diagram (Figure 6.9) suggest that exploration 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 discovered in turbidite sandstones of the post-rift deep marine
Urucutuca Formation. Note that the hydrocarbon reserves discovered so far mainly
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consist of gas and that the deep water sector remains largely undrilled (Scotchman
and 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 defined by only one field. The main uncertainty associated with these last two
potential petroleum systems concerns the maturity of the associated source shales:
the basin was inverted/uplifted during Tertiary times (Scotchman and Chiossi, 2009)
and the nearshore sediments were never deeply buried. Maturity is expected to
increase farther offshore.
Figure 6.9

Creaming curves and field size distribution diagrams for the frontier exploration basin of Almada-Camamu and the well-explored Gabon Coastal Basin. Note that scale of the horizontal and vertical axes in each
type of diagram is the same for both basins (based on Statoil internal files). The amounts of recoverable
reserves are left out off the diagrams.

Potential undiscovered reservoir lithofacies exist 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, halokinetic movements are limited in this basin (Scotchman and
Chiossi, 2009).

Exploration in the Gabon Coastal Basin started in the early 1950’s (Figure 6.9).
Several jumps are observed in the creaming curve, associated with the discovery 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 contains much greater
reserves (e.g. Lower Congo-, Campos- and Santos basins) (Liro and 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
lognormal 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 Rive delta (turbiditic reservoirs) and the post-rift section of the South
Gabon Basin. Promising in this respect is the Banio Carbonate play, as it analogous
to the Guaratiba carbonate reservoirs in the Santos Basin that are proving to contain
significant reserves. These carbonates are located offshore in the syn-rift 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 exploration.

6.4 Conclusions
In this chapter we have outline a methodology by which we can compare basins
and phases in basin evolution and which provides us with a means for identifying
appropriate analogue petroleum systems and plays. We have used this methodology
to compare the Gabon Coastal and Almada-Camamu basins. It has allowed us to
recognize (potentially) analogous petroleum systems and plays (Figure 6.3 and 6.4).
This approach is possible, as both basins developed as a consequence of South Atlantic rifting and break up, have experienced a similar tectonostratigraphic evolution
and are hence genetically 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 Formation.
• A fluvio-marine transitional petroleum system charged by the fluviomarine shales of the Serinhaem Formation.
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marine anoxic shales of Cenomanian/Turonian age (post-rift 1 and 2).
• A deep marine post-rift petroleum system based on the marine shales
of the Urucutuca formation in post-rift cycles 2 and 3.
Possible targets (plays) for exploration in the Almada-Camamu Basin, based on
this approach, include:
• Coarse sandstone lithofacies surrounding basement highs, within the
syn-rift section.
• Syn-rift lacustrine carbonates.
• The fluvio-marine sandstones of the Serinhaem Formation at the base
of the transitional cycle.
• The carbonates of the early post-rift Algodões Formation.
• The post-rift Urucutuca deep water turbidites (one discovery so far).
• 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 explored 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
Formations).
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• Syn-rift lacustrine carbonates of the Banio Formation (equivalent to
the major reservoirs discovered in Santos).

• Syn-rift lacustrine turbidites within the Kissenda and Melania Formations.
• Syn-rift alluvial/fluvial basal sandstones around basement highs.
In the onshore Interior Gabon sub-basin, potential reservoirs are provided by prerift terrestrial sandstones.
This methodology also addresses differences between the Gabon Coastal- and
Almada-Camamu Basin, raising questions such as:
• Why do the hydrocarbon accumulations in the syn-rift of AlmadaCamamu mainly consist of gas, while in Gabon Coastal these accumulations consist 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 and 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 gasprone source
rocks, less likely to generate oil?
• What is the reservoir quality of each new potential reservoir interval
identified by this approach in the Almada-Camamu Basin?
• What is the reservoir quality of the lacustrine carbonates of the Banio
Formation in the Gabon Coastal Basin?
• How continuous and what was the extent of initial evaporite deposition during the transitional cycle in the Almada-Camamu Basin? Did
post-depositional 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 synrift sources in the Almada-Camamu Basin, a sealing
evaporite sequence should be expected. Alternatively, 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-Camamu Basin mature and do they generate hydrocarbons,
just as the equivalent shales in the Gabon Coastal Basin? This should
be likely, at least locally, since the stratigraphically higher located
Urucutuca formation is mature (locally) and charges the only known
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play in the post-rift of the Almada-Camamu Basin.
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• The middle post-rift in the Gabon Coastal Basin is dominated by delta
development: why did this not happen in the Almada-Camamu Basin?
And what are the consequences for reservoir and trap development in
the Almada-Camamu Basin? 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 the Almada-Camamu Basin. Such deltaic
sediments are mostly good reservoir rocks and are instrumental in creating enough overburden for the underlying source rocks to mature.

