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15 INTRODUCTION

1.1.  Scientitic questions: problems and objeetives

sedimentary basins off=shore passive contimental margms are potential hydrocarbon
storchouscs where higuid and gascous hydrocarbons accumulale 1 reservoirs buried across
these margins. One gascous hydrocarbon commonly found in most sedimentary basins, is
methane (CHy). In many places, hvdrocarbons leak from such accumulations or migration
pathways lead dircelly 1o the basin surface. Migrating hydrocarbons sepuarate into oil and gas
phases upon decreasing temperature and pressure, and gas phases contanung mostly methane
dominate at the shallowest levels, In many cases, such as well described along the continental
shelf of Norway (Brendt, 2005 Svensen et al.. 2003; Bunz e al., 2005; Mazinni ¢t al.. 2006),
in the Black Sea (Dimitrov, 2002) and the Sea of Okhotsk { Cranston et al, 1994}, methune
escapes across the sea Noor via carbonated  gas seeps and mud voleanoes, into the exosphere
{i.c. the combined hvdrosphere and atmosphere) where il eventually oxadizes to form CO-
(e.g. Kennett ¢t al.. 2002: Etiope and Klusman 2002 and Judd et al., 2002 : Figure 1}, If large

rates, ol methane leakage oceur, the volumes released may then contnbute significantly to

Figure 1: Sources imd pathways of peclogical methane (Modified atter Tudd & al,, 20023,



Earth’s climate. Methane is the most abundant hydrocarbon in the sedimentary basins (e.g.
Etiope et al., 2008) and its storage and/or escape can greatly affect exosphere temperatures
because CHy is at least twenty times more potent than CO, as a greenhouse gas (Wuebbles et

al., 2002; Svensen et al., 2004).

The sources and sinks of the global methane budget are dynamic and appear at times
imbalanced (Crutzen 1991 and Etiope 2004). For example, Crutzen (1991) proposes a
methane imbalance of 50 Tg yr' whose source is “missing”. This imbalance appears to be
related to geologic emissions of methane (GEM) where significant amounts of methane are
released naturally into the atmosphere through faults and fractures (Etiope and Klusman,
2002). Recently, Etiope (2004) suggests that these values of GEM are in the range of 40-60
Tg yr''and proposes that these GEM should play a major role on the balance of the global
budget of greenhouse gas. The sources of these gases also remain controversial (Crutzen

1991; Etiope and Klusman., 2002; Etiope 2004).

Recent analyses of Earth’s geohistory (van de Schootbrugge et al., 2008; McElwain et al.,
2009), based on the past episodes of global warming, provide insights into the coupling of
climate and the carbon cycle which, in turn, help to predict the future consequences of
anthropogenic carbon emissions. For example, sudden releases of geologically stored methane

in the past are believed to have been responsible for rapid rises in global temperatures

and changes in climatc (Whiticar 1989; Dickens 2003; Svensen et al., 2004; Zachos et al.,
2008). It has been suggested that rapid (catastrophic) release of methane probably happened
55 million years ago, catalyzing the Paleocene-Eocene Thermal Maximum (PETM), when
global temperature increased by 5 °C in less than 10,000 years (Svensen et al., 2004; Zachos

et al, 2008). The tell-tale signs are increased acidification of the ocean and a sudden carbon



isotopic excursion likely due to the injection of a very large mass of '>C- depleted carbon into
the atmosphere (Svensen et al., 2004). The source of the carbon is likely from clathrates
(methane hydrates) or methane gas leakage from gas reservoirs along continental margins.
The consequences of such abrupt leakage can lead to an increase in mean global temperature,
as recorded in the stratigraphic records, but it can also affect atmospheric and ocean
circulation, precipitation patterns and intensity, as well as, the coverage and thickness of sea
ice and continental ice-sheet stability (Zachos et al., 2008). Among the mechanisms resulting
in hydrate dissociation changes in sea surface temperatures are paramount as they can trigger
the dissociation of methane hydrates, releasing methane and in turn creating additional

warming through this positive feedback (Dickens 2003).

It is not known with any degree of certainty if methane release from deeper gas reservoirs
within sedimentary basins also contributes to such events (e.g. Svensen et al., 2004; Brendt
2005). The characterisation and quantification of thermally-driven methane emissions from
rich oil-bearing sedimentary basins may therefore provide key insights to better
differentiation between anthropogenic related COs-increase in the exosphere and that derived

from natural causes.

This study aims at identifying, characterizing and modelling, through geologic time, the
leakage of liquid/gas hydrocarbons in a major sedimentary basin, the Orange Basin, offshore
the western South African margin. These results may help to understand the relationship
between methane migration and seepage with structural and stratigraphic elements in this
basin, and will contribute to a better quantification of the fluxes of greenhouse gases from

sedimentary basins to the exosphere.



1.2 The Study Arca and the Orange Basin
1.2.1 Geographic characterisation of the study area

The Orange Basin is located offshore the south-west fucing continental margin of South
Africa. It has an arca of approximately 130 000 km * (Paton el al., 2007). Tt is bounded o the
north und south by the Walvis Ridge and by the Agulhas-lalkland Fracture Zone, respectively
{Figure 2}, The basin has been filled by sediments trapsported by the Olifants and Orange
River drainage systems (Figure 2). The sediments range in age from the Mesozoic to Recent

{Gerrard & Smith.. 1982: Dingle et al., 1983; Muntingh 1993: Brown ct al., 1995),
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Agulhas-Falkland Transform Zone in the south |modified from Kubbmann et al., (2000)]. Exploration
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The Orange Basin is divided into several exploration blocks. Previous studies were conducted
by Kuhlmann et al (2010) on Block 3 and 4, and by Paton et al. (2007 and 2008) in the
southern part of the basin (Figure 2). Exploration Block 2, the focus of this study, is located in
the northern part of the basin and covers an area of approximately 18750 km 2 The length of
the block extends over a distance of about 250 km from the margin in the shallow marine

domain at 200 m water depth to the deep marine domain at 3000 m water depth.

1.2.2 Regional geological context of the study area

The Orange Basin records the development of South Africa’s volcanic-rifted passive
continental margin from the Late Jurassic through the Cretaceous until the Present (Gerrard &
Smith, 1982; Muntingh 1993; Brown et al., 1995 : Figure 3). The basin contains a thickness of
about 7 km of sedimentary sequences in the northern area and about 3 km-thick sedimentary
sequences to the south that formed in response to the Gondwana break-up and during opening
of the South Atlantic Ocean (Figure 4a). These sediments are sourced from onshore

weathering and erosion (Gerrard & Smith, 1982; Brown et al., 1995; Tinker et al., 2008).

The margin formed during the break-up of Gondwana and the opening of the South Atlantic
Ocean during the Late Jurassic to Early Cretaceous (Gerrard and Smith., 1982; Brown et al.,
1995; Nurnberg & Muller., 1991; MacDonald et al., 2003; Moulin et al., 2010). Recently,
Moulin et al. (2010) have tried to refine the pre-opening fit between Africa and South
America and to evaluate the age of the break-up and onset of sea floor spreading, based on
new interpretations of magnetic anomalies, seafloor isochrones and radiometric dating of
igneous rocks. From those data, they propose that the first oceanic crust between southern
Africa and America in the lower Cretaceous formed between magnetic anomalies M9 and M7

(134-132 Ma).

The early formation of the continental margin shows features of volcanic activities, such as
continental flood basalts (Etendeka) and volcanic seaward dipping reflectors (SDRs)
(Trumbull et al., 2007; Hirsch et al., 2009). SDR are extrusive basalt flows found offshore the

continental margin that rapidly extruded across the surface when the plates moved apart.

The break-up of Gondwana resulted in the development of a series of grabens and half-
grabens orientated parallel to the present-day margin. The complex of grabens and half-

grabens is separated by a medial hinge from a more distal western wedge of seaward dipping
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Figure da: (Generalised composite siratigraphic cross seetton the Orange Basin with the matn
petroleun clernents highlighicd (from Broad at al; 2006},

reflectors (Fipure 4a @ Jungslager 1999 Broad ct al., 2006). The immediately overlving
sedimentary successions consist of deposits of Upper Jurassic and Lower Cretaceous

siliciclastic. lacustnine sediment infills with voleanic intrusions.

The lacustrine deposits are followed by transitional Lower Cretaccous siliciclastic deposits
that show a decpening-up sequence from fluvial red beds to deltaie deposits (Gerrard &
Smith. 1982). Full marine condinions set in during the Barremian-Aptian (BA-AP) in response

i the imitiation of the main dnft phase ot the South Atlantic opening.

