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Abstract

Within offshore frontier sedimentary basins, legacy data are important tools in basin-scale exploration for
potential CO; storage. The seismic stratigraphy, evolution, depositional framework and CO, storage potential of
a frontier basin, the offshore Durban Basin, along a sheared-passive margin in southeast Africa are described.
Based on single-channel 2D seismic reflection data and well data, six seismic units (A-F) are revealed, separated
by major sequence boundaries. Internal seismic reflector geometries and sedimentology suggest a range of
depositional regimes from syn-rift to upper slope and outer shelf. Nearshore and continental facies are not
preserved, with episodic shelf and slope sedimentation related to periods of tectonic-induced base level fall.
The sedimentary architecture shows a change from a structurally defined shelf (shearing phase), to shallow ramp
and then terminal passive margin sedimentary shelf settings. Sedimentation occurred predominantly during
normal regressive conditions with the basin dominated by the progradation of a constructional submarine delta
(Tugela Cone) during sea-level lowstands (LST).

Erosional unconformity surfaces (sequence boundaries) are key features for oil and gas exploration representing
regions of potential effective reservoir accumulation as well as migration pathways. These surfaces further act
as indicators for variations in eustatic sea level, ocean dynamics and climatic conditions which significantly
affect depositional environments of sedimentary successions. Using available 2D seismic data Mesozoic and
Cenozoic sequence boundaries are identified and described, with new evidence of a mid-Miocene age erosional
unconformity that can be correlated with analogous horizons around the entire southern African continental
margin. Cenozoic submarine unconformity surfaces within the basin are typified by submarine canyon incision.
Polycyclic epeirogenic uplift of southern Africa characterised the Mesozoic and Cenozoic, with erosion and
sediment bypass offshore concomitant with increases in offshore sedimentation rates and deposition of potential
sand-rich reservoir systems. Although epeirogenic uplift appears to be the dominant mechanism affecting
formation of the identified sequence boundaries, it is postulated that, for the mid-Miocene boundary in
particular, an interplay between global eustatic sea-level fall, expansion of the east Antarctic ice sheets, and
changes in deep oceanic current circulation patterns may have substantially contributed to sequence boundary
formation during this period.

Single-channel 2D seismic reflection data and well log data are further utilised to provide new evidence of
reservoir/seal pairs in saline aquifers that may represent potential storage sites for CO; injection. Multiple,
previously undefined and regionally pervasive stratigraphic traps have been mapped through a detailed seismo-
sedimentary analysis. These include shelf-bound shallow-marine-sheet and deltaic sandstone packages of
Turonian and Maastrichtian age respectively. Coeval with these laterally extensive shelf packages, multiple
basin floor fan systems have been identified on the palaeo-slope. These systems are correlated with analogous
hydrocarbon-bearing sequences throughout a large region of the south-east African continental shelf. Using
conservative assumptions, it is proposed that 328 Mt CO- could potentially be stored in two laterally extensive
shelf sand sequences, with a further potential for 464 Mt CO, storage in basin floor fan systems in the distal
basin.

Potential undrilled structural traps are identified within the Durban Basin which include compactional anticlinal
structures and faulted closures. Compactional anticlines are represented by sediment drapes covering deep-
seated basement horst structures whilst faulted closures are represented by rollover anticlinal structures related
to gravity faulting. Multiple growth fault structures identified within the southern portion of the Durban Basin
are related to gravitational tectonics associated with instability along the edge of the continental rise. The
southern portion of the Durban Basin was subject to sediment starvation with the formation of a wide
continental rise rather than a shelf and shelf break leading to instability and gravitational tectonism allowing the
formation of fault closures within this area.

Potential CO, storage capacities for structural closures are calculated to be 46 Mt CO; at a P90 probability level
(93 Mt - P50; 158 Mt — P10). These values can further be subdivided into two closure types. Faulted rollover
anticlinal closures within the basin account for 2 Mt potential CO. storage at a P90 probability level (4 Mt -
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P50; 7 Mt — P10); whilst compactional anticlinal closures overlying basement structures account for 44 Mt
potential CO; storage capacity at a P90 level (89 Mt — P50; 152 Mt — P10).

Prospective storage sites within the basin are individually defined through basin-scale assessment and are
comparable with sedimentary and structural trap sites around the southern African continental shelf, as well as
within CO, storage sites defined internationally. This study therefore provides a basin-scale, effective CO;
storage capacity estimation with site-specific characterisation and capacity estimations for both structural and
stratigraphical traps within the Durban Basin, east coast of South Africa.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Since the 20th century, atmospheric concentrations of anthropogenic greenhouse gases have increased through
accelerated population growth, urbanisation and industrialisation. In order to achieve stabilisation of key
greenhouse gas concentrations in the atmosphere, the United Nations Framework Convention on Climate
Change (UNFCCC, 1992) called for a global initiative to reduce anthropogenic carbon dioxide (CO2) emissions
to prevent “threats of serious or irreversible damage,” and “dangerous anthropogenic interference with the
climate system.” The IPCC (2005) however, suggest that for stabilization of anthropogenic greenhouse gases to
occur effectively, the rate of global emissions must be reduced to a level equal to the rate at which the natural
global processes can remove them from the atmosphere. However, recent studies (IPCC, 2014) indicate that,
despite a growing number of mitigation policies, global greenhouse gas emissions have accelerated in the last
decade. It is therefore suggested that, in order to stabilise temperature increases in the 21% century below 2°C
relative to pre-industrial levels, a global departure from business-as-usual (Fig. 1.1) is required in order to
stabilise atmospheric CO2 concentrations around 450 ppm by 2100 (IPCC, 2014).

In order to limit this long-term global temperature increase to 2°C, CO, emissions need to be reduced via a
number of low carbon energy technologies, including Carbon Capture and Storage (CCS), nuclear energy,
renewable energy, fuel switching and fuel efficiency techniques (IEA, 2008; Fig. 1.1). As the global need for
energy increases, so do energy-related CO, emissions, with the lead energy supply being that of fossil-fuels. By
2050 the IEA estimate that CCS will contribute 14% of total global emissions reduction (Fig. 1.1), with 70% of
CCS deployment occurring in non-Organisation for Economic Co-operation and Development (OECD)
countries (IEA, 2012). The IPCC (2005) suggest that targets for emission reductions in each technology will
depend upon factors such as cost, capacity, environmental impact, the rate at which the technology can be
introduced, and social factors such as public acceptance.

O cCcs19%

Nuclear 6%

Renewables 21%

O Fuel switching 14.5%
T O Efficiency 27.5%

Annual global CO, emissions (Gt)

1900 1950 2000 2050

Figure 1.1: Wedge diagram adapted by CO2CRC (Cook, 2012) from the IEA (2012) to indicate potential
global CO: emission reductions against “business as usual” practices, based upon increased energy
technologies and a drive away from fossil-fuel based power.



Results obtained by the IPCC (2014) suggest that, in 2010, energy production through the burning of fossil fuels
accounted for 34% of global anthropogenic greenhouse gas emissions in the form of CO,. South Africa, like
many countries worldwide, is heavily reliant on fossil fuels for energy supply, with about 90% of primary
energy derived from either coal, oil or gas (Engelbrecht et al., 2004). Coal-fired power generation is the largest
contributor to CO, emissions worldwide, and currently provides around 40 per cent of total electricity output
(IEA, 2014). South Africa is heavily dependent on fossil fuels with 90% of electricity generation coming from
coal (Cloete, 2010). This, together with a relatively small population, results in South Africa being a significant
contributor (in terms of per capita emissions) to CO emissions on a worldwide scale.

Carbon dioxide Capture and Storage (CCS) has been identified as one of the technical approaches to mitigating
global climate change induced by carbon dioxide and other greenhouse gas emissions from fossil fuel based
energy production and industry. Geological storage of anthropogenic CO, via Carbon Capture and Storage
(CCS) technologies represents a crucial component to the mitigation of global climate change. For the
geological storage of CO- to be optimised, suitable strata and reservoir conditions need to be identified. Whilst a
wealth of knowledge exists for CCS projects associated with hydrocarbon provinces (IPCC, 2005; US DOE,
2008; Wirdemann et al., 2010; Underschultz et al., 2011; Hutcheon et al., 2016), saline aquifer storage,
specifically in under-explored frontier basins, is commonly hampered by a lack of physical data needed to
define CO; storage reservoirs and their storage efficiency due to limited exploration activities (Wilkinson et al.,
2013).

