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HYDROCARBON GENERATION AND MIGRATION
FROM BARREMIAN -APTIAN SOURCE ROCKS,
NORTHERN ORANGE BASIN, OFFSHORE
WESTERN SOUTH AFRICA:

A 3D NUMERICAL MODELLING STUDY

C.A. Samakinde'?** ]J. M. van Bever Donker!,
R. Durrheim? and M. Manzi?

A 3D numerical modelling workflow was applied to the Barremian—Aptian source rock
interval in a shelfal to lower slope area of the northern Orange Basin, offshore western
South Africa. The main objective was to investigate the timing of hydrocarbon generation
and migration. Hydrocarbon migration has previously been investigated in the south of the
basin by relating gas escape features with structural elements as seen on seismic sections,
but migration pathways are still poorly understood.The modelling study was based on data
from three exploration wells (AO-1,AE-1 and AF-1) together with 42 2D seismic sections
totalling 3537 km in length, and a 3D seismic cube covering an area of 750 sq. km.

Modelled formation temperatures increase from north to south in the study area and were
consistent with downhole temperatures at well locations. However, there is variation between
measured and modelled values of vitrinite reflectance (VR), especially in the Turonian and
Cenomanian intervals.The measured VR is lower than the modelled VR within the Turonian
section in the north of the study area, suggesting that erosion has affected the thermal
maturity of the sediments. However, in the Cenomanian interval, the measured VR is higher
than the modelled VR. Uplift, increased erosion in the hinterland and sediment transport
to the coastal areas resulted in Cenomanian progradation of the Orange Basin fill. This
together with a heat flow pulse resulted in increased thermal maturities in the study area.

Modelling results show that hydrocarbon generation began in the central part of the
study area by |16 Ma and reached a peak in the Late Cretaceous (65 Ma). Hydrocarbon
migration began at about | 10 Ma with an expulsion efficiency of 0.77. At the present day,
~100% transformation of reactive kerogen into hydrocarbons has taken place in the central
part of the study area, with random gas migration within Cenomanian and Albian reservoirs.
Modelled oil migration likely influenced by hydrodynamic factors is down-dip (westwards),
towards deeper-water, more distal parts of the basin.

Gas saturation on a reactivated listric fault, which was ~100% saturated at 93 Ma,
declined to ~15% by 65 Ma.This decrease in gas saturation is linked to uplift of the African
margin in the Late Cretaceous which resulted in fault reactivation and re-migration of gas.

Despite the uncertainties which are associated with petroleum systems modelling, the
study provides an insight into hydrocarbon migration in the northern part of the Orange
Basin and contributes to the de-risking of future oil and gas exploration in this area.
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INTRODUCTION

Passive continental margins such as the Orange Basin
offshore western South Africa (Fig. 1A) have witnessed
a significant increase in interest from explorers over the
last decade, and the ratio of hydrocarbon discoveries
in passive margin settings to new global reserves has
increased from 40% in 2008 to 80% in 2012 (Wen
et al., 2016). 3D petroleum systems models have
contributed to these successes as they examine how
basin evolution, depositional systems and structural
features interact in time and space. In addition, they
investigate the conditions in which hydrocarbon
accumulations may occur and the factors that influence
migration (Welte et al., 1997). Structures in the Orange
Basin are typical of those of a passive margin basin,
with listric and normal faults associated with grabens
and half grabens, most of which are oriented parallel
to the coastline (Broad et al., 2007). Previous studies
(Brown et al., 1996; Muntingh, 1993) have detailed
the sequence stratigraphy and sedimentary fill of the
basin (Fig. 2) which consists of Lower Cretaceous to
Quaternary successions overlying rifted crystalline
basement including gneisses, granite, acid lavas and
Karoo-aged sediments (Petroleum Agency SA, 2006).

Exploration in the Orange Basin began in 1974,
and 30 exploration wells have so far been drilled in
water depths ranging from 200 m to 2000 m resulting
in the discovery of the Kudu and Ibhubesi gas fields
(Petroleum Agency SA, 2006). The Kudu field is
located in the Namibian sector of the basin (Fig. 1A)
while Ibhubesi is located to the south, offshore South
Africa. Neither discovery has yet been developed
because of technical and economic factors. Reservoir
rocks at Kudu consist of Barremian aeolian sandstones
while those at Ibhubesi are of Albian — Cenomanian
age; seals in the Ibhubesi area are provided by
Cenomanian mudstones.

Two main source rock units have been identified in
the Orange Basin: Barremian—Aptian and Cenomanian
— Turonian (Fig. 2A). The principal petroleum system
is sourced by Barremian — lower Aptian shales with
TOC values ranging from 3 to 15% (van der Spuy,
2003; Petroleum Agency SA, 2006) or 0.6 to 3 %
(Campher, 2009). These source rocks have a hydrogen
index of up to 200 mg HC/g with a vitrinite reflectance
of 0.9-2.0%R  (Adekola et al., 2012; van der Spuy,
2003). The Cenomanian — Turonian source rock is
in general immature, although it may be sufficiently
mature for oil generation in down-dip parts of the basin
because of overburden effects which could induce
thermal maturity (Jungslager, 1999).

Previous studies in the southern part of the
Orange Basin, offshore South Africa (Boyd et al.,
2011; Kuhlmann et al., 2010), tentatively identified
hydrocarbon migration pathways from the mapping

of faults in close proximity to gas-escape features
observed on seismic sections. In spite of the prevalence
of such gas-escape features, migration pathways are
still poorly understood. Studies by Campher (2009) and
Hartwig (2014) inferred that hydrocarbon generation
in the southern Orange Basin is linked to rapid burial
of source rocks in the mid- to Late Cretaceous, and to
increased basal heatflow due to margin uplift in the
Miocene. In these studies, migration occurred along
Aptian, Albian and Cenomanian sandstones which
served as carrier beds. However, the potential influence
of faults on the migration pathways was not adequately
investigated.

This paper presents a 3D modelling study of
Barremian—Aptian source rocks in the northern part
of the Orange Basin. The purpose was to investigate
the timing of hydrocarbon generation and expulsion
from the source rocks; to use Hybrid Darcy Flow-
path migration modelling to predict hydrocarbon
migration pathways and the potential influence of
faults on the pathways; and to evaluate the possibility
of hydrocarbon accumulations within the study area.