The aldest praven and highest quality source rock interval compriscs the syn-rift Upper
Hauterivian lacustrine deposits (HA ), found within the grabens and half grabens (Jungslager
P99 Figures 3 and da). This source rock is oil-prone. with a TOC ot more than 10% and HI
of mare than 600 mg HC/g TOC (Barten et al., 1993, Muntingh, 1993), Another source rock
interval comprises the highest quahity of source rocks of Barremian (3A) to Aptian (AF) ages
{Figurc 3} that appear to be regionally developed within the basin. This seguence was

penetrated by DSDP 361 (Deep Seu Drilling prigect drilling hole 361 : Figure 4b) and shows



that this souwrce rock is up to 300 m thick with 1TOC valucs up 1o 253% (Herbun el al_, 1987).
Thas source rock corresponds to a major lithofacies change from restricted marine Lo open
marnne condhions. This sequence 1s overlain by 1500m thick Upper Cretaceous post-rift
sediments (103 My), consisting of clay or claystone hithology, deposited basinward on the

outer margin {Paton o al,, 2008),

Within the post rift Late Crelaceous succession another source rock interval has been
identified (Munmtingh 1993; Van der Spuy et al., 20033, This mterval corresponds to an
uppermost Cenomanian-Turonian (CE-TU ) maximum tflooding event that was identified in
the AKL well (Figure 4b). This interval is expected to be oil prone down dip to the west (Van

der Spuy e al, 2003).

G e

Figure 4b: Orange Basin location map showing some af the locations of wells used inthis (alier Paton
clal, 2007}



1.2.3 Previous work in the Orange Basin

Many other studies have been completed on the continental margin of southwestern Africa,
and the Orange Basin in particular. These studies focus primarily on the sequence
stratigraphy, biostratigraphy and oceanography. For example, Gerrard & Smith. (1982)
distinguished four main seismic horizons T, R, P and L, which form major sequence
boundaries that range in age from Mesozoic to Cenozoic. Subsequently, Muntingh & Brown
(1993) and Brown et al. (1995) established at least twenty-two stratigraphic sequences
bounded by unconformities. Ten of these sequences form the basis for the present

interpretation for the Orange Basin (Figure 3).

More recently, Hirsch et al. (2009) developed a tectonic model using a combined approach of
lithospheric modelling, subsidence analysis, and basin history inversion in the Orange Basin.
Their findings reveal that it is necessary to involve sub-crustal thinning rather than the
classical uniform stretching model (McKenzie 1978) in order to explain the post-break up
subsidence and maturation of organic matter. Their model predicts a syn-break up setting
characterised by shallow water depth and high heat flow due to differential thinning and
associated underplating, followed by subsequent thermal cooling, affected by two additional

phases of sub-crustal thinning about 70 Ma after break up.

It has been suggested that the onset of the Benguela Current was responsible for major
depositional changes along the western part of the African margin (i.e. Séranne and Abeigne,
1999; Séranne and Anka, 2005). For example, Weigelt and Unzelmann-Neben (2004)
proposed that sedimentary features on the continental margin such as slump scarps are
triggered by bottom currents and slope instabilities linked to increased sedimentation rate and
upwelling under the action of the Benguela Current in the middle Miocene. On the other
hand, Viola et al. (2005) show some of these instabilities to be at least partially associated

with onland neotectonic structures in southwestern Africa.

Based on the presence of gravitational slump structures, Dingle and Robson

(1992) and Brown et al. (1995) described west-dipping growth faults in the outer margin of
the Orange Basin. Recently, De Vera at al (2010) studied the thin-skin structures of the basin
and proposed that the margin’s tectonic instability is recorded as a series of short-lived

gravitational-collapse episodes from Middle Aptian to Santonian. Gravitational collapse



probably resulted from episodic continental uplift (e.g. the Kalahari epeirogeny de Wit 2007)
combined with differential subsidence and sliding along an efficient detachment layer in

Turonian source rocks.

The existence of active petroleum systems within the Orange Basin has been documented by
various authors such as Jungslager (1999), Van der Spuy (2003), Paton et al. (2007 and 2008),
and Kuhlmann et al. (2010). Paton et al. (2008) carried out a 2D petroleum system model
within the southern part of the basin (Figure 3). Kuhlmann et al. (2010) interpreted the
seismic units of exploratory Blocks 3 and 4, to the south of Block 2 (Figure 2 and 3) and
constructed a 3D basin model for this area. Their results suggest that the early Aptian source
rock is the most likely source for thermogenic gas in the outermost part of the basin. They
also suggested that this gas would have subsequently migrated laterally to the proximal areas,
because the source rocks located on the inner shelf are not mature enough to explain these

gaseous hydrocarbon accumulations (Kuhlmann et al., 2010).

In the northern part of the Orange Basin, a series of mud volcanoes have been identified in the
outer margin of Block 2 at water depths of about 420 m (Ben-Avraham et al., 2002). This
work does not explore the origin of these mud volcanoes within the regional tectonic
framework. However, Viola et al. (2005) suggest that these mud volcanoes are associated
with deep-seated active faulting linked to neotectonic activity in the submerged continental
shelf and on land. Tinker et al. (2008) have also evaluated the balance between onshore
erosion and offshore sediment accumulation in southern Africa, based on new apatite fission
track thermochronology results. They concluded that the increase in sediment accumulation
matches increased onshore uplift and denudation. The tectonic uplift was greatest in the mid-
late Cretaceous which is consistent with the onshore uplift and major topographic

development of the Kalahari Plateau (e.g. de Wit., 2007).

The occurrence of gas hydrates in sedimentary sequences can be detected in seismic profiles
as a Bottom Simulating Reflector (BSR). A BSR is a sub-seafloor phenomenon that marks the
boundary between sediments containing gas hydrates from free gas with higher and lower
seismic velocities, respectively (Haacke et al., 2007). A BSR recorded in seismic reflection
data, a few hundred meters below the sea bed, runs parallel to the sea floor reflector, has
inverse polarity to the seafloor reflector and it also cross-cuts the stratigraphic reflectors

(Rodrigo et al., 2009). Even though the controls on gas hydrate formation are not fully
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understood yet, gas hydrates can occur without the presence of a BSR. Although Ben-
Avraham et al. (2002) mapped a BSR, indicative of gas hydrate presence near the series of
mud volcanoes in Block 2, no BSR was detected in this area during this study, or farther to

the south (Kuhlmann et al., 2010).

1.3.  Overview of Gas Escape Features

Occurrence of gas seepages in sedimentary basins can be recognised through many seafloor
features including mud volcanoes (Dimitrov 2002; Milkov 2000), mounds (Hovland &
Thomsen., 1997; Nacth et al., 2005), and pockmarks (i.e. Hovland & Judd., 1998; King &
MacLean., 1970; Pilcher 2007).

There are two types of seepage structures whose end-members are “active” and “passive”
(Abrams 1996). Seepage activity is defined as “active” where there is ongoing leakage of
hydrocarbons in large concentrations within and above the surface sediments. Seepage is
defined as “passive” when the leakage of hydrocarbons from subsurface to near-surface
sediments is low or absent. Research on mud volcanoes is important for petroleum
exploration because they indicate evidence of high petroleum potential in the deep sub-

surface.

The origin of present-day free gas at the sediment-water interface is commonly attributed to
either deep thermogenic hydrocarbon sources (i.e. Limonov 1997; Heggland 1997,
MacDonald et al., 2000), shallow biogenic processes (Judd et al., 1997) or the dissociation of
gas hydrates (Cole et al., 2000; Van Rensbergen et al., 2002; Wood et al., 2002).

1.3.1 Seafloor mounds

Natural gas leakage associated with seafloor mounds can be identified by topographically
well-defined build-up of organic mounds or mounds formed by inorganic accumulation of
mud (Riding 2002). Free gas can be easily recognised on the seismic data as free gas reduces
the acoustic impedance, thereby creating acoustic turbidity and blanking, pull-down of
seismic reflections and enhanced reflections such as bright and flat spots (Ben-Avraham et al.,

2002; He at al., 2007).
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Scatloor mounds have been described along many continental margins of all continents in a
varlely ol tectomie seltings (Figure 5a). For example, mud voleanoes in the cast Mediterranean
Ridge (an active acerctionury complex) oceur in @ subduction environment. whalst the mud
voleanoes in the Black Sea oceur in a back-are basin environment (Dimitrov 2002). Examples
along passive marging are carbonate mounds formed by organisims that ingest methane and
prisduce carbonate and by precipitation of authigenic carbonates. at water depths from O to
F350m off Norway (Hovland & Thomsen, 1997) and the Poreupine Basin oilshore Ireland

{Maeth et al., 2005),

I-26 Countries with subaerial mud volcanocs Potential nucroseepage sores
4 Submanne seeps andfor mud volcanoes il [~
a-s Main geothermal prosnces secimentary basins  gecthermal areas