The Global CCS Institute (2015) suggested that, if implemented globally, the capture, transportation and storage
of anthropogenic CO; in geological formations could account for ~17% of prospected global reduction in CO,
emissions (Fig. 1.2). Storage of CO,, either as a condensed phase, or as a gas, has been undertaken since the
1970’s to enhance hydrocarbon production (NETL, 2010). The Global CCS Institute (2016) and International
Energy Agency (IEA, 2016) identified fifteen (15) large-scale CCS projects operational worldwide with pilot
and demonstration-scale projects numbering in the hundreds. Successful storage of CO; in a number of geologic
mediums such as depleted oil or gas reservoirs, unmineable coal beds, deep saline-water saturated aquifers, and
basaltic formations, has been demonstrated over the last two decades in onshore and offshore environments
(GCCsI, 2016). Deep saline aquifers occur throughout the world and provide large, potentially accessible
storage opportunities for Carbon Capture and Storage (CCS) technologies (IPCC, 2005). It is suggested
(GCCsl, 2015) that CCS is the only technology which can reduce emissions on a significant scale from fossil
fuel power plants and other industrial processes.

Industry and other
transformation

0 50 100 150 200 250 300 350
Gtco,

Renewables Il cCS M Fuel switching Energy efficiency Nuclear

Figure 1.2: Prospected cumulative CO2 emissions reductions in power and industry, 2012-2050 (after
GCCsl, 2015).

A country-scale analysis of the geological storage potential of CO, has previously been undertaken, identifying
potential storage capacity in multiple onshore and offshore Mesozoic sedimentary basins (Viljoen et al., 2010)
(Fig. 1.3). During this national review of geological storage of CO; in South Africa, Viljoen et al. (2010)
indicated that 98% of South Africa’s CO, storage potential lay in offshore Mesozoic basins around the



continental shelf. On the eastern seaboard of South Africa, Viljoen et al. (2010) proposed a theoretical storage
capacity of 42000 Mt CO- for the combined offshore Durban and Zululand Basins (Figs 1.3: 1.4).

The ~10000 km? Durban Basin (Broad et al., 2006) that borders the Zululand Basin to the north (Figs 1.3: 1.4)
represents a poorly explored frontier basin (Singh and McLachlan, 2003). Hydrocarbon exploration is limited to
low resolution single-channel seismic reflection interpretations (du Toit and Leith, 1974; Dingle et al., 1978;
Martin, 1984; Goodlad, 1986) and four wildcat wells that focused upon potential structural plays beneath the
continental shelf (Fig. 1.4). Within the Durban Basin, no significant coal or organic rich strata have been
identified with prospectivity focussing upon saline aquifers within syn-rift and early drift phase deposits
identified through seismic mapping and exploration drilling on the continental shelf.

Although the Durban Basin did not rank as the most prospective offshore basin in the national review (Viljoen
et al., 2010), it was selected for Basin-Scale Assessment due to the following factors:

o its proximity to potential CO, transport pipelines from major CO; sources
o its proximity to local CO, sources
. its geological storage potential based upon identified structures.

T — - )
7 NORTHERN
C—
. Limpopo
5 icht JRB River

Mozambique
Basin

Jretagia
.Jchannas\burg

Tugela

Lesotho

Country-scale Assessment of CO,
Storage Capacities for Mesozoic Basins
(after Viljoen et al., 2010)

. 20 000 - 60 000 Mt

- e P a ' 4 o
J. o L e 4 o } 400 - 20 000 Mt
b  Sell 2 It

Figure 1.3: Locality map detailing the study area location with National Oceanic and Atmospheric
Administration (1 min grid) UTM bathymetric grid. The areal extent of the Durban Basin is depicted
within the shaded polygon. Note the relative position of the Jc-series boreholes drilled on the continental
shelf to that of the deep water Tugela Cone. The CO:2 storage estimates of Mesozoic basins defined by
Viljoen et al. (2010) are shown.
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1.2 AIMS AND OBJECTIVES

A multidisciplinary scientific programme is underway to identify and assess the possibilities for CCS in South
Africa. A component of this research, of which this thesis forms a part, is a detailed geological investigation into
the storage potential of sedimentary basins both onshore and on the continental shelf of South Africa. This
investigation was preceded by broader assessments of the technical and geological host alternatives for CO-
storage in South Africa (Viljoen et al., 2010) which identified five Mesozoic sedimentary basins with potential
storage, two of which were onshore and the remaining three underlying the submerged continental shelf
surrounding South Africa (Fig. 1.4).

The aim of this study is to define and map the areal extent of major unconformity horizons identified in seismic
section, as well as to map the extent of potential sand-rich horizons, potential basin floor fans, and sediment
drape structures in the offshore Durban Basin through analysis of existing 2D seismic data and well log
information (lithology, gamma ray and resistivity). This includes analysis of legacy 2D seismic and exploration
borehole data, so as to provide a better understanding of the stratigraphic architecture, and possible CO, storage
capabilities of this portion of the South African continental shelf. These data will ultimately be combined to
define the capacity for the safe storage of CO; in the subsurface aquifer rocks.

The objectives of this study are as follows:

- To assess and define the stratigraphy and sedimentology of the Mesozoic Durban Basin, with specific
emphasis upon sequence stratigraphy.

- To classify individual sequences and system tracts to create a sequence stratigraphic framework of the
Durban Basin, highlighting controls on sedimentation identified through seismic reflection and
stratigraphic analysis.

- To assess and map the areal extent of potential sand-rich horizons within target areas identified from
seismic and stratigraphic interpretations

- To understand and predict the timing of basin floor fan formation with regards to global and local sea
level fluctuations.

- To identify and quantify potential CO; storage sites/areas based on the above seismic and stratigraphic
interpretation

- To define a capacity estimate for the safe storage of CO; in subsurface aquifer rocks in the Durban
Basin.

1.3 RATIONALE

Sedimentary successions developed along east Africa’s passive continental margins are known to host giant
hydrocarbon accumulations (Palermo et al., 2014). The Durban Basin forms part of the Natal Valley (Fig. 1.3), a
north-south trending, sediment filled, rift basin on the eastern seaboard of southern Africa (Dingle et al., 1978).
Although dominated to the north and south by a narrow shelf (Green and Garlick, 2011; Cawthra, et al., 2012),
the Tugela Bank between Durban and Richards Bay, represents a 45 km wide shelf with a late Cretaceous to
Tertiary-age (McMillan, 2003) deep-water fan complex, the Tugela Cone, developed beneath and seaward of the
present shelf break (Fig. 1.3).

The Mesozoic evolution of the basin is poorly documented (du Toit and Leith, 1974; McMillan, 2003); with
work focussed on either low resolution single-channel seismic reflection data (Dingle et al., 1978; Martin, 1984;
Goodlad, 1986), or seafloor sediment dynamics, submarine canyon formation and Late Pleistocene/Holocene
stratigraphy (Green and Garlick, 2011; Cawthra et al., 2012; Green et al., 2013; Wiles et al., 2013).

The Durban Basin was the focus of a hydrocarbon exploration programme by national oil company SOEKOR
between 1974 and 1990, during which time 2761 km of 2D seismic data were acquired (Fig. 1.3), together with



the drilling of three deep offshore boreholes (Jc series, Al; B1; C1). A fourth borehole Jc-D1 was drilled in
2000 by Phillips Petroleum (Fig. 1.3). To date only limited exploration has been undertaken in the Durban
Basin, with no substantial oil or gas reserves having been located. Previous exploration focused upon possible
structural trap sites beneath the Tugela Cone. A minor gas show in the Jc-B1 well was identified, with the Jc-D1
well providing evidence for an active petroleum system (Petroleum Agency SA, 2012) with Singh and
McLachlan (2003) confirming overlooked traces of ail in the well.

1.4 THESIS STRUCTURE

This thesis constitutes a collection of articles published in international peer-reviewed journals collated as
individual chapters (Chapters 6, 7, 8 and 9). Chapter 2 outlines the key elements of Carbon Capture and Storage
technologies and processes in a global context. Chapter 3 details the criteria needed in defining a sedimentary
basin and its associated saline aquifers storage potential as defined by the Carbon Sequestration Leadership
Forum (CSLF, 2008).

In chapter 4 the thesis discusses the regional setting of the study area highlighting the formation of the Natal
Valley and subsequent sedimentary basin fill successions in terms of tectonic setting and attributes. Chapter 5 is
concerned with the methodologies utilised in the study to define the seismo-stratigraphic architecture of the
continental shelf and slope in the Durban Basin.