Regional geology: tectonic evolution and
stratigraphy

The Orange Basin straddles the offshore border
between Namibia and South Africa (Fig. 1A) and is
located on a volcanic passive margin (Seranne and
Anka, 2005; Light et al., 1993; Menzies et al., 2002).
The basin is defined by the Kudu arch to the north
and the Agulhas-Columbine arch in the south. Late
Jurassic break-up of west Gondwana, probably induced
by the Tristan da Cunha hot-spot, was followed by
widespread flood basalt volcanism (Morgan, 1971).
Margin evolution culminated in rifting and separation
of the South American and African plates in the Late
Jurassic and Early Cretaceous (Macdonald ez al., 2003;
Brown et al., 1996).

The tectonic history of the Orange Basin can be
divided into pre-, syn- and post-rift phases (Brown
et al., 1996) (Fig. 2A). The pre-rift succession is
overlain by pre-Barremian basaltic lavas within the
central rift province and by coarse continental clastics
and fluvial and lacustrine sediments associated with
volcanic deposits in more marginal areas (Broad et
al., 2007). The initial rift sequence (syn-rift 1) was
deposited in a NE-trending intracontinental graben,
and was terminated at the onset of sea-floor spreading
by the end of the Hauterivian (Granado et al., 2009).
The sequence is overlain by a transitional, rift-to-drift
sequence of Barremian—Aptian age (horizons 6At]l —
13Atl; Fig. 2A) with a thickness of up to 2000 m in
the central part of the margin (Hartwig et al., 2012).

The Albian—Cenomanian post-rift succession
is composed of alternating marine and non-
marine sediments deposited in response to marine
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Fig. 2. (A) Generalised chronostratigraphy of the Orange Basin with the tectonic events that characterised
the evolution of the western margin of South Africa (Hartwig et al., 2012). Cenozoic ages after Weigelt and
Uenzelmann-Neben (2004); sea level curves after Dingle et al., 1983; Haq et al., 1987; Hardenbol et al., 1998;

McMillan, 2003;Wigley and Compton, 2006.

transgressions and regressions with a thickness up to
3500 m (van der Spuy, 2003; Hartwig et al., 2012).
Albian and Cenomanian sandstones form the most
important reservoir rocks in the basin, and depositional
settings range from fluvial in the south of the basin to
deltaic/ shallow marine in the north (Samakinde et al.,
2021; Fadipe et al., 2011).

Towards the end of the Cretaceous, the African plate
margin was tilted and uplifted as a result of magmatic
underplating related to the Africa super-plume
(Nyblade and Robinson, 1994), resulting in the erosion
of inner shelf deposits and the subsequent deposition
of a thick, prograding Campanian-Maastrichtian
succession in the Orange Basin (Broad et al., 2007,
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Fig. 2 (B). Seismic profile (in-line) showing the major horizons and faults mapped in the study area. Fault F1 is of
particular interest because of the associated bright spot anomaly (see text).

Dingle et al., 1983). Uplift is suggested to have
triggered gravity-induced tectonics with widespread
slumps and slides (Faulkner, 2000; Scarselli et al.,
2016), and the reactivation of pre-existing growth
faults and toe-thrusts in the outer basin margin (Brown
et al., 1996). Cenozoic sedimentation was mainly
restricted to the upper slope and was characterised by
the deposition of sandy sediments including calcareous
sandstones and shale-rich limestones (Gerrard and
Smith, 1982).

Petroleum system

Previous studies in the Orange Basin have identified
an active Barremian—Aptian source rock and, more
recently, Cenomanian and Turonian source facies in
addition to synrift Hauterivian shales which may have
some oil potential (Aldrich et al., 2003; Adekola et al.,
2012). However, the main petroleum system is sourced
by Barremian — lower Aptian marine shales containing
Type II1 OM (Petroleum Agency SA, 2006). The source
rock as encountered by the DSDP 361 borehole has a
thickness of up to 300 m with TOC as high as 25% and
HI of 800 mg HC/g (Herbin et al., 1987). The presence
of an active petroleum system in deep-water parts of
the Orange Basin is supported by indirect evidence
on seismic profiles including the occurrence of gas
chimneys and wipe-out zones, seafloor gas-escape
features and flat and bright spots (Jikelo, 1999). A
bright spot anomaly associated with a listric normal

fault (F1) is present on a seismic profile mapped for
the present study (Fig 2B).

The majority of gas shows occur in Albian
sandstones (McMillan, 2003; Jungslager, 1999)
whose reservoir quality has, however, been reduced
in proximal parts of the basin as a result of the
precipitation of quartz and illite (Samakinde et al.,
2016). Hartwig (2014) showed that hydrocarbons
generated from Barremian—Aptian source rocks
may migrate vertically up through the overlying
Cenomanian and Albian sand-rich succession until
they reach Coniacian to Campanian claystones which
serve as a regional seal, causing the hydrocarbons to
migrate laterally.

METHODOLOGY

The following workflow describes the approach
adopted for the numerical simulation study.

Seismic interpretation

Forty-two 2D seismic profiles were available for this
study totalling 3537 km in length (Figs 1A, 1B). The
profiles were selected based on their orientations in
strike and dip directions in order to create a grid (see
Fig 1A) which was integrated with a 3D seismic cube
covering approximately 750 sq. km around wells AO-
1, AE-1 and AF-1 (Figs 1A, 1B). The SEG-Y seismic
sections were loaded together with well data (sonic
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Fig. 3. Model boundary conditions through time. (a) palaeco water depth (PWD); (b) sediment water interface

temperature (SWIT); and (c) heat flow (HF).

and density logs, formation tops and checkshot data)
into Petrel 2018 for processing and interpretation.
Mapping of stratigraphic horizons and faults within the
chronostratigraphic framework (Fig. 2A) was preceded
by a mis-tie analysis of the 2D seismic data in order to
match the amplitudes of the various vintages of data
with the 3D seismic volume.