Figurc Sa: Global seostaphical distnbution of polcntial goologic methane emission siles, M
valcanavs: | —Italy, 2—Alhania, 3—Remania, 4—Ukraine. 5—Russia (Caspian. Sakhalin), 6—
Georngia, 7 Acerbaijan, 8 Turkmenistan, 9— Iran, 10— Pakistan, 11—India (Pumab, Assam,
Andaman and Micabar Islands), 12—Rurma. 13—China. |4—lapan (Hokkatdo), 1 5—Taiwan, 16—
Mualavsia, 17—Indonesia {Sumatra, Giava, Kalimantan, Sulawesi, Timer), 18—New Guinea, 19—
Now Fealand, 20—LI8A (Alaska), 21 Mexice, 22 Peru, 23 Eeugdor, 24 Colombia, 25
Venczuela, 26— Trnnidad, Main eeatficrmal areas (includes the high-C0k areas from Trwdin and
Bames. 19500 a-—-Russia, b Japuty, ¢ Easlern Ching, d - Himalaya, ¢ 'The Philippines, [ -
Indongsia. se—New Zealand, h—Canada, i—Unned Stales. [ —Mexico, k—Ceniral America voleanic
bell, ] Andean voleamic belt, m—The Caribbean, o—I[celuand, o—Northem Europe, p—Euastern
Fumpe. g—Nalv. —Southern Mediiermancan. s—-East Alvica fii {aficr Etiope and Kulsman., 2002,

It is fregquently dilficult to distinguish, based on only scismic retlection data, whether the
scafloor mounds represenl hard-carbonate accumulations, soft free-venting gassy maud
mounds, dormant vents or hydrate mounds (Kaluza & Dovle,, 1996). The shapes of the

mounds may vary from flas topped. round, to smooth and irrepular (Lleviand & Thomsen.,



Uine (mes )

1997; Milkow 2000, Faults may be seen rooted below these mounds (e.g. Igure 5b : Viola et
al., 2005). Studhes of submanne mud voleanoes over the last decade have imereased due to the
wide use of side-scan sonar and the increased aceuracy of the positioming of bottom samplers

{ Milkow 20007,
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Figure 5b; Sersmie section ol an interpreted mud veleano in the Orange Basin, showing faults rooted
below the moond {from Viela ecal., 2005)

Mud voleanoes are lopographical features wath sub-cireular structures up to several
kilometres in diameter, elevated above the surrounding scatloor, formed [rotn cmission of
argillaceous matenal (Figure 5h: Ben-Avraham ef al.. 2002: Viola et al., 2005 ). They are also
of interest o ho-geological studies us they represent localized anomalous biological activiry

(Kalusa & Doyle., 1996; Riding 2002; He at al., 2007).

The overflowing mass of mud in mud volcanoes on the surface comprises a fluid mixture ol
methane-enriched mud and mud-breceia (Dimitrov 2002). Mud volcanoes most probably
originale in areas wilh high sedimentation rates of fine-grained sediments (e.g. muds). rise of
tluichzed mud along laults and Iracturcs (more common). or as a result of rapid overloading

mass of mud on the surface due o rapid scdimentation, acercting or overthrusting (Milkoy



2000; Dimitrov 2002). The driving force that makes fluid rise up to the surfaces is associated

with high pore-fluid pressures that exceed the internal forces or lithostatic pressure (Dimitrov
2002).

Many carbonate mounds have been discovered along the continental margins. These occur as
single or groups of mounds (e.g. the giant mounds in the Rockall Trough off-shore Ireland,
off-shore Morocco and Mauritania ; Kenyon et al., 2003). Carbonate mounds have conical
shapes often rising some hundred meters above floor. Other types of mounds are similar in
shape but have different internal composition compared to their surrounding, containing
usually bedded sediments (Kaluza & Doyle., 1996). The origin of carbonate mounds has been
debated over the last decade. They are thought to form as a result of light hydrocarbon
seepage, through microbial anaerobic oxidation of methane, or due to breakdown of coral
build-ups by the trapping of sediments transported as both suspended and bed load (e.g.
Kenyon et al., 2003; Foubert et al., 2008).

1.3.2 Seafloor depressions

Active gas escape does not always form positive topographic features. Large depressions
observed on the seafloor surface have also been linked to this gas escape (Hovland & Judd.,
1998; King & MacLean., 1970; Gay 2006; Pilcher 2007). They are known as “pockmarks”
(Figure 6) and they were first reported on the Scotian Shelf by King and MacLean (1970).
Pockmarks are concave crater-like depressions that commonly range between 10m to 200m in
diameter and can be up to 35m deep. Pockmarks may be circular, elliptical, or composite

when individual pockmarks merge into each other.

Using 3D seismic reflection surveys, Pilcher (2007) showed that the distributions of the
pockmarks are controlled by fluid migration pathways in shallow sediments. He classified
pockmarks into “random” and “non random” pockmarks. The random ones occur singly or
appear to have an irregular distribution on the seabed without discernable relationship to each
other or to a resolvable surface or subsurface-feature. The “non random” pockmarks have a
particular spatial relationship such as linear arrangements (Figure 7). There are also aligned

pockmarks where, for example, the pockmarks follow the strike of a (subsurface) fault.
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Figure 6; A seismic profile across an upper Miocene lurbiditic channel in Angola Basin. This profile
illistrates the close relationship between an active © pockmark™ as depression on the seafloor and an
underlying seismic chimney. 'The broken red lines mark the shape of the chimpey {(Gay 2006 ),

Figure 7: Random and aligned {non-random) pockmarks on the seatloor {viewing direction is from the
west), offshore Cabon in water depths ranping from 540 11 to 1560 m (blue colouwrs indicate deep
waler, ted colours indicate shallower) {(from Pilcher 2007 Nowe that the random pockmarks are found
in the deepest part of the water and the alipned pockmarks are associated with slump faultivg along the
steeyy slopes at the continental edge.



1.3.3  Buried pas-leakage features

Cigs venting may uot always reach the seafloor. Gas migration ¢an be halted by impermeahle
stratigraphic sequences (“seals™) or buried by mass movement deposits as gravity shides
(Kaluza & Doyle, 1996). Subsca mounds may also form a bulge i the overlying topography

if the fluids continue to accumulate under the scal (e.o. Figure 8},

Figure 8: Deep-tow sub-hottorn profile shenvinz possihle eas eottapped (bulee™) in a buried landslide
unit on the continental slope of the Guli ot Mexico (atier Kaluza & Dovle, 1996).
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s DATABASE AND METHODOLOGY

This study involves the analysis of o large 20 time-migrated seismic-reflection dataset
covering trom the shelt to the abyssal plain of the exploration Block 2 i the Orange Basin.
Huased on seismic identification and seismic stratigraphy technigues, the main scismic
sequences, tectonie structures and gas escape features have been identificd. mapped. and
classitied. The observations form the basis tor basin models of hvdrocarbon generation and
migration in the hasin, More than 300 2D seismic-rellection prohiles, together with data trom
10 boreholes located on the exploration Block 2 were provided by PetroSA (Tigure Y). The
length of the seismi¢ profiles ranges from about 12 km to around 125 km. They run paralle]
(“strike™) and perpendicular (“dip™} o the continental margin. The spacing between the

seismic lines varies from 0.5 ki to 16 km.

ETI0000

o 0000 A00MY  BODGO  G0CDD (D000
e — T —

VIETIERST

Figure 9 The cxploraion Block 2 (red block) with the 21 seismic erid {coloured lines) analysed in
this study. Also shown are wells (hlock dots). The black bold lines mark the [igures referred to in this
study, For location of Block 2, see Figure 2.
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Figure 10 depiets a {low diagram with the main methodelogical steps followed 1n this work,
The seismie refleetion data was analvsed with Petrel® Interpretation sottware (Version
2009.1) of Schlumberger, As a first step. the 2D seismic data and the borehole data, which
include the logs and check shots, were Inaded into the program. The main teetonie structures
and setsmic retflectors were then identified and mapped. Two-way travel time (TW'1) and
wopach maps of the horizons mapped were also generated. Any pas leakage features
identiticd on the seismic were ¢lassified according to their association to structural or
stratigraphic elements and their general distribution across the basin. Finally, the mterpreted
TWT horizons were converted o depth using the cheekshots (nme-depth pairs) from the

hovehaoles,

Once the geometry of the hasin was constrained, a second phase, including the basin
maodelling of hasin evolution, was perlinmed wsing the comnmereial software Petromod &

{ Version 10} [Fom Schlumberper. This software simulates the burial and thermal evoletion of
a piven basin, including hydrocarbon generation and migration precesses through tme. To
accomphish this, a representative 220 km-long NE-SW remonal lransect across the basin was
selected and imported into Petromad. The wells provide constraints on sequenees age,
hithology, palen-water depths, temperature and maturily (vireinite reflectance) for model
calibration. Once a thermally calibrated model was obtained. final luid Now and gas
migration moedels were constructed. The results were then compared 1o and calibrated with the

leakage lcatures observed on the scisalie scefion.

i Sefsniie Interprecation Basin Modelling
. el 200087 ) (Peteonecd 10}
| 20 Seismiv Dan ! Well Duata
L fivinioen of pliysical and .

| Scisniic reflsobars, imoppiue

AOlEture: chechahast symees SENTCR DA e

Wl topsborizon murksr, ‘ Linport 200 model in - =
deqithe

far vach seguenar

Comns lenkage femures i (alihrarion b Hhormal

T TR R N et T e ST ey B B A HC gesernrion modelilug PLA LTS

m Calibratinn with
TWT und :

2 : Presend-day leakage
TUb i eprral 2esnehied s slepth ¥ 4
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Figure |(k Flow chart displaying procedurss applied o this study,
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3. RESULTS
3.1. Seismic Interpretation
3.1.1. Seismo-stratigraphic units

Analysis of the seismic data reveals the existence of seven major seismo-stratigraphic units
which can be correlated to their age equivalents in the southern area (e.g. Kuhlmann et al.,
2010). They form part of two mega-sequences that result from the major stratigraphic changes
during the basin evolution: (i) the Cretaceous mega-sequence and (ii) Cenozoic mega-
sequence bound by conspicuous stratigraphic unconformities (Figures 3 and 11) (Muntingh &
Brown., 1993; Brown et al., 1995; Weigelt and Unzelmann-Neben., 2004). Note that
throughout the text, the name Tertiary (often used in previous studies of the Orange Basin)
has been replaced by Cenozoic in order to comply with recent modifications established by

the International Commission on Stratigraphy (Gradstein et al., 2004).