Chapters 6 and 7 represent two published works, with chapter 6 (Hicks and Green, 2016) detailing the seismo-
stratigraphy, evolution and depositional framework of the Durban Basin with specific focus on the formation of
the Tugela Cone submarine delta-fan complex. Chapter 7 (Hicks and Green 2017a) discusses the development
and significance of major sequence boundaries and their associated unconformity surfaces. This chapter further
emphasises the link between sequence boundary formation, epeirogenic processes, variations in eustatic sea
level, ocean dynamics and climatic conditions.

Chapters 8 and 9 are a combination of one published article (Hicks and Green 2017b) discussing the CO;
storage potential and capacities of stratigraphic traps within the basin as defined from seismic analysis. Further
to these, unpublished data on the storage potential and capacities of structural traps within the basin are
discussed.

It should be noted that this thesis makes no attempt to define factors relating to CCS regulation, public
perception, or economic viability based upon water depths, drilling depths or other factors.



CHAPTER 2

CONTEXT OF CARBON CAPTURE AND STORAGE

Carbon Capture and Storage (CCS) represents a crucial component of low carbon dioxide emission technologies
to assist in the mitigation of climate change. The technology involves the capture and long-term geological
storage of anthropogenic CO- produced through either the combustion of fossil fuels in power generation or
industrial processes such as the production of cement, iron or steel. It is globally accepted that anthropogenic
CO- emissions are a major contributing factor to the effects of climate change, with CO, concentrations in the
atmosphere increasing from pre-industrial levels of 280 ppm to just under 400 ppm in 2012 (IPCC, 2005).

2.1 CHARACTER OF CO2

Carbon Dioxide (CO,) represents the single most important anthropogenic greenhouse gas, occurring in a
gaseous state at standard pressures and temperatures of 1 bar and 20°C respectively (standard pressures adopted
from NIST). Although many current conceptions refer to “carbon emissions” as a greenhouse product, this is in
fact incorrect as it is the molecule CO, comprising a single carbon atom, and two oxygen atoms, rather than the
element C, that is the contributing factor. The descriptions of CO; as a “poisonous” gas are also misleading as,
although CO; represents an asphixiant (and is therefore used in fire extinguishers), it is used in numerous day to
day products including carbonated soft drinks. Although often represented as an anthropogenic greenhouse gas,
naturally occurring CO: is an essential component of life, with the global carbon cycle comprising a complex
array of geologic, oceanic and biological processes that constantly recycle CO; around the globe to keep an
atmospheric concentration of approximately 390 parts per million (Cook, 2012).

CO; as a gas occurs as a colourless and odourless vapour which is soluble in water and has a density higher than
that of air at ~1.98 kg/m?®. If cooled and condensed to above its triple point temperature and pressure (-56.6°C
and 5.185 bar), CO; condenses to form a white solid commonly known as “dry ice”. Below this triple point
pressure (Fig. 2.1a), CO, will revert directly into a gas above its sublimation (boiling) point of -78.5°C. CO,
only attains a liquid phase above its triple point, but below its thermodynamic critical point (31.1° and 73.9
bars), this liquid phase is generally immiscible in water. However some soluble CO; can form a weak carbonic
acid similar to that which forms when gaseous CO; dissolves in water. Bachu and Adams (2003) suggest that
CO; solubility is initially inversely proportional to temperature, with a solubility decrease between standard
room temperature (20°C) and ~100°C at 1 bar pressure. Following this initial decrease, solubilities appear to
increase with an increase in temperature from ~200°C at 1 bar pressure. At increased pressures, the initial
decrease in solubility is short-lived with CO; solubility increasing at much lower temperatures. Bachu and
Adams, (2003) show that although CO- solubility is inversely proportional to salinity, CO; solubility increases
with increased pressure and temperature.

CO, can also be present in a “supercritical” phase (Fig. 2.1a) which occurs under operating conditions above the
critical point (73.9 bar and 31.1°C), as a fluid phase that has the density of a liquid, but the viscosity of a gas
(Cook, 2012). In this phase, CO; can have densities between 150 to 1060 kg/m® (Bachu, 2003). It is within
geological reservoirs where CO- can be stable in this phase that storage is most viable. The International Panel
on Climate Change special report (IPCC, 2005) suggests that, under average geothermal gradients and
hydrostatic conditions, burial depths in sedimentary basins need to exceed 800 m to achieve conditions suitable
for CO; storage under supercritical phase conditions (Fig. 2.1b).
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Figure 2.1: a) CO:2 phase diagram. b) Supercritical phase CO2 graph depicting the density and associated

volume of CO: as a gaseous phase and then as a supercritical phase. Note the decrease in volume with
increase in depth and density (modified after CO2CRC, 2008).

Although safe injection potential is defined by the rock characteristics and not depth, as is seen with CO; storage
in shallow gas fields, storage within the supercritical phase (below ~800 m) in saline aquifers enhances the
volumes of CO; that can potentially be stored. CO; density increases with pressure (depth beneath surface), and
therefore once pressurised the volume of the CO; is reduced dramatically (Fig. 2.1b). At standard surface
pressures and temperatures CO, gas covers an area more than 100 times larger than when CO; occurs in a
supercritical state (Fig. 2.1a). Storage of CO; in its gaseous phase is possible with numerous studies having
demonstrated safe storage of CO- gas in oil and gas reservoirs above ~800 m depth, however for large-scale,
effective storage of CO,, a supercritical or “dense” phase CO; flood is preferred as volumetrically more CO; can
be stored in the reservoir.

2.2 GEOLOGICAL STORAGE OF COz2

The injection of CO; into the subsurface is not a new scientific field, with oil companies having been injecting
CO; into ageing fields to enhance recovery (CO2EOR) since the 1970’s (Global CCS Institute, 2016). The
Global CCS Institute (2016) estimates that there are currently more than 130 operations which recycle CO; by
re-injecting it into the producing reservoir, effectively storing the CO; permanently in the subsurface. CO-
storage in geological formations has been a natural process for millions of years, with CO; trapped as accessory
gases or fluids in oil and natural gas reservoirs. For CCS purposes, the equivalent geological conditions that
have trapped oil and gas reserves for millions of years in the subsurface are targeted as potential storage sites.

From a geological perspective, CO, can be sequestrated into a number of geological mediums which primarily
occur in sedimentary basins. These include deep saline aquifers, depleted oil and natural gas reservoirs, and
unmineable coal seams (Fig. 2.2). Other geological strata that could potentially be used for storage include
basalts and shales.
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Figure 2.2: Geological storage options for CO: (after CO2CRC, 2008).

For injection and containment of CO; in a geological reservoir to be feasible, a number of criteria need to be met
(IPCC, 2005):

1) The reservoir must have adequate injectivity potential (porosity and permeability) with a storage capacity
capable of containing the injected CO,.

2) The reservoir needs to be in a relatively stable tectonic regime to limit the potential risks of leakage through
compromised reservoir integrity.

3) The reservoir needs to have a sealing cap rock, or suitable trapping mechanism that will prevent the migration
of CO; into surrounding lithologies.

Sedimentary basins commonly consist of stacked successions of sandstone, siltstone and mudstone, in varying
proportions, which in many cases, such as major petroleum provinces; consist of adequate reservoir/seal pairs
which can act as traps for CO,. A high-level global CO, storage potential classification, based upon the
petroleum potential of sedimentary basins (Fig. 2.3), was undertaken by Bradshaw and Dance (2005) who
separated the basins into highly prospective, prospective and non-prospective domains.

2.2.1 Saline Aquifer Storage

Many prospective sedimentary basins, although not containing world-class oil or gas provinces contain deep
saline aquifers which represent highly prospective reservoirs for CO, storage. Saline aquifers occur in deep,
porous and permeable formations which are saturated with saline formation water or brines. The salinity of the
brines or formation water in these reservoirs makes them unsuitable for human consumption or agricultural use.
The vast areas over which these reservoirs extend make them viable targets for potential CO; storage, with the
injected CO; trapped by various mechanisms such as structural/stratigraphic means, residual, solubility, and
mineral trapping. Saline aquifer storage is often hampered by a lack of physical data needed to define the
reservoirs and their CO; storage prospectivity due to limited exploration activities.
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2.2.2 Depleted Oil and Gas Reservoir Storage

Depleted oil or gas fields represent prime candidates for CO, storage due to the preserved structural and
stratigraphic traps that previously contained oil or gas. A large percentage of current CCS projects in operation
are based in world class oil or gas provinces. The detailed knowledge of the structures based upon oil and gas
exploration is used to define the fields and their suitability for CO, storage. In most instances the containment
potential of the site is proven by the existence of hydrocarbon reserves. By utilising proven oil and gas
exploration and production techniques, the structural and containment integrity of these reservoirs have been
extensively studied increasing the safety of such a project (IPCC, 2005). The structures needed to trap natural
concentrations of oil or gas can be utilised to store CO once a field has been depleted of hydrocarbons. CO;
injection is commonly used in conjunction with operation to enhance recovery (EOR) in producing fields
whereby CO; is injected into a producing oil reservoir to create a CO; flood which reduces the oils viscosity,
offering potential economic gain via increased flow rate.