Seven major stratigraphic horizons (Barremian —
Aptian, Albian, Late Albian, Cenomanian, Turonian,
Campanian—Maastrichtian and Cenozoic) were
mapped in the study area. These horizons were gridded
into surfaces to create two-way-time maps, followed
by the construction of a fault model for the study area.
A total of 42 faults (mostly normal and listric faults)
offsetting the stratigraphic horizons were identified.
Listric fault F1 was of particular interest because of
the associated bright spot (Fig 2B). Samakinde et al.
(2020) reported the attenuation of seismic frequencies
around the bright spot which indicate the presence of
gas-saturated sediments in close proximity to the fault.

Velocity modelling for depth conversion

Sonic and density log data from wells AO-1, AF-1 and
AE-1 were calibrated with checkshot data to generate
velocity and reflection-coefficient logs. A synthetic
seismogram was estimated using the Ricker-zero phase
wavelet from this process, followed by bulk shifting to
balance the amplitudes of the synthetic seismogram and
the seismic data. A velocity model was then constructed
using Petrel 2018; interval velocity logs, TWT maps
(estimated from the process described above) and
formation tops (time and depth attributes) for the three
wells studied were used as inputs.

Model building was based on the formula V =V
+K*Z, where V  represent the interval velocity of the
stratigraphic interval; and K represents the gradient
of velocity increase with depth, Z, derived from
establishing the time-depth relationship between the
seismic data and the wells.

A velocity model was created, and the TWT
maps were converted into depth maps. These maps
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Sh, shale; Si, siltstones; Ss, sandstones. The TOC content of the source rocks is assigned. Note: only Barremian-

Aptian source rocks were modelled for the study.

Geological Ages PSE Lithology TOC Value | HI (mg/HC)
Values (%)

Cenozoic Sh25Ss70Si5

Maastrichtian Sh25Ss708Si5

Turonian Sh50Ss35Si15 3

Cenomanian Reservoir Si70Ss25Sh5

Late Albian Seal Sh70Ss25Si5

Albian Reservoir Sh50Ss50

Barremian/Aptian Sh50Si30Ss20 | 0.6 290

were exported into Petromod to initiate the model of
hydrocarbon generation and migration.

Data inputs and boundary conditions

Average values of the total organic carbon (TOC)
content, Hydrogen Index (HI) and temperature data
for the Barremian—Aptian source rock, obtained from
geochemical reports of the three wells, were used as
inputs for the 3D model. Lithologies were assigned
to the depth maps based on petrographic reports and
lithology logs (Table 1; see below), and lithological
properties were in addition assigned based on existing
models in Petromod. The Sekiguchi model (1977)
was used for thermal conductivity; the Waples model
(2004) for radiogenic heat production, and Athy’s law
(1930) for porosity prediction. In addition, the model
described by Schneider et al. (1996) was used for the
prediction of chemical compaction, while a multipoint
model was used to predict permeability and a bilinear
equation was used to predict the sealing properties of
the rocks.

A fault model was constructed from the mapping of
regional faults which offset the stratigraphy as planes
of discontinuity on the seismic sections. The hydraulic
properties of these faults were assigned based on their
evolution as either syn-rift or post-rift; syn-rift faults
were considered to be open, and post rift faults were
considered to be closed for the numerical modelling
process.

Boundary conditions were based on the regional
geology of the study area and the latitude, which was
set at 33°S in the simulator. The latitude influences the
Sediment Water Interface Temperature (SWIT) which
was estimated through time using the Wrygla model
(1989) (Fig. 3A). Average palaeo-water depth (PWD)
values were derived from well completion reports and
constrained by palaeontological studies (Fig. 3B).

The McKenzie heat flow model (1978) was used
to reconstruct the thermal history of the Orange Basin
(Fig. 3C). Varying heatflow values were assigned to the

different periods of margin uplift characterising basin
evolution. A heatflow value of 70 mWm™ was assigned
for the Late Jurassic — Early Cretaceous rift and drift
phase (c.f. Kounov et al., 2009). A value of 90 mWm™
was considered for the Cenomanian during which there
was uplift of the Southern Africa Plateau (Braun et al.,
2014). A value of 72 mWm™ represented the phase of
Late Cretaceous uplift of the African Plate (Nyblade
and Robinson, 1994); and 62 mWm? for Miocene
uplift of the South African continental margin (Jung
et al., 2014). These values were adopted after several
iterations during the simulation process to obtain a
good fit between the measured and the modelled paleo-
temperature data. A present-day heatflow value of 52
mWm was assigned to the model based on borehole
temperatures (Goutorbe et al., 2008).

In general, the heat flow history of the SW African
margin was influenced by magmatic underplating
which caused lithospheric thinning by up to 30%
during the early rift period leading to increased
subsidence (Hirsch et al., 2010). This was followed by
periods of varying heat flow accompanying episodes
of uplift during the margin evolution; high heat flows
were prominent during periods of erosion of the inner
shelf at around 74 Ma and 14 Ma (Kounov et al., 2009).

Lithology mixing

Lithological assignment was a key part of the 3D
petroleum systems modelling workflow. Table 1 shows
the lithological assignments used: lithologies were
shale (Sh), siltstone (Si) and sandstone (S), and relative
abundances were assigned for each stratigraphic
surface generated from the velocity modelling process.
The stratigraphic surfaces used to perform lithology
mixing were: Barremian — Aptian (source rock), Albian
(reservoir), Late Albian (seal), Cenomanian (reservoir),
Turonian (source rock — not simulated), Maastrichtian,
and Cenozoic. These stratigraphic surfaces served as
model inputs for the initial static geological model. Fig.
4 shows the static 3D lithology model constructed for
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Table 2. Thermal and organic maturation data for the three wells used to calibrate the 3D model.

AE-1

Depth(m) VR(%) Tmax Depth(m) Temperature(° C)
1900 0.68 438 2000 72
2200 0.8 446 2500 90
2400 0.74 444 3000 108
2600 0.75 445 3500 126
2800 0.82 452 4000 144
3000 0.9 454

3200 1 464

3400 1.35 470

3600 1.4 475

3800 1.5 485

4000

AF-1

Depth(m) VR(%) Tmax Depth(m) Temperature(®° C)
1200 0.39 425 700 60
1500 0.5 430 900 72
1600 0.42 428 1300 81
1700 0.5 430 2000 92
1780 0.8 450 3000 105
1900 0.59 455

3000 1.3 465

3100 0.9 458

AO-1

Depth(m) VR (%) Tmax Depth(m) Temperature(®° C)
1050 0.3 438 2000 54.6
1100 0.32 446 2500 67.6
1200 0.39 444 3000 81.9
1250 0.38 445 3500 95.2
1300 0.56 452 4000 108
1400 0.5 454

1590 0.59 464

1900 0.56 470

2000 0.57 475

2050 0.63 485

4000

the study area and the distribution of the three wells
used for calibration; labels highlight the distribution
of source, reservoir and caprocks.