The Cretaceous mega-sequence is composed of five seismo-stratigraphic units (Figure 11):
s (] (Barremian- Aptian) (BA-AP)
o (2 (Early Aptian- Cenomanian) (AP-CE)
e (3 (Turonian- Coniacian) (TU-CO)
o (4 (Santonian) (SA)
o (5 (Campanian- Maastrichtain) (CA to MA)
The Cenozoic mega-sequence is subdivided into two sequences (Figure 11):
o T1 (Lower Cenozoic from 67 to 14 MA),
o T2 (Upper Cenozoic from 14 Ma to Present).

This interpretation is consistent with previous interpretations carried out in the Orange Basin
(Figure 3). Ten of the horizons identified by Brown et al., (1995) in the Cretaceous period are
used in this study. For example, horizon 6Atl, at the base of unit C1 is the drift-onset
unconformity (Gerrard and Smith 1982 : Figure 3) and the base of unit C2 is the onset of the
drift sequence that is the 13At1 unconformity (Kuhlmann at al., 2010: Figure 3) which
corresponds to the major lithofacies change from restricted marine to open marine conditions
and 22At]1 marks the erosional termination and the base of the Cenozoic wedge which has

well-developed prograding clinoforms (Hirsch at al., 2009).
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Figure 11: Composite seismic hine showing the main identified seismic umits (C1-C5 T1-T2) and their bounding surfaces {seismme havizons}, The mam
steuctural elements of the basin are: (1) an extensional daomam. wdentified in the present-dav continental shell breakfapper slope. characterised by shallow-
dipping normal histie faabis and (1) a compressional domain on the gontinental lower slope, donminated by landward dippng Listre throst faults, (Location of

thiy composite-line is shown in Figure 9 1 see 1ext for [urher information. )
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3.1.2 Surface and thickness maps

In order to create surface maps I used Petrel® Interpretation software (Version 2009.1) to
convert TWT surfaces into depth using a velocity modelling. First, a velocity model is
generated using the interval velocity from each well and calibrated to the stratigraphic tops
from the available wells. The depth surfaces are tested to fit the well-tops or otherwise
corrected. From these surface maps, thickness or isopach maps are then generated using an
operation tool called True Stratigraphic Thickness (TST). The latter calculates from

differences between the units base and top to yield thickness maps.

The thickness variations of each unit depend on interactive variables such as the sediment
supply, sea level changes and the available accommodation. Comparisons between the
thickness maps for each seismic unit illustrate the migration of depocentres and the evolution
of the sedimentary basin infill through time. One peculiar feature within most units is the
north and south trending ridge, which has been related to coarser sandy sediments in

lithological descriptions in well reports (Kuhlmann et al., 2010)

The surface 6Atl (117.5 Ma : Figure 12a) represents the base of the first Cretaceous unit, C1
(6Atl to 13At1, 117 Ma-112 Ma). Its depth varies from 1000 m to 6500 m in several areas
near the outer margin. The thickness map of C1 (Figure 12b) presents the main depocentre
(1500 m thick) in the middle margin. C1 presents particularly high sedimentation rates up to
58.9 m/Ma in the middle margin (Table 1), which may result from a high runoff rate from the

hinterland increasing sediment input into the basin (Dingle at al., 1983).

The surface 13Atl (112 Ma) marks the base of the overlying seismic unit C2 (13Atl to
15At1, 112-93 Ma ; Figures 12¢ & 12d). This depth surface deepens from 900 m to 6000 m in
the outer margin. Up to 1750 m thick sediments of C2 were deposited in the central area,
thinning out to the east and west. This depocentre is shifted northwards compared to

underlying seismic units C1.

The present-day geometry of surface 15At1 (93 Ma) is different to the previous ones because
it depicts an enhanced shelf- shelf break- slope configuration (Figure 12e¢). The margin has
prograded about 17 km basinwards, becoming wider and shallower, with a deep slope toe at
900 m that deepens to maximum depths of 5000 m. As the basin opens up into the abyssal
plain more accommodation space in the deeper outer margin is available. This configuration

allows sediments of C3 (15Atl to 16Dt1, 93-85 Ma : Figure 121) to fill the space with a
21



sequence of up to 1250 m thick. There is a clear basinwards shift of depocentres from seismic
unit C2 to unit C3. As an increase in sedimentation supply has been registered during C3
deposition (Table 1), most of the sediments must have by-passed the shelf and upper-slope
and ended up deposited onto the lower slope and abyssal plain. Tinker et al. (2008) document
a similar increase in sediment accumulation during this period of time, which matches
increased onshore denudation during the Upper Cretaceous. The latter is consistent with the

uplift and major topographic development of the Kalahari plateau (Tinker at al., 2008).

The surface 16Dt1 (85 Ma) marks the base of C4 (16Dt1 to 17At1, 85-80 Ma : Figure 12g).
Seismic unit C4 (Figure 12h) is clearly the thinnest sedimentary unit of the basin with
maximum thickness of about 500 m in the central region of the study area. Nevertheless, it

presents similar sedimentation rate as C3 (Table 1). It may have been subjected to sea levels

changes (Séranne and Anka 2005; Kuhlmann et al., 2010).

The shape of surface 17At1 (80 Ma : Figure 12i) represents the base of the last Cretaceous
unit: C5 (17At] to 22Atl1, 80-67 Ma : Figure 12j). The remaining accommodation space is
filled with sediments up to 1250 m thick and its main depocentre is in the northwest. Growth
faults and toe thrusts dominate this area and could be linked to an increase in thickness which
develops during on-going sedimentation and the start on the hanging wall is thicker than the
footwall. In contrast, C5 is very thin (up to 300m thick) on the middle and inner-shelf. This is

likely to be due to both decrease in sedimentation rate and erosion (Table 1).

Cenozoic units T1 (Lower Tertiary from 67 to 14 Ma : Figure 121) and T2 (Upper Cenozoic
from 14 Ma to Present : Figure 12n) both display similar thickness of sediments (up to 500 m)
in the deeper basin). The Inner Tertiary (ITH : Figure 12m) unconformity (14 Ma) eroded
most parts of Unit T1 on the upper shelf linked to uplift (Figure 121 : Kuhlmann et al., 2010).
The Cenozoic depocentre in both units has shifted from the northern end of the outer margin
to at least three isolated areas in the outer margin, The base of T1 indicates the regressional
phase and a hiatus from the Maastrichtian to late Palacocene which causes the depocentres to

shift to the deeper parts of the basin (Dingle et al., 1983).

There is a 10-fold decrease in sedimentation rate from the Cretaceous to Cenozoic (Table 1).
There are many reasons for this. Dingle and Hendey (1984) proposed that the location of the

Orange River Mouth during the Cretaceous —Palaeogene transition moved further south and
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then shifted back Palacogene - Neogene, Not only the shifts in the location of the river mauth
can lead to the drop in sedimentation. De Wit et al,, (2000) proposed that spatial changes in
the dramage net of southern Adnea s alse controlled by landscape denudation and continental
uphift. This s consistent with work by Dingle ¢ al., (1983), Tanker et al., (2008} and
kKuhlmann et al., (20107 that imply there was a rapid decreasc in siliciclastic deposits linked to
a decrease in termgenous input and the cessation of ditfferential crustal subsidence during the
Cenozoie. This s also coineident with when the chimate at the end of the Cretaceous
cxperienced onset of cooling on a global scale (de Wil et al.. 2000; Ruddiman 2010) and
increased desiceation since Locene (Tankard and Rogers 1989). Furthermore, thermal
modelling based on new apatite fission-track analysis across the Great Escarpment of the west
coast of southern Afiiea passive margin confirms that greater tectonic activity oceurred when
high clevation tapography lormed during the Cretaceous than in the Cenozoic (Kounoy ¢l al.
20049, Thus there is gencral agreement based on a varicty of data that Cenozoic denudation
and erosion rates were considerably lower than in the Cretaceous. In summary. the Cretaceous
mega-sequence took place during periods of high sedimentation hnked to high discharge rates
of the Orange River and rapid erustal subsidence (Dingle et al., 1983:; Tinker ¢t al., 2008:
Kuhlmann et al., 2010}, The Conozoe mega-sequence look place at periods of low
sedimentation rates (Dingle et al., 1983; Dingle and liendey., 1984: de Wit et al.. 2000;
Kuhlmann ¢t al., 200104 although sedimentation rates have inercased agam shghily since the

Miocene (Table 1).