2.2.3 Unmineable Coal Seam Storage

Coal seams that are either too thin, or too deep for economically viable mining can be utilised for CO, storage
through enhanced coalbed methane (ECBM) extraction. Initial recovery utilises dewatering and depressurisation
of the coal seams which does not allow for complete methane gas extraction (Viljoen et al., 2010). The injection
of CO liberates the remaining methane with three to thirteen molecules of CO; being preferentially absorbed on
the coal for each molecule of liberated methane, dependant on coal rank (Viljoen et al., 2010). ECBM
operations are however complex, requiring multiple injection wells and a firm knowledge of the CO»-coal-
methane-water system, and are therefore at an early stage of research for use in CCS (Van Bergen et al., 2011).

Cil basins
© Onshore basins
) ofishore basins

® CO2CRC

Figure 2.3: Distribution of sedimentary basins worldwide with potential CO: storage capacity (after
Bradshaw and Dance, 2005).
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2.3 CO2 TRAPPING MECHANISMS

CO injected in deep saline aquifers will partially dissolve in the formation water and migrate with the formation
water flow in the reservoir (Cook, 2012). This allows for the CO; to be entrained in the formation water and
trapped via a combination of trapping mechanisms.

2.3.1 Structural Trapping

The most common short-term trapping mechanism is that of structural trapping, where supercritical phase CO;
in a saline aquifer is more buoyant than the formation waters, and rises updip where it is trapped below low
permeability caprock in a domal structure (Fig. 2.4a). This form of trapping is analogous to many oil or gas
reservoirs where the hydrocarbons are retained in anticlinal structures in the subsurface. In reservoirs that have
been affected by faulting, the fault plane can potentially form a structural seal if the lithologies produce an
impermeable barrier that prevents the flow of CO, either up the fault plane, or laterally into adjacent lithologies
(Fig. 2.4b).

structure. b) CO: injected into a reservoir with a fault seal updip. Note the cap rock bounding the
reservoir on the hanging wall of the fault (modified after CO2CRC, 2008).

2.3.2 Stratigraphic Trapping

Stratigraphic trapping is often included with structural trapping as the sealing properties of the overlying
impermeable units in an underground structure form a stratigraphic trap. However in the instance where no
structures are evident in the subsurface CO; injected into reservoirs formed in specific sedimentary
environments, such as braided rivers, can be trapped by lateral stratigraphic seals, such as flood plain mud
deposits (Fig. 2.5a). This is evident in the Ketzin CO; project where injection occurs into braided fluvial channel
deposits bounded by impermeable overbank mudstones (Norden and Frykman, 2013). Stratigraphic trapping can
also occur when a porous and permeable reservoir unit pinches out against an unconformity with the overlying
rock consisting of impermeable cap rock (Fig. 2.5b).
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Figure 2.5: Stratigraphic trapping mechanisms i saline aquifers: a) CO: injected into a porous unit with
facies variation forming a lateral and top seal. b) CO: injected into a reservoir overlain unconformably
updip by a horizontal caprock (modified after CO2CRC, 2008).

2.3.3 Hydrodynamic Trapping

Hydrodynamic trapping occurs in “open”, shallowly dipping saline aquifers (Fig. 2.6) where no lateral or
structural traps occur. The formation waters are unconfined and slowly (few meters of lateral movement per
year — Cook, 2012) migrate over 10’s to 100’s of kilometres (Fig. 2.6). The entrained and immiscible CO>
injected into the reservoir migrates with the formation waters leading to a residence time of thousands to
millions of years (Viljoen et al., 2010).

Injection Well

Migration of CO, under
hydrodynamic aquifer flow

Figure 2.6: Hydrodynamic flow and trapping of CO2 over 100’s of km in a dipping saline aquifer system
(modified after CO2CRC, 2008).

2.3.4 Residual Trapping

Residual trapping occurs when immiscible CO; is trapped in pore spaces within the reservoir (Fig. 2.7).
Capillary action acting on the CO, will trap the fluid within pore space when the CO, concentration is not large
enough to overcome the capillary pressure of the formation fluid in the pore throat. The formation then flows
around the CO; in the pore space which is permanently trapped (Fig. 2.7). Cook (2012) suggests that estimating
the proportion of CO; that will be residually trapped is difficult as this is defined by the “connectivity” of the
pores based upon the geometry of the grains and associated pore throats. Based upon relative permeability
curves, Viljoen et al. (2010) suggest that residual CO; saturation can range between 5 and 30%.
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Figure 2.7: Residual trapping of CO2 within pore spaces between grains in a saline aquifer system. Once
trapped in this way Co2 is permanently stored and cannot migrate (modified after CO2CRC, 2008).

2.3.5 Solubility Trapping

During injection into saline aquifers a small proportion of the predominantly immiscible CO; is dissolved into
the formation waters to form a layer of weak carbonic acid (Fig. 2.8). If reservoir conditions are constant, after
time the proportion of storable CO; increases, which ultimately increases the density of the formation water over
hundreds of years (Cook, 2012). Is has been illustrated by Pau et al. (2010) and Green and Ennis-King (2013),
that once the resulting layer of carbonic acid is dense enough (time in thousands of years) it begins to sink (Fig.
2.8a). This creates convection within the underlying brine column (Fig. 2.8b), which increases the CO; intake at
the top of the column. This suggests that over time, solubility trapping reduces the chance of supercritical CO;
escape from saline aquifers due to diffusion and convection of dense carbonic acids in the reservoir.

Figure 2.8: a) Evolution of density-driven CO: diffusion in brine. Increase in time from top to bottom.
Red is concentrated CO2 and carbonic acid. Blue is brine. b) Convection within the reservoir with arrows
indicating flow orientations of brine and carbonic acid solutions. (after Pau et al., 2010).

2.3.6 Mineral Trapping

In some circumstances the mineralogy of the reservoirs host rock (calcium or magnesium silicates) allows for
mineral trapping, whereby injected CO; reacts with cations of the formation waters or host rock to produce new
stable mineral phases, such as calcium or magnesium carbonate (Cook, 2012). This trapping mechanism is
thought to take place over thousands of years and is not relevant in human timescales, but once CO; is
precipitated, the trapping is permanent. Research into mechanisms to speed up the process is underway (Cook,
2012).

2.3.7 Adsorption Trapping

Adsorption trapping is generally not related to deep saline aquifer storage and is mainly utilised in CO, storage
through Enhanced Coal-Bed Methane recovery techniques, whereby the CO; is adsorbed onto coal during
methane gas release.



14

CHAPTER 3

CRITERIA FOR ASSESSING GEOLOGICAL RESERVOIRS FOR STORAGE

3.1 INTRODUCTION

Although the geological storage of CO> has been proven viable through Enhanced Oil Recovery (EOR), as well
as in industry-scale projects such as Sleipner in Norway and Boundary Dam in the Canada (GCCSI, 2015), new
projects need to assess a number of criteria to aid in the evaluation of a potential storage site both economically
and geologically. Although the surface geology in countries which host world-class oil or gas provinces is well
known, often the lack of subsurface geological data below ~800 m hampers accurate assessment of storage
calculations. This is especially true in countries such as South Africa whereby, except in areas such as the
Witwatersrand goldfields in Johannesburg where large-scale deep mining occurs, the upper 100 m of the
geology is well understood but data below that are exceptionally limited. The identification of prospective
basins is defined by a number of characteristics, defined below, that allow for a basin to be ranked based upon
its properties.

3.1.1 Basin-scale Selection and Characterisation

The Carbon Sequestration Leadership Forum (CSLF, 2008) compiled a techno-economic resource-reserve
pyramid (Fig. 3.1) to depict the progression of a basins storage prospectivity based upon the scale of the
investigation (It must be noted that in this instance, although similar, the term ‘“resource” and “reserve” are
based upon the CSLF, [2008] classification and not the South African SAMREC code!, with CO, storage
capacity being defined as a geological commodity). This pyramid was adapted by CO2CRC (2008) to define a
basin’s ‘“Prospective, Potential and Operational” storage capacity. A country-scale screening undertaken by
Viljoen et al. (2010), defined the theoretical capacity of South Africa’s CO; storage potential, identifying basins
with CO; prospectivity based upon criteria defined by CO2CRC (2008).