Calibration data
Vitrinite reflectance (VR) data together with Rock-
Eval T and borehole temperature data were used
for calibration (Table 2). Measured VR data obtained
from the geochemistry reports were validated and
compared with those obtained by calculation using the
empirical formula %R (calculated) = 0.0180 x T __ -
7.16 applicable to Types II and III kerogen (Peters et
al.,2006). Measured VR data in general compared well
with calculated data.

For the temperature model, a geothermal gradient
of 3.5°C /100 m was assumed and calibrated with
downhole temperature data from the three wells.

Erosion

In the model, erosional events were linked to various
episodes of uplift that characterised the evolution of
the SW African continental margin. Previous studies
(Hirsch et al., 2010; Kuhlmann et al., 2010) suggested

that Late Cretaceous and Miocene erosional phases
were pervasive in the Orange Basin. However,
Cenomanian erosion (Braun ef al., 2014) may have
been less significant in the basin. Thus, an eroded
thickness of 360 m spanning a period of 8 Ma (from
100 Ma to 92 Ma), which was initially included in the
model, was excluded because no significant changes
in the model were observed. However, Cenomanian
erosion in the hinterland may have resulted in the
transport of sediments into the Orange Basin and
contributed to significant offshore progradation as
documented by Dingle et al. (1983).

After several iterations during the simulation
process, values of 450 m for the thickness of eroded
sediments in the Late Cretaceous — Early Cenozoic
(65-40 Ma), and 400 m for the Miocene (20 to 14 Ma)
were factored into the model. These values provide
the best fit for the calibration of modelled VR with
measured VR. The values differ from those adopted
by Campher (2009), who estimated 421 m of eroded
sediments for the Miocene and 961 m for the entire
Cretaceous. They are also at variance with Hartwig
(2014) who proposed an eroded thickness of 360 m
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Fig. 4. 3D facies model of the study area showing the source rock (SR), reservoir rock (RR) and cap rock (CR)
distributions, and the locations of the three wells studied. The area of the figure is shown by the black box in

Fig. |A.

for the Oligocene and Miocene sequence (based on
Wigley and Compton, 2006), and a total of 1000 m for
the entire Cretaceous. Note however that both of the
above studies were carried out for the southern part of
the Orange Basin and that the extrapolation of erosion
estimates can only be tentative.

Hydrocarbon generation

and migration modelling.

Hydrocarbon generation from the Barremian—Aptian
source rocks was modelled using a Hydrogen Index
of 290 mg HC / gTOC and a TOC of 0.6% based on
the geochemical well reports. Reaction kinetics from
Pepper and Corvi (1995) for Type 11l organic matter
were used; this was applicable to the source rock in
the study area (Jungslager, 1999).

For hydrocarbon migration modelling, a Hybrid
Flow Path Darcy model was used (IES, 2007). The
model combines buoyancy-driven migration and
Darcy flow, and integrates relevant physical parameters
such as pressure, volume and temperature (Hantschel
et al., 2000). The model follows a flow-path tracing
method and identifies lithologies with more than 30%
porosity and a pre-defined permeability value of 10
mD as carrier beds. In the absence of such lithologies,
it switches to bed surface geometry as the flow-path
tracing method (Hantschel ef al., 2000). This is
important for defining hydrocarbon drainage areas, the

analysis of spill points and the assessment of migration
along faults.

RESULTS

1D Temperature models

Profiles versus depth of modelled temperatures
compared with measured temperatures for wells
AO-1, AF-1 and AE-1 are presented in Figs 5A-C.
In general, there is a good fit between measured and
modelled downhole temperatures. There is a minor
discrepancy at 2 km depth in well AO-1 where the
measured temperature (50 °C) is less than the modelled
temperature (60 °C) (Fig. 5A). The Barremian—
Aptian interval is at a depth of 4 km in this well. Its
temperature is 110°C at this location, 120 °C at 3.5
km in well AF-1, and 140°C at 4.0 km in well AE-1,
indicating a gradual increase in temperature from north
to south in the study area.

Variations in subsurface temperatures in a basin
may be due to a number of factors including lateral
variations in lithospheric thickness (Hirsch et al.,
2007), rift related exhumation (Hart et a/., 2017), and
the presence of a thick overburden which acts as a
thermal blanket (Slagstad et al., 2008). In this study,
the higher downhole temperatures recorded in wells
AF-1 and AE-1 (Figs 5B and C) are likely to have been
caused by the blanketing effect of the relatively thick



196 Orange Basin, offshore western South Africa: a 3D source rock modelling study

AO-1

Temperature [°C]
0 50 100 150 200

1.00

- Z
\ it
\ || Turonian/Coniaciar

Turonian

\ Cenomanian
2.00 H = .
x Late-Albian

E
=
£ el
a
& 3.00 Albian
Barremian-Aptian
4.00
\ Barremian
0 50 100 150 200
Temperature [°C]
- | AE-1
Temperature [°C]
0 50 100 150 200
Cenozoic
i 1.00 ’ Maastrichtian/Campanian
Turonian
Cenomanian
— 200
E
=
£
a Late Albian
3.00
Albian
4.00
\ :» Barremian/ Aptian
o 50 100 150 200

Temperature [°C]

silt-rich succession at these locations compared to that
in well AO-1 in the north of the study area.

1D Vitrinite reflectance models

Profiles of modelled vitrinite reflectance (VR) versus
depth for the three wells calibrated with measured data
are presented in Figs 6A-C. In general, there is a good
fit between modelled and measured data although some
discrepancies occur. Thus in well AO-1 in the north
of the study area, the measured VR which is 0.32%R
at 1.1 km depth within the Turonian—Coniacian
succession is less than the modelled value of 0.36%R
(Fig. 6A, blue circle). Note that in well AE-1 to the
south, there are no measured VR values to calibrate
the modelled VR for the Turonian.