Apcof Horwans {5edimenation Rate {m-Aa) Sesmic Dnits |Span i Ma
IPresenl ——
i 2 14
14 M - ITI—— )
13 PoTt 51
BfMa - XAt ——
354 Cs 13
B0Mu- | TAL—
C4 3
Eiha 1obDnt
il C3 B
U ha - |54 |
P 19
FE2 M -1 1Az
Cl 3,3
L% - 631 | —

Table 1 Caleuluted sedimentation mutes (in meters per million vear miMa) ot speeifie tines on the
dittergnt seismic units. ITH = Tnner Tertiary Horizon. The table shows a near | (-told decrease in
sedimentation rate between Cretaceots to Cenozaic, followed by an increase fiom 1.3 m/Ma 10 9.7
miha around 14 Ma
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Figure 12 a-e: Cretaceous 30 depth surlaee maps (a,¢,0) and comesponding thickness maps (d.bh) of
exploration Block 2. 'l arrows paint 1o the North.
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Figure 12 £4; Cretaceous 2D depth surface maps (1.2) and corresponding thickness maps {j.h.fy of
explotation Block 2, The erosional uncontovminies (red surtace) are the responses 0 waves, winds,
starms and relative sea level rise. The uneonformities in the seismic profile indicate erosion of
underlyving seismie units, The amows poind 1o the North.
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3.1.3 Main structural elements of the Orange Basin

The main tectonic regimes observed across the Atlantic in the continental margin of South
Africa are (1) an extensional domain flanking the inner margin and (2) a compressional
domain on the outer margin and deeper parts of the basin, each other separated by a
transitional domain (Figures 11 and 13). Most of the major faults that wére traced along the
outer margin cut through the upper Cretaceous (C3-5) and Cenozoic (T1-2) units, and result

from gravitational tectonics along the slope area region (e.g. Brown 1993).

The extensional domain, which strongly affects most of the Late Cretaceous onwards, is
located in the present-day shelf-break/upper slope between 500 to 1500 m of present-day
bathymetry (Figure 11). This domain is characterised by basinward dipping listric normal
faults rooted at the base of the Cretaceous C3 unit, in the Cenomanian—Turonian layer (the
15At1 reflector; 93 Ma), which acted as a décollement layer (Séranne & Anka., 2005;
Kuhlmann et al., 2010).

The compressional domain is located on the lower slope, downdip from the above described
extensional domain. It is characterized by landward dipping asymmetrical thrusts, which
apparently accommodate the deformation in up-dip extension domain (Figure 11 and 13). The

thrusts are also rooted in the same Cenomanian —Turonian layer at the 15At! reflector (Figure
13).

Determining factors for the occurrence and style of the gravitational tectonics along the
margin may be linked to an increase in sedimentation rates and margin tilting (Tinker et al.,
2008, de Vera et al., 2010). It also appears that three episodes of gravitational slumping are
related to episodes of sea-level fall (Kuhlmann et al., 2010). In the following section, I
analyse how this partition of structural styles may play a role on the distribution of

hydrocarbon seepage features in the basin.
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Syn-rilt Pust-ritt | Past-rift 1§ Postrift 11 Posi-rife 1Y l"'l?lt-rlﬁ ¥

(Late Jurassic} (Barrenmian- [Aptian- (Samtonian- [ Masnstrichrian (Cenmemic-

(160127 Ma) Aptian) Santimban] Maastrichtinn) =Cennnic) Present day)
(12T-115 Ma), {11383 Ma) (R3-71 May (72-65.5 Ma) (b5.5-0 Ma)

Figure 13- Regionul seismie trunsect across the Orange Basin offshore soulhern Namibia showing the main depositional mega-sequences and the late Cretaceous
gravity-diiven slide system. This example shuws both the extensional domain and compression domain with a toe thrust svstem. U/e stands for uncontormity
{from e Vera et al., 20000,



3l ldentification, classification and distribution of chinimeys

A great deal of features associated with past or active natural hydrocarbom leakage were
identified within the stody arca. These features arc both on the scalloor, as pockmarks or
mounds, and within the stratigraphic column, as seismic chimneys or buried pockmarks.
Additionally. several seismic anomahes characteristic of pas presence (1.e, bright and flat
spots, seismic blanking) were wenbibed. Depending on their controlling Factors, the chimneys
are classificd inte twe mam categories: (1) stratigraphically-controlled {sa-c) and (2)
structurally-controlled (s-¢) (Figure 14), The most prominent gas chimneys were mapped (113
: Figure 13a-b) and Appendix 1 summanses their classificanion, locarion (bathymetry), and
dimensions, The ratio of s-¢ versus s-ac chimneys 15 cstmaltaed cose to 2:5 (T0% of anomabics
from Appendix | are sa-c). which suggest a strong straligraphic control on natoral gas leakage
m the basin. The chimneys either leak up to the seatloor terminating as pockmarks (“active
lcakage™) or are scalid within the Miocene (14 Ma) sequence. where they terminate in palen-
pockmarks. Burial of the gas chimneys was due o bunal dunng slumping caused by the onset
of the Benguela Current around the Middle Miocene {Weigell and Unzelmann-Neben., 2004)
.This current was responsible for the major depositional changes such as slumping, submarine
crosions. and contownite deposits alomg the western part of the African margin (Séranne and

Abeigne, 1999 Weigelt and Unzelmann-Neben., 2004; Séranne and Anka.. 2005).
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Figure |13a: The bathymetry of the study arca, showing the distribution of three classes of major gas
chimneys identificd in tins siudy: (purple) strangraphic controlled chimneys, (red) structural controlled
chimnevs and (grey) paleo chimneys. Note that the structurallv-controlled chimneys are confined to
the deep basin and sieepest slopes, while the stratigraphigally-controlled chimpevs dominaie the
middle and upper shelf. The location of a giznt collapsed chimney 1s marked by « black square. (The
composite regioml scismic seetion depicted in Figure 11 is shown as a bold black hine),
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Giant collapsed

chimnes

Figure 150 30 vicw shenaang (he progeadation of the eontinental margin sinee Albim (144000 Note that the steactomallvecontrolled ehimnmeys {red) are confined
Lo the extensioual domain of the slope. whilst (he stealigeaphically-conteolled chimuevs (pueple) are conlined o the middle and upper shell (o Petrel sollwarne)
The arrow poits to the Notth.




3.2.1, Structurally-contrelled zas chimneys

The structurally-controlled {s-¢) chimnevs are all located on the extensional domam and
appear to oripinate upwards of the listric normal faults (Figure 15a-b and 16}, To the best of
my knowledge, the existence of these s-¢ gas leakage features in the deeper parts of the basin,
where present-day active hydrocarbon generation miay be present. has not been reported

hetore.

Figure 16: Active structurally-controlled chimney mapped in the outer margin of the Orange Basin.
The chitmey 15 sealed st gbout 0.1 se¢ (TWT) below the seq surface, below g [lat sersome anomaly
indicative of free pas (Tor location, sec Figure 9),

S-¢ chimneys are found within aniichne-crests in the hanging wall of normal faalts (Figure
16}. as mounds and extensional -fault clusters. The faunlts commonly converpe at depth within

a major SW dipping normmal fault (Viela et al., 20035: see Figure 17).

About hall of the s-¢ ¢himneys are sealed within the Miocene sequence, below the Inner
Tertiary honzon (Figure | 7). When the chimneys were buncd, this has shut off the gas
leaking to the atmosphere. This means a decrease in rates of methane leakape at that time,

which in turn then contributes less to the Earth’s greenhouse gas budget in the atmosphere,

Tad
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This may even may have contributed to the Neogene glohal cooling, if this event inteprated
over the entire South African continental margin. but better quantification is needed to verfy

this (e.g. Ruddiman 2(11{}).

Those chimneys that reach the sca floor terminate cither in pockmarks or in seafloor mounds.
These latter have up to 1500 m in diameter and heights between 10-50 m {(Figure 17). Ben-
Avraham et al., (2002) have also mapped these seatloor mounds and reported evidence of
BSR. During (his study, no BSR was detected. This study indicates that s-¢ chimnevs are
linked 1o extensional taults and roll over anticlines within the exiensional zone (Fipure 17),
which suppests that these chimneys have been trigeered by gravitational collapse, This
observation also allows the identification of the source rock from which the gases migrated as
the gases that migrate up-dip the faults are fed by source rocks of Cenomanian/ Turonian age.

This aspect will be discussed in more detait the following chapter.

o - S, W
om0 o e one
218 Al afl ” I

2 SW o

ELd

Frgure 17; View of a structurally-controlled chimney located above antichne-crestal faulting that
lerminates 10 a scafloor mound, The gases migrate up the faulls to the exposed mound formed from
emission of argillaceous matenal, Two NE dipping conjueate faults converge at depth within a
iapor SWdipping normal aull (hlack bold lites), The Faults are indicaled with arreass, Note thae the
chimney has antithetic faults and the rot-over structures that merge in the decotlement zone (Tor
lovation, soc Figure 9.