The effective (CSLF, 2008) or prospective (CO2CRC, 2008) storage capacity represents a basin-scale
assessment (Fig. 3.1) and is obtained by “considering that part of the theoretical storage capacity that can be
physically accessed and which meets a range of geological and engineering criteria” (CSLF, 2008). Forthwith it
will be defined as prospective storage capacity as per CO2CRC (2008).

CSLF (2008) indicate that the prospective storage capacity of a specific sedimentary basin represents a subset of
theoretical capacity, as it is obtained by considering site specific details such as tectonic and geological setting,
geographical setting, depth to the top of reservoir, containment, subsurface geological properties, injectivity
potential, and existing natural resources (Bradshaw et al., 2002). Prospective storage capacity estimates are
therefore obtained through a basin-scale and regional-scale assessment as defined by (CSLF, 2008). Basin-scale
assessments focus on evaluation of a sedimentary basin as a whole, to quantify its prospective storage capacity
and identify potential suitable regions for CO, storage. Regional-scale assessment is then performed at an
increasing level of detail in order to quantify the storage potential of selected regions within the basin that have

L A ‘Mineral Resource’ is a concentration or occurrence of material of economic interest in or on the earth’s crust in such form, quality and
quantity that there are reasonable and realistic prospects for eventual economic extraction. The location, quantity, grade, continuity and
other geological characteristics of a Mineral Resource are known, or estimated from specific geological evidence, sampling and knowledge
interpreted from an appropriately constrained and portrayed geological model. Mineral Resources are subdivided, and must be so
reported, in order of increasing confidence in respect of geoscientific evidence, into Inferred, Indicated or Measured categories. (SAMREC
Code 2009).

A ‘Mineral Reserve’ is the economically mineable material derived from a Measured or Indicated Mineral Resource or both. It includes
diluting and contaminating materials and allows for losses that are expected to occur when the material is mined. Appropriate
assessments to a minimum of a Pre-Feasibility Study for a project and a Life of Mine Plan for an operation must have been completed,
including consideration of, and modification by, realistically assumed mining, metallurgical, economic, marketing, legal, environmental,
social and governmental factors (the modifying factors). Such modifying factors must be disclosed.
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known large potential for CO; storage (CSLF, 2008). Potential regions can then be scored and ranked in order to
identify those with the best CO- storage prospectivity.

The prospective storage capacity of the basin defined as “that quantity of pore space into which it is estimated,
on a given date, that CO, will potentially be technically and economically injectable into an, as yet
undiscovered, storage site or sites” (CO2CRC, 2008). A workflow that details the different scales of assessment
is depicted in Fig. 3.2.

Increasing prospect
of economically
useable storage

space

Increasing
data and effort

Decreasing
uncertainty and
storage volume

© CO2CRC

Figure 3.1: Techno-Economic Resource-Reserve Pyramid (after CO2CRC, 2008) showing matched
storage volume (capacity) against scale of area/site assessment. The more detailed the assessment, the
more accurate the storage capacity estimate.
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Figure 3.2: Site characterization workflow for geological storage of CO2 (after CO2CRC, 2008).
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A basin-scale assessment of a potential sedimentary basins geology is appraised in three steps (CO2CRC, 2008)
to identify potential CO; injection and storage areas for further site specific investigation:

1. Review basin stratigraphy: The stratigraphy of both the basement and basin fill is reviewed to define
basin formation and structure, and to identify sedimentary successions that may host potential units that
will form reservoir-seal pairs.

2. Determine presence, depth and distribution of reservoir-seal pairs; Once potential sedimentary
successions have been identified, the distribution of reservoir-seal pairs within the succession need to
be mapped using available data, such as geological and structural maps, seismic sections and borehole
data. Of major significance, are the mapping of top and base horizons (minimum and maximum depth)
of potential reservoirs and their associated seals. For CO- to be in a dense, supercritical (and therefore
less voluminous) state, the minimum depth for the top of the target reservoir (or base of overlying seal)
must be below ~800 m depth from surface or seafloor (IPCC, 2005; CO2CRC, 2008). Focus should be
upon potential reservoir/seal pairs below 800 m depth, however if potential marginal reservoirs (300-
800 m depth) do exist these should not be discounted, but reference made to the fact that CO, will be
subcritical and therefore too shallow for efficient CO, storage (CO2CRC, 2008). The maximum depth
distribution is generally established from economic constraints such as the maximum cut-off depth for
economic drilling of injection boreholes (~3500 m defined by CO2CRC, 2008) or the maximum
number of boreholes that will be economically viable. Geological factors also play important roles in
defining the depth distribution of potential reservoirs, with porosity and associated permeability
reducing with depth due to diagenetic porosity loss (Ehrenberg and Nadeau, 2005). Although the depth
window will vary within basins due to varying geological factors such as geothermal gradient,
pressure, fluid composition and mineralogy, injectivity potential of a reservoir is generally reduced
enough at depths below ~3500 m that it is no longer sufficient to allow for viable injection.

3. Assess CO: migration pathways and possible traps: The structural integrity and subsurface
geometry of potential reservoirs and associated seals must be assessed to identify physical traps, such
as structural closures and stratigraphic pinchouts, as well as to identify possible CO, migration
pathways. CO2CRC (2008) suggest that this can be achieved using structural contour and isopach maps
defined by seismic profile mapping, in combination with available borehole data. In the case of an open
aquifer with little to no identifiable structural trapping mechanisms, potential reservoir/seal pairs may
be applicable if the expected migration pathway is sufficiently long to residually trap or dissolve the
injected CO- into the formation waters before it reaches subcritical depths or the surface (CO2CRC
2008).
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3.1.2 Regional-scale Screening of Prospective Areas within a Basin

Once the basin-scale assessment has been completed and prospective sites/reservoirs have been identified, a
regional-scale assessment can take place which ranks the relative merits of one potential reservoir area over
another. CO2CRC (2008) proposed five key factors that are fundamental to any potential CO. storage site:
storage capacity, injectivity potential, containment, site logistics and existing natural resources. The following
definitions are taken from CO2CRC (2008).

1. Storage Capacity: this evaluates the total pore volume available for CO; storage at a particular site,
and compares it to the likely CO; source volume that the site will need to accommodate (storage
capacity). This is controlled by parameters such as size of the injection site area, the thickness of the
reservoir, the pore volume available and the density of the CO,. This is a very simplistic storage
volume calculation at this point, as the data available at this semi-regional level of characterisation is
unlikely to be sufficient to establish more than Prospective Storage Capacity.

2. Injectivity Potential: this considers the reservoir characteristics, such as permeability and porosity,
which will impact on how easily the CO, can be injected into the reservoir.

3. Site Logistics: these are a reflection of the likely economic and technological feasibility, such as how
deep an injection well needs to be drilled (depth to reservoir) or how far a pipeline might need to
extend (distance from source).

4. Containment: this considers the seal and trap characteristics, such as the likely effectiveness of the
seal based on its thickness, extent and lithology, or the migration distance (the longer the migration
distance the greater the probability for secure trapping by residual, hydrodynamic or mineralisation
mechanisms). Faulting size and intensity are also important containment considerations.

5. Existing Natural Resources: this assesses the likely presence of another resource that could
potentially be compromised by CO; storage, such as oil and gas, mineable coal, potable water or
proximity to population centres or national parks, which could limit surface operations.

3.2 SUITABILITY OF THE DURBAN BASIN FOR CO2 STORAGE

Due to limited hydrocarbon exploration (Singh and McLachlan, 2003), Viljoen et al. (2010) indicate that
prospectivity for CO, storage in South Africa is focussed upon saline aquifers within drift phase marine
sedimentary rocks and sediments on the continental shelf. The prospectivity of a basin is defined by thirteen
parameters ranging from geological factors such as tectonic setting, to economic constraints such as
infrastructure development. The prospectivity of the Durban Basin is modelled in Table 3.1 (modified from
Bachu, 2003).

The Durban Basin obtains a ranking of 0.59 based upon the above criteria. Initial rankings for the combined
Durban/Zululand Basins by Viljoen et al. (2010) indicated an overall suitability ranking of 0.65 placing the
basin 8™ out of 13 basins considered. Viljoen et al. (2010) do however indicate that the basin obtains a high
ranking (2" out of 13) based upon geological suitability, but this is reduced due to lack of infrastructure and
limited exploration within the basin.
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Table 3.1: Criteria and classes used to assess the CO2 geological storage potential of the Durban Basin
(modified after Bachu, 2003; Viljoen et al., 2010). Red or 1 indicates the lowest score for a specific
criterion, while dark green or 5 indicates a high suitability for a specific criterion. Final scores are
divided by a total potential score of 65.