6.5 Summary remarks
This approach allows us to identify analogous petroleum systems and plays by
comparing basin cycle evolution, but it also raises many questions that provide us
with targets for study. This approach is a tool, and by no means provides any certainty. The program and figures supporting this methodology visualize basin-, petroleum
system- and play data in an orderly fashion, but the user has to make the interpretations and identify the appropriate analogues. This approach is useful for obtaining
a first impression of the tectonostratigraphic basin evolution and the related potential for petroleum system- and play development in potentially analogous basins.
After applying this methodology, the user 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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There is still a lot to learn about the behaviour of the lithosphere and its connections to the surface processes, but a good understanding of the initiation and deformation histories of various sedimentary basin types allows us to make a detailed and
practical definition of basin cycles and stages. In this manner, we can relate geological processes, such as sedimentary environment, associated faulting and basin
subsidence to these basin phases.
With the use of analogue and numerical models, both at crustal and lithospheric
scale, a link between subsidence and uplift patterns with related sedimentation and
erosional events can be made. The thermal field, at lithospheric and crustal scale,
has important implications for the petroleum generation inside the sedimentary
basin through a complex effect of stretching together with the thermal effects of
sedimentation and erosion, .
A possible definition of basin cycles and stages, as a starting point for future studies, could be the presence or absence of faulting.
Half grabens, distributed grabens (broad, complex grabens ), symmetrical
grabens and small ocean flanks (where faulting may continue into stages following
rifting) belong to faulted cycles in divergent or extensional wrench regimes.
Stages that can be recognized within these cycles are initial subsidence (corresponds to the phase of initial faulting), climax subsidence (active faulting and
subsidence are greatest) and the waning of subsidence (active faulting is gradually
reduced until it ceases at the end of the rift period).
In convergent or compressional wrench regimes we can define basin cycles such
as, retro-arc, wrench inversion, back-arc and fore-arc cycles.
Possible sedimentary stages in the development of these cycles are the “Flysch”
sequences (synorogenic and often a deep marine sedimentary environment), “Mo-
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lasse” sequences (syn- to post-orogenic, often associated with non-marine sedimentation) and Foothills cycles (or parts of the foredeep that may be incorporated in the
advancing fold belt).
Interior sags or intracratonic basins, epeiric seas or platforms (the Middle East is
the best example), post-rift sags (above failed rifts) and marginal sags (above rifted
continental margins corresponding to passive margins) belong to unfaulted cycles.
Again, different stages can be recognized within these cycles, such as the transgressive stage where early post-rift subsidence is characterised by relatively deep marine
environments with relatively minor sedimentation or as a condensed sections covering the rift cycle and the surrounding shoulders (in the marginal sag cycle), and a
middle post-rift stage: onlapping onto the subsiding rift flanks with relatively minor
proximal deltaic developments.
Also a late post-stage can often be recognised, when large progradational deltaic
systems (as in Mahakam and Niger Deltas) develop. This stage often correlates with
a period of uplift and drainage rejuvenation or uplift and compression, in- or outside
the basin.
Building on the divisions we can make between basins, represented by the relatively standard cycles and stages we can recognise, the methodologies discussed in
this thesis attempt to facilitate prediction of prospectivity in basins that are relatively
less well explored, by making use of the analogue value of known petroleum systems
(and the plays that occur within them). If we can group the latter into families and
relate them to the similar tectonostratigraphic situations or basin cycles, discussed
above, we potentially have a means to predict what type of petroleum systems and
plays could be developed in less well-known basins or parts of basins. The basic
principle of the concept is the assumption that many basins or basin cycles have
shared characteristics with respect to petroleum-related parameters.
The methodology is essentially designed to aid in frontier/greenfield type exploration, by allowing scientifically robust predictions to be made at petroleum system
and play scales, rather than at a basin-wide scale (which often have proven to be
difficult and unrewarding). However, it may also be applicable to more mature areas.
The methodology provides a context for incorporating many types of geologic
data: geodynamic, sedimentary and tectonic. The basin origin and evolution are
driven by large-scale geodynamic influences. The sedimentary response to basin formation (depositional processes) controls the petroleum systems present. The nature
and intensity of basin tectonic evolution strongly influences the trap formation and
therefore the plays present, as well as the reservoir/seal combination that defines the
formation or lithofacies of the various reservoir levels. In most cases structure (usually a result of tectonic movements) defines the trap geometry.
Another significant aspect in petroleum geology is the source rock maturation,
which is directly linked to the basin geodynamics and the sediment input (Chapter 4
and 5). Source rock maturation trends can therefore be characteristic for families of
(sub-)basins that experienced similar basin evolution (Chapter 3).
The importance and effect of tectonics on sediment stacking during the syn- and
post-rift cycles has been studied using integrated analogue and numerical modelling
(Chapter 4 and 5).
The integrated modelling highlights the differences in fault-structures, subsidence
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Relative sea level and sediment type also play an important role on heat flow in
the graben and ultimately on the source rock maturation (Chapter 4).
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patterns, graben migration paths, sediment stacking and heat flow between symmetric and asymmetric grabens. All these factors contribute to the graben’s characteristic source rock maturation architecture. To model thermal gradients and maturation
correctly it is vital to consider the basin migration patterns (with their changing
depocenters during migration) that are related to the style of extension (e.g. symmetric versus asymmetric). This is shown in Chapter 4 by a comparison of symmetric
and asymmetric grabens with similar amounts of extension.

With a sufficiently large number of basins analysed, using the methodology
described in this thesis, it is possible to group particular petroleum systems into
petroleum system types and identify the plays that characterize them, irrespective
of their age or geographic distribution. This immeasurably increases the analogue
value of both. If the petroleum system types and their plays can be related directly
to standard basin or basin cycle types, it then becomes possible to make estimates
of the petroleum systems and plays that could (or even should) be present in less
well-known basins, and what their value might be. The technique can be applied at
different levels of confidence. Depending on the amount of data available, however,
significant predictions can be made based on relatively limited amounts of purely
geological data (such as stratigraphic sequence and tectonic history - Chapter 6).
This represents a method by which target basins can be identified for new exploration. It also provides a focus for such studies and:
• a means to identify plays that have possibly been overlooked in earlier exploration
• a method to predict the presence of plays not yet identified by seismic
or drilling - in this respect it can be applied also to growth areas.
• a means to develop an exploration portfolio based on the prospectivity of geologic situations, eg. syn-rift, platform carbonate, deltaic, and
their related play types.
Caution must be taken when proposing source and reservoir analogues for two
different basins sharing the same overall geodynamic evolution, since paleo-climate,
paleo-latitudes and paleo-biodiversity may exert a strong control on source rocks
and revervoir quality.
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