3.2.2, Stratigraphically-controlled gas chimneys

Larlicr studics in Blocks 3 and 4 (Figure 1) of the Omnge Basin revealed the presence of
stratipraphicallv-controlled (sa-¢) gas chimneyvs on the shelf and upper slope, in water depths
up to 300m (Kuhlmann et al., 20103 This study shows thar in Black 2. the sa-c chimneys are
mastly located on the middle and upper shelt' in water depths up to S00m {Figure 15a-b). The
gaseous hydrocarbons appear lo migrate “treely™ through the sedimentary column, suggesting
that the height of the gas column overcomes the capillary pressure ol cap rocks (c.g, Kaluza &
Doyle.. [996). The camneys appear to be mostly related to the presence of stratigraphic
onlaps and mnch-outs withan the Apoan sequence. displayving no relationship to the
surrounding laults or structural clements (Figure 18). It scems that the seal rock is broken at
these stratigraphic features that appear to facilitate the upward gas migration. When the gases
are expelled at the seafloor, they ercale pockmarks (between | 00-300 m an diameter).
Clsewhere they arc trapped within the sediments elose to the sea floor and arc detected as
scismic bright spots (Figure 15).

e SRS i iy

# SE e v b b e i e o o 2 NW

Figure 15: Active stratigraphically-controlled chwmneys along the middic margim of the Orange Basin,
Note how free pases migate throueh the sedimentary column fron the Aptian laver {1 3A11) and the
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lack of faulting. The bright spots indicate the presence of hydrocarbons trapped close to the surface.
The pockmarks are about 300 m wide (For location, see Figure 9).

3.2.3. “Giant” gas chimneys

An interesting finding is at least three “giant™ chimneys located beneath the middle shelf
(Figure 15a-b : Appendix 1). Figure 19 shows one of these “giants” with an upper diameter of
7 km. Even though some bright spots indicative of gas presence have been identified flanking
these features, there is no evidence of acoustic turbidity or seismic pull-downs within the
chimney tube, indicating that there is no present-day active gas leakage, and that the “giant
chimneys” are actually inactive or paleo-gas leakage structures. Clear indications of internal
gravitational collapse are identified within the chimney, suggesting that this chimney resulted
from the collapse of smaller coalescent chimneys. Figure 21a shows a close-up detailed view
of near-surface collapsed crater and Figure 20b demonstrates a schematic evolution for these

large features.

It is not clear whether these large chimneys are stratigraphically-controlled (Sa-c) or if they
are linked to deep faulting because the seismic record does not penetrate deep enough. These
chimneys have pseudo-conical shapes, with near surface diameters up to 7.5 km and lower
stems of about 2 km. They are sealed within the Miocene section (14 Ma), beneath the “Inner
Tertiary” horizon and do not reach the seafloor. The gas leakages probably stopped during the
Miocene perhaps when the onset Benguela Current caused the slumping (Weigelt and
Unzelmann-Neben 2004), possibly rapidly burying the vents. Related reduction in the
methane leakages from these giant chimneys may have contributed to a sudden global cooling
‘jerg’ at ca. 12 Ma but more information is needed to verify this (Westerhold et al., 2005 and
Ruddiman 2010).
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% Collapsed
= Crater

Figure 19: Gilant ¢chimney
lermmating in a collapse
crater of more than 7 km in
diameter. Note the lateral
bright spets in the lower
sections of the chimney and
the ahsence of inernal
scismic Tpull-downs™. The
red square reprosents the
detailed view ol near-surlpee
eollapsed crmer shown in
Figure 20. For location, see
Figune 9,
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Figure 20: ay Detailed view of a pear-surface
collapsed crater. b) Schemalic milerpretation
af collapse (1) The cluster of pockmarks are
created by the gases leaking to the surfaces.
(i} Gas migration and onset of chimney
formation during collapse. (i) The crater is
truried by overlving sediments (11} The
thickness varialions o T1 mdicaie that the
sediments were depasited dunng the chimney
collapse, (v Deposition of sediments (12)
overlving 11, starting ai 14 Ma. marks the cnd
of the collapse. 12 has unifortm thickness.




3.3, Basin modelling ol composite scismic line

331 Input

The compaosite seismic line provluced dunng the first part of the study (Figure | 1) was depth
converled (Figure 21) to enable 2-D petroleum system modelling. This was done by
transforming interpreted TWT horizons (o a scale of depth using the checkshots (time-depth
pairs} from the horeholes, The depth-converted transect is ~220 km long and -1 1 km deep,
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Figure 21; Deplh converted medel produced by the compositc séismic hine (sec Figure 117 with facics
definition (e.o. Kuhlmann eral., 2010} for each unit. Source rocks are shown in grev (see legend). o
addition, a Sk tending fault (bold black #izzae line) is displayed and the three depth exiractions from
wells (vellow vertival lines) are shown at the proximal (A nuddle (BY and dislal locanons () of the
basin at 9 320m, 152,230, and 198662 m distances, respectively. Lepend names cannot be corrected
because the sofiware 1= not available,

In a first step. honzons were digitized in Petromod using a bitmap of the depth converted
iransect. The homzons were then gndded using a constant gnd spacing of 735 m. In ths
manner, a lirst scries of evenls were delined (period of deposition between two hotizons) and
further refined by including periods af erosion in the age definilion table (Table 2). The
events were assigned sedimentary facies that include the definition of hithology and. where

required. source rock prisperties {Table 3: Figure 22). Different lithologic properties were
3R



assigned to the individual sequences according to the chronostraigraphic and seguence charts
for the Crange Basin (Figure 3). Table 3 shows TOC and HI values of the source rocks. as
well as the reaction parameters input values (expressed as Kinetics) vsed lor basin modelling.
Source rock properties HI and TOC were raken from the literarure ( Tahle 4 : Bray of al., 1998,
Muntingh 1993; Jungslager 1999 Ben-Avraham et al,, 2002; Van der Spuy 2003; Paton et al..

2007 and 20008; Kuhlmann ¢i al., 20105
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Table 2: Parameters used for modelling, e.g. the deposition age of cach horizon (Brown ¢ al, 1995),
thetr erasion ages (Kuhlmaon et al., 20107, as well as tacies definitions (Kuhlmann et al . 201{) of the
2D model. The ages of each horizan were derived [rom the chronology table of the Orange Basin (see
Firure 2),
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l'able 3: Facies definition. kinetics and. HI and TOC values of cach individual sequence.
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Beu-Aviaham et al 2007
Biay et al 19498,  Faton et
al 207 and FO08.
Murilingn 1883

Yan der Sy 2003

Ben-Mvraham et al 2002,
Bray st al 1888
Jungslager 19495, Paton et
al 2007 and 2008

Yan del Spuy 2003

Ben-Awaham ef al 2002,

Junnslager 1988, Kuhimiann
200, Patar et al 2007 and
2008, Van den Spuy 2003,
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Fable 4: 1O, HIL thickness, location of wells and observations of each source rocks according 1o
dilTerent authors.

Kinetic parameters were used fo describe the rate of reaction fur conversion of kerogen to oil

and gas assuming primary and secondary cracking reactions, Reaction parameters in this

study were adopted from Pepper and Corvi (19954, 1995b) and Pepper and Dodd (1995) and

were assigned Lo the four rock source intervals from the oldest o the youngest, of the

Hauterivian, Transitional Barremian, lower Aptian and Cenomanian/ Turenian age, based on

the source rock facies in kerogen Types |, I and I (Table 4).

The boundary conditions define the hasjc energetic conditions for reconstruction of the

(empetature and burial history of the study arca. These boundary conditions are: PWD (Paleo

Water Depth), SWTT (Surface Water [nterface Temperature); and HF (Heat Flow) evoluuon

throueh geologic time, The Petromod software offers an automatic tool to caleulale and set

the SWT trend which displays a simplified graph of the sea floor temperature at each time

step over the past 360 million vears (Figure 23 | Wygrala |989).