Criterion Classes
1 2 3 4 5
1 | Tectonic Very unstable | Unstable Intermediate Mostly stable Stable
setting
2 | Size of basin Very small Small Medium Large Very large
(<1000 km?) (1000-5000 (500025000 (25000-50000 | (>50000
km?) km?) km?) km?)
3 | Depth of | Very shallow Shallow Deep Intermediate
basin (<300 m) (300-800 m) (>3500 m) (800—
3500 m)
4 | Geology: Poor Intermediate Excellent
reservoir/seal
pairs
5 | Faulting Extensive Moderate Limited
intensity
6 | Intrusions Extensive Moderate None
7 | Geothermal Warm basin Moderate Cold basin
gradient (>30 °C/km) (3040 °C/km) (<30 °C/km)
8 | Hydrocarbon | None Small Medium Large Giant
potential
9 | Maturity Unexplored Exploration Developing Mature Over mature
10 | On-/offshore | Deep Shallow-Deep | Shallow Onshore
offshore offshore offshore
11 | Other Large-scale Active mining | Confirmed (no | Potential None
economic mining mining)
commodities
12 | Infrastructure Minor Moderate Extensive
13 | Major  CO; | >1000 km 500-1000 km 300-500 km <300 km
sources

3.2.1 Tectonic setting and seismicity

The Durban Basin represents an extensional rift basin formed during the Jurassic and early Cretaceous as a
result of extension during the breakup of Gondwana (Leinweber and Jokat, 2011). Initial extension resulted in
trans-tensional stress, forming horst and graben basins along the continental shelf (Watkeys and Sokoutis, 1998)
with the opening of the western Indian Ocean (Ben-Avraham et al., 1993). This was followed by dextral strike-
slip which dominated the southern margin of the Durban Basin at the juncture with the termination of the
Agulhas Falkland Fracture Zone (AFFZ). There is no onshore or seismic evidence to suggest that faulting
affects strata younger than the Albian (von Veh and Andersen, 1990; Watkeys and Sokoutis, 1998; Watkeys,
2006). The basement beneath the continental shelf and Tugela Cone comprises block-faulted continental crust
(du Toit and Leith, 1974; Goodlad 1986), whilst the abyssal plain is floored by either, highly thinned and rifted
continental crust (lliffe et al., 1991, Nairn et al., 1991), or rifted oceanic crust as part of a NE-SW spreading
centre (Tikku et al., 2002; Leinweber and Jokat, 2011).

The Durban Basin is currently stable, with the USGS global seismicity database identifying three seismic events
that have occurred in the Durban Basin since 1900 (Fig. 3.3a). Two events occurred to the north of the Tugela
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Cone along the Naude Ridge (Fig. 3.3b). The first occurred on the 31% December 1932 and registered a
magnitude of 6.6, whilst the second occurred on the 24th June 2006 and registered a magnitude of 4.4. The 6.6
magnitude event is recognised as the largest registered event to affect South Africa and its continental shelf. A
recent 4.3 magnitude earthquake occurred in June 2015, centred along the KwaZulu-Natal north coast with the
epicentre at a depth of 15 km (Fig. 3.3b). Hartnady (1990) suggests that this event is related to East African
rifting with known events in the offshore Zululand and Mozambique Basins representing extensions of the Lake
Malawi and Davie Ridge axes respectively (Fig. 3.3a). It must be noted however, that the lack of continued
seismic activity identified in the USGS database for either the Durban Basin (Fig. 3.3b), or along the Agulhas
Falkland Fracture System off the KwaZulu-Natal coastline (Fig. 3.3a), suggests that extension in these regions
has ceased.

Figure 3.3: USGS seismic database maps illustrating all registered events between 1900-2017, with
magnitudes of between 2.5 and 9 illustrated. a) Note the two linear zones of the East African Rift system,
with the Lake Malawi zone on the left and the Davie Ridge zone on the right extending into the
Mozambique Basin. b) Google Earth™ image of South Africa with associated seismicity based upon the
USGS database. Note the clustering of events around gold mining activities in the Gauteng and Free State
Provinces.

3.2.2 Size of the basin

The basin covers an area of ~10000 km? from offshore Durban to Richards Bay, extending to the east down to
the 2500 m isobath (Broad et al., 2006). The Durban Basin is bounded to the north by the Naude Ridge, the east
by the Mozambique Ridge, and to the south by the Southern Natal Valley (Fig. 1.3). Kitchin, (1995) and Ben-
Avraham et al. (1997) propose that the southern boundary coincides with a major east-west trending fault
system that forms the northern limit of the AFFZ.

3.2.3 Depth and thickness of the basin

The Cretaceous succession in the Durban Basin is up to 1000 m thick, overlain by ~2500 m of Cenozoic drift
sediments (Broad et al., 2006). Depths to basin floor are highly variable with numerous basement highs located
within the deep Natal Valley. The basement comprises multiple horst and graben structures with basal contacts
varying between ~3500 m on basement highs (Jc-Al; Leith, 1971) to ~4500 m in graben structures (Jc-B1,;
GGS, 1983). The sedimentary succession forms a basinward-thickening sediment wedge attaining a potential
maximum thickness of ~6000 m off the continental shelf break on the Tugela Cone (Goodlad, 1986).
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3.2.4 Geology: Reservoir/Seal pairs

The lithological succession of the Durban Basin, comprises Mesozoic to Cenozoic deposits that can be
biostratigraphically correlated with the onshore Zululand and Maputaland Groups north of Richards Bay
(McMillan, 2003). The basal syn-rift sediments represent tectonically compartmentalised Late Jurassic to Late
Cenomanian sediments consisting primarily of interbedded, claystones, siltstones and sandstones with fine-
grained sandstone units defining major unconformities within the succession. Petroleum Agency SA, (2012)
indicate that as the boreholes in the Durban Basin were drilled upon basement highs, no sandstones of
appreciable thickness were intersected. Singh and McLachlan (2003) suggest that the wells were sited to
intersect synrift sediments draped over basement horst structures, but these zones have been reinterpreted as
sediment bypass zones, with large sediment thicknesses identified basinward of the drilled area. However, well
completion reports for Jc-B1 (GGS, 1983), Jc-C1 (Muntingh, 1983) and Jc-D1 (Phillips Petroleum, 2000) note
the development of sandstone packages at multiple depths. Seismic evidence suggests that sandstones are likely
to be present as basin floor fans, turbidites, channel systems, and stacked structural closures (Singh and
McLachlan, 2003).

Kitchin and McLachlan, (1996) suggest that Cretaceous-age seal units within the Durban Basin are represented
by claystones of varying ages. Although it has been considered that within the Jc-series boreholes the Turonian
is overlain by deep marine claystones of late Turonian to Campanian age, Kitchin and McLachlan (1996)
indicate that further detailed mapping is needed to accurately define the quality of the seals. Unfortunately as
limited coring was undertaken in all wells, a lack of data exist to accurately define the quality and capabilities of
the seals in the Durban Basin.

3.2.5 Fault intensity

Faulting within the basin is confined predominantly to Jurassic basement lithologies and does not appear to
affect units younger than the Albian (von Veh and Andersen, 1990; Watkeys, 2006). Offshore, Ben-Avraham et
al. (1997), describe arcuate NE-SW to ENE-WSW trending structural elements similar to those described by
Von Veh and Andersen (1990) onshore (Fig. 3.4). Although numerous minor extensional faults exist within the
offshore basement, the basement morphology is dominated by four major normal faults, defining a deep rift
graben landward of a major basement horst structure (Ben-Avraham et al. 1997). Minor faulting therefore
occurs on the 1-5 km scale, whilst major basement faults occur on a ~10 km scale

3.2.6 Intrusions

The synrift and drift sedimentary successions preserved in the Durban Basin accumulated subsequent to the
termination of Karoo Igneous Province volcanic activity (Watkeys, 2006). No volcanic or intrusive units affect
the drift phase sedimentary succession within the basin.