In well AO-1, at 1.3 km depth in the Cenomanian-
Turonian, the measured VR is 0.6%R _ (Fig. 6A, red
circle) and is higher than the modelled VR of 0.5%R .
Similarly, in well AF-1 (Fig. 6B) the measured and
modelled VR values are 0.7 and 0.51%R  respectively
at 1.1 km depth for the Cenomanian—Turonian. Also,
the measured VR is 0.7%R  at 2.1 km depth within
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Fig. 5A-C. ID downhole temperature models for
wells AO-1 (A),AF-1(B) and AE-1 (C) along a north
-south transect.The solid line is the modelled
temperature while the stars show measured
temperature values.

the Cenomanian and is higher than the modelled VR
0f 0.6%R  (red circles in Fig. 6C).

The occurrence of higher measured VR values
compared to modelled values for the Cenomanian
interval is probably due to an increase in heatflow
associated with high sedimentation rates and the
progradation of the Cenomanian sedimentary
succession (Dingle et al., 1983). Relatively high
sedimentation rates and consequent compaction in
extensional basins account for up to 30% of heat
absorption within the sedimentary sequence compared
to 10% absorption associated with lower rates of
sedimentation (Lucazeau and Le Douaran, 1985).

3D Temperature model

Maps showing modelled variations in maximum
temperature for the Barremian—Aptian source rock
interval are shown in Figs 7A and B for the present day
(0 Ma) and the Late Cretaceous (65 Ma), respectively.
At the present day (Fig. 7A), the interval has a
modelled maximum temperature of 110°C around well
AO-1, 120°C around well AF-1, and 140 °C around
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the modelled VR while the dots show measured
VR values. Red circles indicate higher measured
VR values compared with modelled VR, while the
blue circle (Fig. 6A) indicates lower measured VR
compared to modelled VR.

well AE-1. These values correspond closely to those for
the interval in the 1D temperature models for the three
wells (Fig. 5), validating the 3D temperature model.
The map indicates that there is an increase in interval
temperature towards the south and west of the study
area (Fig. 7A), suggesting an increased thermal gradient.

The map of modelled temperature variations for the
Barremian — Aptian interval in the Lower Cretaceous
(65 Ma; Fig. 7B) in general shows higher values
compared to those for the present-day. Temperatures
are >145°C in the western part of the study area (Fig.
7B) possibly due to an increased basal heat flow caused
by thermal uplift of the lithosphere during the Late
Cretaceous.

Fig.7C shows a NE-SW profile of maximum
subsurface temperature variations across the
Barremian—Aptian sequence at the present day (0
Ma), indicating a general increase towards the south.

3D Vitrinite reflectance model

A map of modelled variations in vitrinite reflectance
of the Barrremian — Aptian interval at the present-day
(Fig. 8A) indicates higher thermal maturities in the
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central (%R = 0.7 ~1) and southern (%R  =0.85~1.1)
parts of the study area, and lower thermal maturity to
the north (%R = 0.4 ~0.65). The map indicates that the
Barremian—Aptian interval around well AE-1 (in the
south of the study area) is in the gas generation window
(%R ~1.0), in the oil generation window (%R ~0.8)
at well AF-1 in the centre, and is thermally immature
(%R ~0.5) at well AO-1 in the north. Fig. 8B shows
modelled VR variations for the Barremian—Aptian
interval at 65 Ma, and indicates that the estimated VR
was 0.7~0.9%R  in the distal (western) portion of the
study area.

A NE-SW profile (Fig. 8C) showing the present-
day thermal maturity within the Barremian—Aptian
interval shows a VR increase from ~0.53 %R at 2 km
depth in the north of the study area to ~0.82 %R  in the
south (Fig. 8C). Thus in general, the modelled thermal
maturity increases from north to south in the study area.

Hydrocarbon generation model

The transformation ratio (TR) map for the Barremian—
Aptian source rock interval at the present day (Fig. 9A)
shows that the TR is highest in the central part of the
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study area and is ~80% around well AF-1. The ratio
is ~5 % at well AO-1 in the north of the study area,
and ~ 60% around well AE-1 in the south (Fig. 9A).

Comparison of the TR model with the 1D TR
models for the well locations (Figs 9B, 9C, 9D) tends
to validate the results of the hydrocarbon generation
model. The TR model for wells AF-1 (Fig. 9C) and
AO-1 (Fig. 9D) shows that hydrocarbon generation
started as early as the late Aptian-Albian at a depth
of 3000 m (late Aptian) for well AF-1 (in the centre
of the study area), and at a depth of 3400 m (Early
Albian) for well AE-1 (in the south) and continues to
the present day (Figs 9C and D). However, the source
rock in well AO-1 in the north of the study area (Fig.
9B) has not reached sufficient thermal maturity for
hydrocarbon generation.

Timing of hydrocarbon generation

and volumetrics

The volume of hydrocarbons generated from a source
rock is a product of the area, the source rock thickness,

the hydrocarbon yield (a function of the kerogen type;
in this case Type III), and the expulsion efficiency. The
simulator takes into consideration the area covered by
the model (150 km X 150 km), the thickness of the
Barremian — Aptian interval in which the source rock
occurs, and the type of kerogen in the source rock units.

In this study, the source rock expulsion efficiency
was 77%; this represents the ratio of the volume of
hydrocarbons expelled from the source rock per m?
after generation had occurred. The value is often
relatively high for a gas-prone source rock (up to
80%: Magara, 1980) since gas expulsion is driven by
a number of forces including buoyancy, molecular
diffusion and thermal expansion (Pang et al., 2006).
In this study, gas is the main hydrocarbon modelled
to have been expelled from the Barremian — Aptian
source rock and an expulsion efficiency of 77%
is therefore appropriate. The model indicates that
within the study area, the Barremian — Aptian source
rock has contributed 42,980 million tons of gas and
3850 million tons of oil, representing 91.8% and
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8.2% of the hydrocarbons generated respectively
(Fig. 10A). However, these volumes are necessarily
approximations because the source rock distribution
and thickness across the study area was not known.
The simulator based the volumetric estimates on the
relative abundance of shales to other rock units within
the Barremian—Aptian sequence, which is 50% (see
Table 1). The 50% estimate was based on information
from petrological reports, well completion reports and
logs analysis of the three wells in the study area.