The heat flow trend can be input manually by graphically editung a trend (Figure 24). The heat

flow s based on that published by Paton et al.. (2007) and the heat flow scenarios were
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modelled following a McKenzie (1978) type lithospheric stretching model. The ‘pure shear’
Mckenzie model (1978) is a widely used stretching model in explaining the history of rift
basin or passive margin subsidence. The model assumes a rapid (essentially instantaneous)
fault-related synrift subsidence phase followed by a long-term thermal subsidence

phase. Figure 24 shows a finite stretching around 125 Ma (rifting), followed by a slower
thermal decay to 75 Ma, terminating with a constant heat flow of 60 mW/m? thereafter. Heat
flow variability along the modelled section was not deemed significant. In my model, the
rifting is initiated about 5 Ma after than the recently proposed rifting at 134-132 Ma suggested
by Moulin et al’s paper (2010). This difference does not affect the modelling results as the

main period of maturation is related to the Cretaceous burial and not to the heat flow peak.
The PWD (Figure 25) evolution is defined assuming a linear interpolation through time,

starting from 0 water depth at rift initiation to the present day water depth. This linear

interpolation is the most parsimonious assumption in the absence of better data.
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3.3.2 Thermal model

To calibrate the paleo heat tlow, vitrinite reflectance and temperature data tor wells K-H1 and
A-11 from Block 3 {Figure 2} were used as cahbration points for maodel predictions. These
data are based on the kinctics {or vitrinite maturation of Sweeney and Burnbam ([990). No
well-data for Block 2 was available. The location for depth extraction tor thermal calibration
wis chosen at Location 13 (Figare 21). This location was chosen begause it directly follows
the 570 m bathymetry contour line that links through the well locations K-H1 and A-11 in
Block 3 (Figure 1)

Muaodel calibration was achieved using the above determined heat flow history in conjunction
with increasing the temporal and stratigraphic resolution of the model. Calibration of the
arigial model was not aceurate because the matunty and temperatures reflections plotted for
well A-11 and K-H1 did not match the best fit lines (see Fipure 26 tor the mismatch). An

obvious mismatch is seen at depths of 3000 m to 4500 m,

b Witrinite Ciraph foe Wells Al and K-H1
The theorencal curve 15 the black line.

ay Temperalure Crraph for Wells Al-1 and K-H1.
The theorerical curve is the red line,
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Figure 26 a-b: Predhetsd amd ohserved (a) temperature and by vitnimte reflectance ploded for wells A-
11 and K-111. ‘The best fit lines for vitrinite reflectance derived from kinetic modelling are shown, Nole
the mismateh in temperatures [or well A-1 and in vitnnite reflectance for well K-H1 belween the best
fit line and observed data at depths 3000m to 4500m. The graphs were constructed ar location 13
shown on Figure 21,
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Calibration was improved through matching the observed variations of temperature and
vitrinite reflectance plotted for well A-I1 and K-H1. Further improvement (see Figure 27) was
obtained by additional modifications, i.e. through adding several more stratigraphic
subdivisions and improving the facies variability according to the chronostratigraphic chart

(Figure 3), and creating a more heterogeneous model of higher resolution (Figure 21).

The results of the seismic analysis combined with 2D basin modelling allows one to address
the potential existence of active petroleum systems in the basin. Figure 28 shows the
calculated transformation ratio (TR) that the individual source rocks have reached in the
studied sections. TR represents the degree of transformation of kerogen to hydrocarbons
expressed as a percentage (%). TR depends on the kinetics assigned to the respective source
rocks as well as the time/temperature evolution as reconstructed in the basin model. Results
reveal a significant lateral variation in the degree of kerogen conversion along the section
studied. The entire Hauterivian, Barremian and Aptian source intervals have a TR in excess of
98%, a maturity that indicates almost complete kerogen conversion at these horizons at
present time. The youngest source interval of Cenomanian/Turonian age has a TR ranging
from 88% in the distal sectors of the basin to 5% in the proximal sectors of the basin. This

sequence is essentially immature in the proximal part of the basin.

Figure 29 shows the reconstructed present day maturity across the studied section. Colour
shadings correspond roughly to maturities representing general stages of kerogen conversion,
i.e. the oil and gas windows. Most of the older source intervals (Hauterivian, Barremian and
Aptian) lie in the dry gas to wet gas window. This indicates that most of the kerogens from
the older source intervals have been transformed. Otherwise, most of the Cenomanian -
Turonian source interval lies in the oil window. The deepest part of the same source interval

can be assumed to be in the late-oil to wet-gas region.

44



a) Vitrinite graph for Well Al-1 by Temperature graph o Well Al-1

1 T -
- | I
SraE——— A E
L1 Ieme)
o . R (LTS
{red L1L)
i1 i |
=S e
g ] L]
e = &r
E LT T E il 5
t el W3 'ﬁ g 3
(" L ¥ = =
£ LT WAL il

RN =

¢) Vinmite graph for Well K11-1

T
L)
e n
T

I
1%

i
(1L
L i i
(L
Sl B

bl
e |

iR 3

tha |
L, 2

L=
A
LE vem W

e
1

Figure 27: (a-b) Predicied and observed variations of vitrinate reflectance €a, ¢) and temperature (b, d)
plotted for wells A-11 and well K-H1 aller improvement of the model by adding several boundarnics
and litting the facics according to the chnmmmugmphn chant, @he graphs were constructed o
location I3 shown on Figure 21.



ME b

[ M

lertary

ra o o— =
T,

i o
‘YENGERAREENED

sRERE&HE YR

P |

-
rn

g4 0 2roo30 +) 53 EL M 00 w343 130 180 QG MU 1w su0 147 180 IS0 POD ZiO0 21 231 240 2u0 251z CRD ZW
0 LM i EECCL fisee iEs

Figure 25: 21 model of the depree of kerogen conversion {Transformaiion Ratio) i 1he present day
cross-section. The honzontil axis is the length of profile (220 km), the left axis shows the depth of
prodfile (11 km], and the tieht axs dehneates the names ol sitatigraphic homeons.

46



NE SW
[m] 11 fa

Cepeh [m]

{ I seorature (0.25-0.55)
1 I =y oil (055-0.7)

1 Bl v o 0.7-1.0)

| LAt o (1.0-1.3)

wend [ wet Gas (1.3-2)

{ I Cry Gas (2-4)

Creermature =4

0 10 0 3 W4 500 &) 4B B) M1 N0 LIS LEE LS MO IR0 13 130 180 |
ML LT " P b G3IES

Fiuoure 29: 21 model of the vitrinite values for the present day of study area cross section The hori zonlal
axis is the Tength of profile (220 km. the lell axis shows the depth of profile (11 km), and the right axis
delineates the names of stratigraphic horizons.

47



The thermal evolution of the basin can be expressed in terms of vitrinite reflectance and
transformation ratio, and burial history. The evolution of vitrinite reflectance (i.e. maturity) of
all four source rocks (Figure 30) was extracted from the model for locations A, B, and C
shown in Figure 21. In the proximal part of the basin (Location A), the Hauterivian source
rock has the highest vitrinite reflectance values at around 1.4 % Ro. The Cenomanian/
Turonian source rock is least mature at around 0.4% Ro. All source rocks start to mature in

the early Cretaceous and reach maximum maturity in the late Cretaceous.

The middle part of the basin (Location B) has the highest vitrinite reflectance values, reaching
up to 3% Ro. All four source rocks mature faster and within a shorter time span than the early
Cretaceous at Location A. The Cenomanian/Turonian interval is again the least mature source
rock. The distal part of the basin (Location C) is similar to the middle part (Location B),

except that it has a lower vitrinite reflectance range reaching up to 2% Ro.

The transformation ratios over time for the four source rocks, at all locations, are displayed in
Figure 31. Only at location A is the Cenomanian/Turonian source rock transformation ratio 0.
This can also be seen in Figure 28, where the transformation ratio value is relatively low in

the proximal basin for the younger source rocks.

Burial time-slices extracted from the 2D basin model allow a visualisation of the burial
history, including erosional effects during the basin development. Rates of subsidence are
highest during the Cretaceous, and decrease significantly in the Cenozoic. The results at
locations A, B and C (Figure 32) show that subsidence was continuous from the Lower
Cretaceous to the Upper Cretaceous, at which point maximum burial temperatures were
reached. At locations B and C, burial is more or less continuous throughout the Cretaceous,
but then slows down or essentially halts, during the early Cenozoic; thereafter burial increases
again. These plots are similar to those recorded in the south of the Orange Basin (Paton et al.,
2007; Kuhlmann et al., 2010). Paton et al. (2007) mention that at the end of the Cretaceous,
aggradation with erosion in middle and inner shelf occurred, followed by deposition
(prograding wedge) shifting across the shelf break and significant sediment volumes (Tinker

et al., 2008) prograding into the deep basin.
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3.3.3. Reconstruction ol Basin Evolution

The reconstructed basin development during the Cretaceous is shown in Figure 33, Basin
development beguan in the Upper Jurassic and Lower Cretaceous when sthaiclastic, lacustnine
sceliments and voleame matertal Dvst filled-up a eomplex of grabens and hal Fgrabens (Figure
J3a). Fipure 33h shows the first major seismic Cretaceous Unit 1 that followed was deposited
mastly in the proximal side of the hasin. The same applies for seismic Cretaceous Linit 2
{Figure 33e). These depositional evenis explam the mgh subsidence rate at location A situated
i the proxpmal part of the basin (Figure 32} The depositional style s elearly that of
aggradation, as was already suggested hy Paton et al, (2007) lor the southemn part of the

Oranyc Basin,

In contrast to the agradational deposition of the Cretaceous Units 1 and 2. Cretaceous selsmic
Uinit 3 (Figure 33d) displays a prograditional tendency, with the thickest portims encountered
off the Cretaccous shelf break, Cretaceous Units 4 and § also shows the same patiem as Umi
3. The Cenozoic Units 1 and 2 (Figure 33¢) also show deposition (prograding Cenozoie

wedge) that has shifted across the shelf break, so that sipnificant volumes proeraded into the

deep basin (Paton et al., 2007}
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Figure 32 a-e: Graphs showing reconstructed evolution of the basin. a) From syomfl 1o Cretaceous
heriznn GALL by Deposition of Cretaceous umnit 1.
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3.3.4. Fluid Migration model

Petroleum generation and migration modelling was performed in order to attempt to

reproduce the observed gas leakage pathways in the basin. Reproduction of observed leakage
sites would imply first that the basin-wide migration dynamics are being correctly described.
Additionally, it would provide insights on petroleum migration dynamics and the location of

the fluid source kitchen areas.