3.2.7 Geothermal regime

Leith (1971) indicates a geothermal gradient of 2.73°C/100 m within the Jc-Al borehole with a static
temperature of 72.2°C at a depth of 2378.4 m. Geothermal gradients recorded within the Jc-B1 well, although
potentially overprinted by intrusive igneous bodies at depth (GGS, 1983), indicate a low geothermal gradient of
2.6 — 3.0°C/100 m (Fig. 3.5). Muntingh (1983) defines a geothermal gradient of 2.67°C/100 m for the Jc-C1
well, with a static temperature of 94°C at 3121 m depth. Geohistory modelling was undertaken by GGS (1983)
in an attempt to simulate geothermal variations through igneous intrusions. A maximum high gradient of
4°C/100 m cooling to 2.7°C/100 m at depth was modelled, however these high values are merely speculative.
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Figure 3.4: Tectonic map of the offshore Durban Basin compiled from Kitchin (1995) and Ben-Avraham
et al. (1997). Onshore data compiled from Von Veh and Andersen (1990).
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Figure 3.5: Geothermal gradient plot measured for Mesozoic Basins along the east coast of South Africa.
Geothermal gradient range for the Durban Basin shown in grey (modified after GSS, 1983). Geothermal
gradients (red lines) for wells listed ZD 1/71; ZE 1/71; ZF 1/72; ZG 1/72 are from the onshore Zululand
Basin in northern KwaZulu-Natal. Geothermal gradients for wells listed Br 1/71; NA 3/70; CK 1/68; SV
1/71; AL 1/69; NA 2/70; CO2/70; NA 1/69; CO 1/67 (black dashed and solid lines) represent gradients for
the onshore Algoa Basin near Port Elizabeth.
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3.2.8 Presence or potential, and size of oil/gas deposits

Analyses undertaken by Petroleum Agency SA have identified numerous potential organic-rich shale source
rocks within the Durban Basin (Singh and McLachlan, 2003). It is proposed by Singh and McLachlan (2003)
that these units are likely to occur within Jurassic grabens, as well as Barremian to Aptian, and Cenomanian to
Turonian shales identified in wells. Despite showing good oil and gas reservoir characteristics, limited oil or gas
shows have been identified during exploration drilling, with the Jc-B1 well exhibiting a minor gas show within
shales with a total organic content between 2.75 and 5% (Petroleum Agency SA, 2012). Fluid inclusion studies
of core from the Jc-D1 well identified fluorescence and evidence for light hydrocarbon seeps which yielded
slightly biodegraded oil derived from marine claystone of Cretaceous to Jurassic age (Petroleum Agency SA,
2012).

3.2.9 Maturity

Maturation information from the Jc-B1 well is hampered at depth in syn-rift formations by the presence of
numerous intrusive igneous bodies within syn-rift sediments below 3434 m (GGS, 1983). However the
geothermal gradients suggest that oil generation could only occur at depths below 3 km. Some geohistory
modelling was undertaken by GGS (1983) in an attempt to simulate possible geothermal gradient variations
caused by intrusions.

3.2.10 Onshore/offshore sites

In comparison with onshore sites, offshore basins are generally much more costly to utilise for storage of CO»,
however the offshore regions in South Africa host the most potential for CO. storage (98%). The wealth of
offshore exploration data that allows one to define these areas as prospective is attractive, as onshore data are
often not available. Although the Durban Basin remains a frontier basin with only four exploration wells
compared with ten in the onshore Zululand Basin to the north, the areal extent of the basin, combined with
detailed seismic data make this a viable basin for research.

3.2.11 Economic mineral commodities

Other than potentially undiscovered oil or gas plays, no economic mineral commodities are known in the
Durban Basin. Petroleum SA (2012) identified numerous potential play types, including four-way dip anticlinal
structures, basin floor fan complexes and pinchout plays.

3.2.12 Infrastructure

The offshore Durban Basin has no hydrocarbon extraction infrastructure. Four capped wells exists, but offshore
pipelines are limited to the SAPREF Refinery’s (a joint venture between Shell SA Refining and BP Southern
Africa) offshore pumping pipeline that serves for import of crude oil to the Durban-based refinery. Onshore
however, road and rail infrastructure is numerous (Fig. 3.6). Qil and gas pipelines currently operate between
Durban, Richards Bay and Secunda in the Mpumalanga Province.

3.2.13 Distance from major CO2 sources

Although Durban-based industry produces ~20 Mt CO5/a, Engelbrecht, et al. (2004) suggest that 90% of major
CO; point sources occur within the Gauteng and Mpumalanga Provinces (< 105 257 Gg/a), with other hubs
producing only a fraction of the emissions (Fig. 3.7)
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CHAPTER 4

REGIONAL SETTING

41 LOCALITY

The study area (Fig. 1.3) lies along the eastern continental margin of South Africa, defined by a narrow 10000
km? (Broad et al., 2006) sedimentary basin, the offshore Durban Basin. The eastern continental margin of South
Africa is unique, having been subject to prolonged periods of sediment starvation, coupled with tectonic-
induced periods of abundant sediment supply (Green, 2011a). It is dominated by an extremely narrow (~2-12
km) shelf (Martin, 1984; Martin and Flemming, 1986; Green and Garlick, 2011; Cawthra, et al., 2012),
considered a morphologically inherited feature of the initial shearing phase during margin development (Martin,
1984). This study examines the Durban Basin of the SE African margin, a north-south trending, sediment-filled,
sheared-rift basin (Dingle et al., 1978). The basin itself is conspicuous by the development of the Tugela Cone,
an anomalous deep-water fan complex of late Cretaceous to Tertiary-age (McMillan, 2003), that occurs beneath
and seaward of the present shelf break.

Limited research has been undertaken on the geological evolution and depositional history of pre-Cenozoic
sediments (du Toit and Leith, 1974; Dingle et al., 1978; Martin, 1984) with the majority of studies on the
KwaZulu-Natal continental shelf have dealt only with near surface geomorphological or geological regimes (du
Toit and Leith, 1974; Dingle et al., 1978; Martin, 1984; Sydow, 1988; Ramsay, 1994; 1996; Shaw, 1998; Green
et al., 2007; Green and Uken, 2008; Green, 2009a; 2009b; 2011a; Green and Garlick, 2011; Cawthra et al.,
2012; Green et al., 2013). This area, although having been the target for oil and gas exploration between 1970’s
to 2000, has not been well studied (du Toit and Leith, 1974; Goodlad, 1986; Visser, 1998), with a sparse seismic
coverage across the east coast of southern Africa amounting to ~7000 km of 2D seismic and four wildcat wells
(Petroleum Agency SA, 2015). Until now no detailed study concerning the sedimentology, evolution or CO;
storage potential of this region has been undertaken.

4.2 PHYSIOGRAPHY

Extending between the coastline and the 2000 m isobaths (Fig. 4.1), the ~5000 m thick sedimentary basin-fill
succession is derived from high sediment influx via the large Tugela River as well as short, fast flowing river
systems which have been in existence from the mid Cretaceous (Dingle et al., 1978; Partridge and Maud, 2000;
Green et al., 2013). The KwaZulu-Natal continental margin is bounded by a narrow shelf, except in the region
of the Tugela Bank where it broadens to ~45 km due to the progradation of the Tugela Cone, and a change from
sheared margin to rifted section (Martin, 1984; Martin and Flemming, 1986).

The Tugela Bank comprises a shallowly dipping, 0.2° (Goodlad, 1986) continental shelf with the shelf-break at
-100 m. Seaward of the shelf-break Goodlad (1986) separated the Tugela Cone into seven physiographic units;
within the study area however, these can be combined into a poorly developed continental slope and relatively
shallow, broad continental rise (Gerrard and Wood, 1978). The upper slope is defined by shallow gradients of
1.7°-2.1°, compared with world averages of 4.28° (Goodlad, 1986). The slope and rise are dissected by the
Tugela Canyon which heads in the upper slope, 50 km offshore and obliquely crosscuts the Tugela Cone from
NW to SE (Goodlad, 1986; Wiles et al., 2013). To the west of the Tugela Cone, the continental rise is separated
from the Mozambique Ridge by a deep abyssal plain which deepens to the south, finally merging with the
Southern Natal Valley at 4000 m water depth (Fig. 4.1).
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4.3 REGIONAL GEOLOGY

The KwaZulu-Natal continental margin is characterised by a multitude of geological units spanning ~3.1Ga
(Fig. 4.2a). The basement of the KwaZulu-Natal coastal region south of S 28°45” consists primarily
metamorphosed, ~1200-1000 Ma granite-gneiss complexes of the Namaqua-Natal Metamorphic Province
(Cornell et al., 2006) which crop out onshore between ~5-30 km inland of the coastline, whilst to the north of S
28°45’ the exposed basement comprises Archaean (~3.1Ga) granite and gneiss of the Kaapvaal Craton (Robb et
al., 2006) (Figure 3.4; 4.2a). Neither of these units are intersected in offshore boreholes however, with basement
comprising sedimentary successions of either Ordovician Natal Group or Carboniferous to early Jurassic Karoo
Supergroup (Leith, 1971; Muntingh, 1983). Extension during the late Jurassic resulted in faulting along the
eastern margin of the Kaapvaal Craton, forming depocentres which would later constitute Mesozoic basins
onshore and offshore of southern Africa from Mozambique to Namibia (Fig. 4.3b).