The model also indicates that hydrocarbon
generation and accumulation within the source pod
started at about 117 Ma (Fig. 10B), and by 110 Ma
the accumulation of hydrocarbons in the source rock
was sufficient for expulsion to occur. Accumulation
of generated hydrocarbons peaked at the beginning of
the Late Cretaceous (Cenomanian), while expulsion
reached a peak in the Late Cretaceous — earliest
Cenozoic (Fig. 10B). Hydrocarbon generation and
expulsion continued at a constant rate from the start
of the Cenozoic and have persisted to the present day.

Hydrocarbon migration, 3D fault model and fault
control on migration pathways

Potential reservoir units were identified and assigned
within the Albian and Cenomanian successions (Table
1). Migration modelling suggests that oil and gas
migration has taken place within the Albian carrier
sandstones, as shown in the map in Fig. 11A. The
map shows that oil (green) has in general migrated to
the west of the study area, while gas (red) appears to
be more randomly located in the Albian sandstones.
Cenomanian sandstones also serve as a carrier unit for
relatively random gas migration (Fig. 11B). Amodelled
north-south cross-section (Fig.11C) suggests that oil
migration within the Albian units, possibly aided by
strong hydrodynamic conditions, is towards the south
of the study area.

A 3D fault model for an area measuring 150 km X
150 km (Fig. 12) was constructed by mapping major
faults which offset more than one stratigraphic surface.
Forty-two faults were mapped from the seismic data
and were used to construct the model. Of these faults,
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the reactivated listric fault (F1), trending NNW-SSE,
was of particular interest owing to a nearby bright spot
anomaly (Fig 2B). The last increments of fault activity
were dated in relative terms based on their geometry
and the sedimentary sequences they offset. As no data
was available with which to assign shale gouge ratios,
the faults were defined as hydraulically “open” if they
were active during synrift deposition, or “closed” (i.e.,
sealing) if they were active after rifting had ceased
(Table 3). The fault model suggests that fault F1 was
100% gas saturated around 93 Ma (Fig. 13A) but gas
saturation declined to around 15% by 65 Ma (Fig. 13B).
This suggests the occurrence of a breakthrough path
along the fault plane which resulted in migration of
previously trapped gas to other parts of the basin. The
decline in the gas saturation between 93 Ma and 65 Ma
was probably due to the reactivation of the fault related
to uplift of the South Africa (deVera et al., 2010).

To test a different migration scenario, the hydraulic
properties of the faults were reversed so that synrift
faults were “closed” (sealing) and post-rift faults were
“open”. The results were no different from the earlier
scenario, thus indicating the viability of the model
(Fig. 14).

DISCUSSION

Heat flow

The heat flow model in Fig. 3 proposes a present-day
heat flow value of 52 mWm?. A similar value was used
by Hartwig (2014) for the southern Orange Basin, but
Campher (2009) proposed a heatflow of 61 mWm for
the central part of the basin. This variation is attributed
to varying thermal subsidence due to a combination
of differential stretching and magmatic underplating
across the continental margin (van Wees et al., 2009).
Hirsch et al. (2007) suggested that non-uniform
stretching of a high density and high velocity body in
the lower crust resulted in magmatic underplating of
the southern African continental margin.

The rifting (Late Jurassic — Early Cretaceous)
heat flow used in the model is 70 mWm™>. Anomalies
of 90 mWm?=, 76 mWm™? and 62 mWm?? in the
Cenomanian, Maastrichtian-Campanian and Miocene
(Fig. 3C) correspond to uplift events on the South
Africa margin. Heat flow from the lower crust and the
variable thermal conductivity of the strata units control
the geothermal gradient and influence downhole
temperatures. The geothermal gradient of 3.5 °C/100
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Fig. 10. Hydrocarbon generation volumetrics at Generation balance: NewMapBasedModels
the present day (A), and the timing of hydrocarbon
generation, accumulation and expulsion (B).

Peak hydrocarbon accumulation occurred in the
Cenomanian while generation/ expulsion reached a
peak at the start of the Cenozoic.
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Table 3. Fault ages and type/ properties used for the simulation.

Name Fault Type Age From (Ma) | Age To (Ma) Fault Property
F42 Normal 110 109 Closed
F41 Lineament 125 124 Open
F40 Normal 108 93 Closed
F39 Normal 108 93 Closed
F38 Normal 110 109 Closed
F37 Normal 108 93 Closed
F36 Normal 113 111 Closed
F35 Normal 110 109 Closed
F34 Normal 67 65 Closed
F33 Polygonal 65 15 Closed
F32 Normal 110 93 Closed
F31 Polygonal 67 65 Closed
F30 Normal 120 118 Open
F29 Normal 120 118 Open
F28 Normal 120 118 Open
F27 Polygonal 65 15 Closed
F26 Normal 93 65 Closed
F25 Normal 120 118 Open
F24 Antithetic 110 93 Closed
F23 Antithetic 112 110 Closed
F22 Antithetic 112 110 Closed
F21 Normal 120 115 Open
F20 Normal 120 110 Open
F19 Normal 110 67 Closed
F18 Normal 112 95 Closed
F19 Normal 110 95 Closed
F18 Normal 112 91 Closed
F17 Normal 120 115 Open
F16 Normal 112 93 Closed
F15 Normal 120 115 Open
F14 Normal 120 115 Open
F13 Normal 120 115 Open
F12 Normal 112 110 Closed
F11 Normal 112 110 Closed
F10 Normal 112 110 Closed
F9 Normal 110 67 Closed
F8 Normal 112 110 Closed
F7 Normal 93 65 Closed
F6 Normal 93 65 Closed
F5 Normal 110 93 Closed
F4 Normal 110 93 Closed
F3 Normal 112 110 Closed
F2 Normal 112 110 Closed
F1 Listric Normal 124 65 Open

m fits with 1D downhole temperature models at well
locations, which increase from the northern part of the
study area (well AO-1) to the south (well AE-1) (Fig.
5A-C). Consistency between measured and modelled
temperatures at the well locations supports the validity
of the models.