Flow modelling was performed assuming invasion percolation (Carruthers and de Lind van
Wijngaarden 2000: Figure 34) as the preferred migration method. This assumes that flow
through focused pathways occurs in the model as a function of the capillary entry pressure
field in sedimentary systems. In other words, invasion percolation techniques assume that at
the timescales of secondary petroleum migration hydrocarbon flow is overwhelmingly
controlled by the balance between gravity (or buoyancy) and capillary forces. Viscous forces,
which are taken into account in the Darcy equation, (see below) are negligible. Invasion
percolation migration occurs only when fluids are generated and enter the secondary
migration space. At this point fluids migrate in the sedimentary system as a function of
hydrocarbon column height and capillary entry pressure until a final balance is reached. In

this process time plays no role.

Another fluid flow modelling technique is based on using the full Darcy flow equation
(Schneider 2003). This assumes that fluid-flow velocities are mainly a function of sediment
permeability, fluid viscosity and the pressure gradient (Schneider 2003), and thus describe the
timing of flow processes. The difference between the two flow techniques is that the Darcy
based technique (Schneider 2003) suggests that all movable fluid will continue to move
towards the top layer with time even after the fluid injection has stopped (buoyancy
controlled, no perfect seal). On the other hand, Invasion Percolation modelling suggests that

fluid movement will cease after fluid supply has stopped.

Flow path modelling is an additional fluid flow simulation technique that is based on the
buoyancy as the principal driving force in hydrocarbon migration in carrier systems. Fluid
flow in such carriers is modelled as a purely geometric problem (Hantschel et al., 2000). It
assumes that the entire system is flow conductive and covered by a seal. Despite being a very

rapid and high resolution approach, it is only applicable to carriers and is inadequate for the
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simulation of pervasive flow of fluids through low permeability sequences (Hantschel et al.,

2000).

In my present study, invasion percolation was preferred for the modelling of fluid flow
because it is more effective in creating a simpler migration model and because of significantly

reduced computing time.

The resulting migration model reproduces at least two primary processes responsible for gas
leakage across the basin (Figure 34). The first is petroleum migration that occurs in the lower
shelf, where there is significant faulting. The second is in the middle and upper shelf, where
the leakage is associated with vertical migration of free gas, despite apparent absence of

significant faulting.

Hydrocarbons from the older marine source rocks of the Lower Aptian and Barremian age
clearly migrate up-dip beneath the seals towards the proximal end of the basin. In the
migration model (Figure 34a), the locations of the predicted hydrocarbon accumulations
coincide with bright spots already identified in the seismic profiles (Figure 34b). After the
gases have migrated to the proximal part of the basin, they subsequently leak to the sea floor
in response to a change in the overlying lithologies (e.g. from siltstone to sandstone ; Figure

34a).

Hydrocarbons migrating to the shelf break and to the distal part of the basin are fed by
younger source rocks of Cenomanian/Turonian age. No hydrocarbons from the younger
source rocks are found to leak from the proximal part of the basin. This is most likely due to
the comparatively low maturity of the younger Cenomanian/Turonian source rock in this area
(Figure 29). To predict the position of other leakage sites, a 3D modelling approach is

required.
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3.3.5. Source Rock Kinetics

The Petro Report software (from Petromod) is a useful tool for estimating hydrocarbon
generation, cracking and expulsion of the petroleum systems in the Orange Basin. However
one mismatch produced through the Petro Report software is that it predicts, in total, more oil
than gas leaking from the source rock system (2727 and 681.7 Mtons, respectively). In reality
however more gas than oil should be leaking to the sea floor. This disprepancy may be due to
the reaction parameters (e.g. Model 1 ; Figure 34) chosen in models that only differentiate
between two phases, oil and gas (e.g. Pepper and Corvi, 1995a, 1995b, Pepper and Dodd,
1995). To create a more realistic petroleum flow system model, a second simulation model
(Model 2 : Figure 35) was tested by changing the kinetic parameters of Model 1 based on
Pepper and Corvi (1995) to compositional kinetic models (Table 5), that are based on the
PhaseKinetic technique described by di Primio and Horsfield (2006). The applied
compositional kinetics models allow the correct reproduction of hydrocarbon compositional
evolution as a function of primary and secondary cracking as well as the correct simulation of

hydrocarbon phase behaviour during migration and leakage.

Source rocks Kinetics for Model 1 (kerogen- | Kinetics for Model 2 (compositional
oil and gas) for phase separation)

SR Cenomanian Pepper&Corvi(1995) TI(B) Botneheia_Svalbard_TII Crack

SR Aptian Pepper&Corvi(1995) TII-S(A) Botneheia_Svalbard_TII_Crack

SR Barremian Pepper&Corvi(1995) TIIH(DE) | Handil mahakamDelta TIHI Crack

SR Hauterivian Pepper&Corvi(1995) THC) Toarican_ParisBasin_TI Crack

Table 5: Kinetic parameters assigned for different kerogen types in the source rocks of Models 1 & 2.

Although, results of migration Model 1 (Figure 34) and Model 2 (Figure 35) both accurately
produce the spatial associations of the identified gas chimneys in the TWT seismic sections,
the migration paths in Model 2 (Figure 35) are simpler and, unlike Model 1, shows migration
of gases in the deeper sectors of the basin from the Cenomanian/Turonian source rocks and in
addition, shows ongoing expulsion of hydrocarbons from the Aptian source rocks. These
deep-sourced gases migrate from the mature source (kitchen) interval of Cenomanian/

Turonian age with a TR ranging up to 88% in the distal sectors of the basin (Figure 34).

The results show that whilst the thermal histories between Model 1 and 2 are similar, the

hydrocarbon mass balance and the resulting migration models differ. Model 1 shows that
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more of the products migrate subvertically, towards the surface than sub-horizontally (1962.2
and 967.4 Mtons, respectively). These results also indicate that the fluids are 24 - 25 times
more likely to flow out of the Orange Basin than to be preserved within it as calculated from
the Petro Report tables. The Petro Report for Model 2 indicates that the fluids also flow
subvertically upwards, but only marginally more so than subhorizontially (1519.2 to 1370.9
Mtons, respectively). The fluids are also 24 times more likely to flow out than to be
accumulated within the basin. The differences are largely due to the physical properties of the
oil and gas phases modelled (i.e. density), which are probably more realistic for the full

compositional model.

Figure 36 shows the modelled hydrocarbon fluids outflow from the models as a function of
time. As discussed above, the difference between the two models is due to the different
kinetic schemes applied and their control on the timing and extent of hydrocarbon generation

from the source rocks.
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3.3.5.1 Best Fit Model

In the final analyses, it is worth summarizing which model best fits the petroleum systems of
the Orange Basin, bearing in mind, that both models can be improved by increasing data input
from the seismic data (e.g. facies constraints). Model 1 and 2 look very similar. Both of the
migration models accurately produce the spatial associations of the identified gas chimneys in
the TWT seismic sections (Figure 34). However, the migration paths in Model 2 (Figure 35)
are simpler and, unlike Model 1, it shows migration of gases in the deep sections of the basin.
These gases migrate from the mature source interval of Cenomanian/Turonian age with a TR
ranging from 88% in the distal sectors of the basin (Figure 28). Since Model 2 makes more
predictions consistent with what is observed in the seismic data, this is the preferred final

model.

4. CONCLUSIONS AND PERSPECTIVES

Despite an apparent lack of hydrocarbon accumulations in the Orange Basin, gas chimneys
and gas leakage features are frequently observed. Important questions that arise in this study
are: Where do the thermogenic fluids and gases come from? How and when were they
generated? What controls their migration; and where do they migrate to? Observations of gas
chimneys and gas leakage features in the Block 2 area described here significantly expand
what is known from previous work in the southern part of the basin (Ben Avraham et al.,
2002; Viola et al., 2005; Paton et al., 2007 and 2008; Kuhlmann et al., 2010). Through
detailed seismic interpretation and analysis of the evolution of the northern part of the Orange
Basin, this work has provided clues about what the controlling factors are for gas mobility
leakage out of the basin. Moreover, 2D petroleum modelling has provided, for the first time,
more clarity on the timing of gas generation, migration and sequestration dynamics; and it has

revealed the maturation history for the west-east transect across the basin.

The major findings from this work can be summarized as follows:

e 113 gas leakage indicators were identified as chimneys on the middle shelf and lower
shelf of Block 2. The gas chimneys are classified into two main categories:
stratigraphically-controlled and structurally-controlled. The structurally-controlled

chimneys are mainly located in the extensional domain and originate along the normal
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