Erosion and thermal maturity

Uplift and erosion of the Southern Africa continental
hinterland during the Cenomanian (Braun et al., 2014)
may have resulted in elevated sediment transport to
the coastal basins, causing overall progradation of the
Orange Basin fill (Dingle et al., 1983). The highest
average global climatic temperatures during the
Cretaceous occurred in the Cenomanian (Caldeira et
al., 1991), and the elevated transports of sediments to
the coastal basins may have been aided by high rates

of denudation in the hinterland. Significant thermal
effects within the sedimentary succession due to high
sedimentation rates (Lucazeau and Le Douaran, 1985)
coupled with a basal heat pulse are evidenced by the
modelled VR values which are less than the measured
VR in well AO-1 in the north of the study area (red
circle in Fig. 6A). In well AF-1 in the centre of the
study area, modelled VR values in the Cenomanian
are likewise less than measured values (Fig. 6B) due
to the high rates of sedimentation and the associated
thermal effects (Lucazeau and Le Douran,1985). At
well AE-1 in the south (Fig. 6C), a similar effect is seen
in the Cenomanian succession, in which modelled VR
values are less than measured values.

By contrast, in the Turonian - Coniacian succession,
the measured VR is less than the modelled VR in well
AO-1 in the north of the study area (blue circle, Fig.
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Fig. 12. 3D model of 36 faults used for the study,
including fault Fl (see text). Model size is 150 km by
150 km.
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Fig. 13.The synrift listric fault Fl trapped gas with 100% efficiency at 93 Ma (A); the efficiency declined to an
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reactivation of the Orange Basin in the Late Cretaceous.

6A), probably due to localised erosion at this location.
For the Turonian, modelled and measured VR values
match closely in well AF-1, suggesting there was little
erosion at this location (Fig. 6B). No measured VR
values for the Turonian in well AE-1 to the south were
available with which to calibrate the thermal maturity.

In all the wells, modelled temperatures for the
Barremian - Aptian source rock fit well with measured
temperature values and are consistent with the map of
temperature variations (Fig. 7A). The map of modelled
variations in vitrinite reflectance for the Barremian -
Aptian interval at the present-day (Fig. 8A) indicates
values of ~0.5-0.6 %R at well AO-1,~0.8-1.0 %R at
well AF-1 and ~1.0-1.2 %R around well AE-1 (Fig.

8A). The map shows that the interval has not reached
the oil generation window in the northern part of the
study area, while the central and southern areas are in
the late gas generation window.

Petroleum generation and migration

The map of modelled variations in transformation ratio
of the Barremian — Aptian source rock interval (Fig.
9A) shows that hydrocarbon generation started in the
central portion of the study area, where the present-day
transformation ratio is ~ 100%. The transformation
ratios decline to both south and north (70% and less
than 5%, respectively).
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Fig. 14. 3D hydrocarbon migration model of the study area at present day with the depth horizon maps and
hydrocarbon components; gas, red; oil, green; fault pillars in blue.Water component has been filtered. Model
grid lies between X 520 km and 660 km andY 6670 km by 6800 km. Model dimensions are 150 km by 150 km.

The onset of petroleum generation occurred around
116 Ma (late Aptian; Fig. 10B), before the late Albian
claystones and the Turonian shales (potential seal) were
deposited. Hartwig (2014) proposed a similar age for
the onset of petroleum generation. Barton et al. (1993)
and Muntingh (1993) showed that the source rocks had
reached sufficient maturity for gas generation to occur
in the central shelf area in the Albian with potential for
oil generation in more distal parts.

In the current model, expulsion (migration) began
at about 110 Ma (Albian) and reached a peak at the
end of the Cretaceous, coinciding with a phase of Late
Cretaceous margin uplift. High transformation ratios,
possibly associated with pressure build-ups, facilitated
the significant expulsion of hydrocarbons.The potential
occurrence of sand lenses within the source rock unit
may also have driven the significant expulsion of
hydrocarbons at a local scale (c.f. Fan et al., 2019).
The timing of expulsion also coincided with the onset
of secondary cracking in the Late Cretaceous which
generated additional gas in the southern Orange Basin
(Hartwig, 2014).

The calibration of the 3D hydrocarbon generation
model with the 1D generation models (Fig. 9A-
D) indicates that the model is accurate. The
transformation ratio at well AF-1 is 100%; however,
there is little evidence of transformation of kerogen into
hydrocarbons at well AO-1 in the north of the study
area (Fig. 9B); and only about 60% transformation has
taken place at well AE-1 in the south (Fig. 9D). These
observations fit well with the 3D model.

The model results suggested that 42,977 million
tons of gas have been generated by both primary and
secondary cracking processes, while 3855 million
tons of oil have been generated. The migration model
indicates that hydrocarbons migrated vertically from
the source rock into overlying Albian and Cenomanian
carrier beds (Fig. 11A, B and C). Apart from faults
which may serve as conduits for migration, the
major potential carrier beds are suggested to be
Cenomanian and Albian sandstones (Fig. 11A-C).
Gas migration within these carriers units is random,
while hydrodynamic factors may have favoured the
migration of oil down-dip (i.e. westwards) in the study
area (Fig.11 A-C).

Fault controls on hydrocarbon migration

The study suggests that a reactivated listric fault
played a significant role in hydrocarbon migration.
Previous studies in the Orange Basin have reported
the role of faults in the development of hydrocarbon
escape features such as chimneys and pockmarks (Ben-
Avraham et al., 2002; Kuhlmann et al., 2010; Hartwig
et al.,2012). In the present model, due to limited data
with which to estimate the shale gouge ratio, faults
were defined as open to migration during the syn-rift
period and closed in the post-rift period. Although
this is only an approximation, Bjerlykke et al. (2005)
reported that post-rift faults, especially faults more
than 1000 m deep, are generally closed to fluid flow
because of cementation along the fault planes except
where they are kept open by hydraulic pressure, which
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may be common in compressional settings. In addition,
faults less than 1000 m deep may act as fluid conduits
in subsiding basins (Clayton and Hay, 1994).

With this in mind, some reactivated faults in the
Orange Basin could serve as conduits for hydrocarbon
migration. Thus, the model suggests that the reactivated
listric fault F1 trapped gas at 93 Ma, with a gas
saturation along the fault plane of 100% (Fig. 13A); the
saturation was reduced by 65 Ma, and the present-day
gas saturation is only ~ 15% (Fig. 13B). The reduction
in gas saturation along the fault plane is attributed
to episodes of margin uplift in the Late Cretaceous
and Miocene, which resulted in the development
of breakthrough migration paths and the Cenozoic
migration of trapped gas. This observation is consistent
with Hartwig (2014) who suggested that hydrocarbon
migration from the reservoirs in the southern Orange
Basin was triggered by Late Cretaceous uplift, and
that the youngest episode of migration coincides with
a phase of Miocene erosion.

Model assumptions and uncertainties.

Basin and petroleum systems modelling is often
associated with assumptions which may lead to high
uncertainty in the results, depending on the data
available. In the present study, a combination of 2D
and 3D seismic data was used to create the depth maps
used as inputs in the model. While the geometry (spatial
extent) of the faults mapped on the 3D seismic data
can be tracked, the fault geometry mapped on the 2D
data could not be tracked. Therefore, the probability
of finding a structural closure within the coverage of
the 2D data is minimal and reduces the possibility of
locating hydrocarbon accumulations in the study area.
However, this is not a sufficient reason to conclude
that there is no chance of hydrocarbon accumulations
in the area.

In addition, due to a lack of shale gouge ratio data,
an assumption was made regarding the hydraulic
property of the faults in that syn-rift faults are open
while post-rift faults are closed. This assumption
introduced an uncertainty about the hydraulic
properties of the faults.

Comparison with other conjugate passive
margins and direction of future exploration

A feature that the Orange Basin has in common with
the Santos Basin (offshore Brazil) and with offshore
Uruguay is the occurrence of the Barremian — Aptian
source rock (Broad et al., 2007; Clemente; 2013;
Morales et al., 2017). Hydrocarbon indicators such as
chimneys, pockmarks and bright spot anomalies are
prominent in the Orange Basin (Boyd et al., 2012),
and in offshore Uruguay where normal and polygonal
fault systems influenced the vertical migration of
hydrocarbons (Morales et al., 2017).

The chronostratigraphy of the Orange Basin (Fig.
2A) shows that sediment deposition began in the
Hauterivian, whereas in the Santos Basin, deposition
began during the Barremian—Aptian (Clemente, 2013).
Opening of the South Atlantic took place from south
to north during the break-up of Gondwana which was
initiated in the Late Jurassic (Clemente, 2013).

In the Santos Basin, source rocks are present within
the Barremian—Aptian Itapema succession which is
equivalent to the source rock in the Orange Basin (Fig.
11C). Similar depositional processes occurred in the
Orange and Santos Basins until the late Aptian, after
which the development of salt structures in the Santos
Basin controlled subsequent sediment deposition and
hydrocarbon accumulation/ migration. Hydrocarbon
accumulations in the basin mainly occur in carbonates
in the pre-salt succession but also occur in post-salt
calcarenites and siliciclastic turbidites (Bruhn et al.,
2017). In the Orange Basin offshore South Africa by
contrast, the main gas discovery occurs within an
Albian siliciclastic reservoir, with additional potential
reservoirs in the Cenomanian.

Cenozoic turbidites also probably occur in
the Orange Basin together with widespread Late
Cretaceous slumps, gravity flows and mass transport
deposits (de Vera et al., 2010, Scarselli et al., 2016).
Cenozoic turbidites have also been reported in the
conjugate margins offshore Uruguay and in the Santos
Basin (Rodriguez et al., 2019; Bruhn et al., 2017).
Exploration of the turbidites play offshore Uruguay
has not been successful largely due to lack of charge
access, explained by the distance of the reservoirs
from a source rock kitchen and by the absence of
faults as migration pathways (Rodriguez, et al., 2019).
However, the presence of reactivated regional faults
in the Orange Basin, such as fault F1 identified in the
present study, could allow charging of the proposed
Cenozoic turbidite reservoirs.

CONCLUSIONS

This study investigated the timing of hydrocarbon
generation and expulsion from Barremian — Aptian
source rocks in the northern section of the Orange
Basin, offshore South Africa, and the influence of faults
on hydrocarbon migration.

The vitrinite reflectance (VR) models show that
the modelled VR for the Cenomanian is lower than
the measured VR. Thermal maturation of sediments
during the Cenomanian was likely influenced by
high sedimentation rates which may have resulted in
significant heat absorption in the thick sedimentary
succession in this part of the basin. Also, evidence
from the VR and transformation ratio (TR) models
indicates that the source rock is immature in the
northern section of the basin at the present-day, leading
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to the conclusion that the model is more sensitive to
spatial heatflow variations than to burial variations.
The thickness of the Barremian—Aptian sequence in
the central portion of the study area influenced the
relatively earlier generation of hydrocarbons in the late
Aptian, with a modelled present-day transformation
ratio there of 100%. The TR declines to both the north
and south, to less than 5% and 60% respectively.

Source rocks in the northern part of the study area
close to well AO-1 are thermally immature. Rapid
sedimentation and accompanying compaction during
the Cenomanian coupled with increased basal heat
flow led to peak generation of hydrocarbons within
the source rock. Expulsion of hydrocarbons from the
source rock started in the Albian (110 Ma), reaching
a peak by the end of the Cretaceous coinciding with
uplift of the SW African margin.

Hydrocarbon migration occurred within the
Cenomanian and Albian stratal units. Oil is modelled
to have migrated vertically and laterally westwards
within the Albian unit, while gas migration was
random in both the Cenomanian and Albian units. The
westward migration of oil may have been influenced
by hydrodynamic factors which favoured migration
towards the deeper-water, distal portion of the study
area. A reactivated synrift listric fault (referred to as
F1) has served as a major control on hydrocarbon
migration, with an estimated present-day gas saturation
of ~15% along the fault plane. Reactivation of the
fault occurred during different episodes of uplift of
the southern Africa margin.

Future exploration for oil plays should therefore
move from the continental shelf of the Orange Basin
to more distal, deeper-water areas.
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