4.3.1 Basin Development

The Mesozoic evolution of the Durban Basin is poorly documented (du Toit and Leith, 1974; McMillan, 2003);
with work focussed on either low resolution single-channel seismic reflection data (Dingle et al., 1978; Martin,
1984; Goodlad, 1986), or seafloor sediment dynamics, submarine canyon formation and Holocene geology
(Green and Garlick, 2011; Cawthra et al., 2012; Green et al., 2013; Wiles et al., 2013). The basin is structurally
complex with basement comprising rifted Carboniferous-Jurassic sedimentary and volcanic lithologies of the
Karoo Supergroup (Johnson et al., 2006).

The basin owes its existence to continental rifting during early Gondwana break-up ~183-159 Ma (Fig. 4.3;
Watkeys, 2006; Leinweber and Jokat, 2011), bounded to the north by the Naude Ridge, the east by the
Mozambique Ridge, and to the south by the Southern Natal Valley (Figs 1.3; 4.1) (Martin et al., 1981; Goodlad
et al., 1982). The southern boundary coincides with a major east-west trending fault system that forms the limit
of the Agulhas-Falkland Fracture Zone (AFFZ) (Broad et al., 2006). The final stages of rifting in the basin
occurred between 115-90 Ma Watkeys and Sokoutis (1998), with passive margin conditions prevailing since
~90Ma (Ben-Avraham et al., 1993; Watkeys, 2006) (Figs 4.2b; 4.3). It forms a structurally complex, sheared,
passive margin basin (Broad et al., 2006), comprising early Cretaceous and Cenozoic sedimentary successions
(McMillan, 2003) dominated by a Cenozoic deep-water fan complex, the Tugela Cone, developed beneath and
seaward of the present shelf (Broad et al., 2006).

Basement beneath the continental shelf and Tugela Cone comprise block-faulted continental crust (du Toit and
Leith, 1974; Goodlad 1986) (Fig. 4.2a), whilst the abyssal plain is floored by either, highly thinned and rifted
continental crust (lliffe et al., 1991, Nairn et al., 1991), or rifted oceanic crust as part of a NE-SW spreading
centre (Tikku et al., 2002; Leinweber and Jokat, 2011). The final stages of rifting (Fig. 4.3) in the Natal Valley
occurred between 115-90 Ma (Watkeys and Sokoutis, 1998), with passive margin conditions prevailing since
~90Ma (Ben-Avraham et al., 1993; Watkeys, 2006). Although passive continental conditions have prevailed
within the study area since the early Cretaceous, the breakup of Gondwana is regarded as a continuous event,
commencing in the Jurassic and continuing today (Watkeys, 2006).
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4.3.2 Sedimentary Basin-Fill Successions

Work within the offshore basin is limited, with evaluations of the southern- and mid-Natal Valley having been
undertaken by Martin (1984) and Goodlad (1986). Regional biostratigraphic and chronostratigraphic analysis
has been undertaken by McMillan, (2003), however the most comprehensive sequence stratigraphic work is
limited to the Cenozoic deposits located on the narrow continental shelf between Durban and Lake Sibaya
(Green, 2009b; Green, 2011a; 2011b; Green and Garlick, 2011; Green, et al., 2013).

During continental separation, high mean surface elevations (2000 to 2500 m amsl) of the hinterland (Fig. 4.1)
resulted in rapid erosion along the marginal escarpment, providing much of the sediment budget for the southern
African continental shelf during the Cretaceous (Partridge et al., 2006). Barremian to Cenozoic age sediments
comprise the basin-fill with the main focus of sedimentation occurring within the Tugela Cone in the Durban
Basin (Fig. 4.2b).

Along the coastal margin of the KwaZulu-Natal Province, South Africa, Cretaceous and Cenozoic lithologies
are largely absent (Dingle et al., 1983) with lithologies of Santonian to Campanian age limited to small isolated
coastal outcrops in southern KwaZulu-Natal. Cretaceous deposits are however well preserved in Maputaland,
northern KwaZulu-Natal, where a >2000 m thick succession (Shone, 2006) occurs within the onshore Zululand
Basin (Fig. 4.1; 4.2b). The sedimentary basin-fill of the onshore Zululand Basin is defined by the late Barremian
to late Maastrichtian Zululand Group which is subdivided into three formations, the lower Makatini, middle
Mzinene, and upper St Lucia Formations (Kennedy and Klinger, 1975). Dingle et al. (1983) indicate that the
subdivisions are defined by several major unconformities represented by non-sequences across the Upper Aptian
/ Lower Albian boundary (separating the Makatini and Mzinene Formations), and Upper Cenomanian through
Turonian (separating the Mzinene and St Lucia Formations). Although predominantly covered by Cenozoic
sands, onshore exposures within the Zululand Basin extend from the lower Mfolozi River valley, along the
shorelines of Lake St Lucia through the Mkhuze and Phongola River valleys into Mozambique, a distance of
over 250 km (Kennedy and Klinger, 1975).

Palaeocene and Eocene sedimentation is absent throughout the coastal margin, with early Miocene to early
Pliocene sediments occurring as a marine regressional package (Uloa and Umkwelane Formations) overlying
Cretaceous sediments in northern KwaZulu-Natal (Roberts et al., 2006). The Uloa Formation is represented by
an upward shoaling sequence of shallow marine coquina and sandstone overlain by aeolianite, calcarenite and
decalcified red soils (Roberts et al., 2006; Porat and Botha, 2008). The lack of preservation of Cenozoic deposits
along the KwaZulu-Natal coastline is due to a chain of compounded hiatuses that together span the late
Palaeocene to early Pliocene (McLachlan and McMillan, 1979; Dingle et al., 1983). Flores (1973) and Forster
(1975) however, indicate substantial Cenozoic deposition to the north in onshore Mozambique, with individual
hiatus periods correlated with the early Oligocene, mid-Miocene and early Pliocene (Martin, 1984).
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As with the onshore deposits, the inner continental shelf along the KwaZulu-Natal coast is dominated primarily
by a major hiatus spanning the late Palaeocene to early Pliocene (Green, 2011a; Green and Garlick, 2011).
Green (2011a) proposed that this protracted hiatus occurs through compounded hinterland uplift episodes within
south-eastern Africa during the early-Oligocene, mid-Miocene and Pliocene.

Prior to the hydrocarbon exploration of the mid 1980’s to 2000’s, detailed descriptions of the seismic and well
data within the basin were lacking. The work of Martin et al. (1982) and Goodlad (1986) used limited
biostratigraphical data (du Toit and Leith, 1974) and regional seismic profiles to define three regional reflecting
horizons within the mid-Cretaceous (McDuff), Oligocene (Angus), and Pliocene (Jimmy). These were
correlated with major hiatuses in the northern Natal Valley. Reflector McDuff is correlated with a
Cenomanian/Turonian hiatus present in all Cretaceous basins around southern Africa (McMillan, 2003).
Reflector Angus correlates with an early Oligocene hiatus identified by du Toit and Leith (1974) in Jc-Al whilst
reflector Jimmy, correlates with an early Pliocene hiatus in the offshore Durban Basin (Dingle et al., 1983;
Goodlad, 1986).

Based on regional unconformities identified from the biostratigraphy of the Jc-series boreholes and 2D seismic
reflection data, Dingle et al. (1978) and McMillan (2003) subdivided the units into syn-rift and drift sequences
broadly correlated with the coeval Zululand Group in the onshore Zululand Basin to the north of the study area
(Fig. 1.3) (Broad et al., 2006). Here the sediments are subdivided into three unconformity-bound formations, the
Makatini, Mzinene and St Lucia Formations (Broad et al., 2006). Since the late Cretaceous, drift phase
deposition along the continental shelf is marked by several hiatuses which have resulted in incomplete
stratigraphic preservation (Green, 2011a).

McMiillan (2003) suggests that the early sedimentary history of the basin is erratic, with sedimentation occurring
as graben fill successions loosely correlated with the Makatini and lower Mzinene Formations. A major
unconformity spanning mid Cenomanian to upper Turonian times is represented by a regional seismic reflector
McDuff (Dingle et al., 1978), which marks the boundary between the Mzinene and overlying St Lucia
Formations. This reflector is overlain by a wedge of late Cretaceous strata which pinches out upslope from the
deep basin. Although not obvious in legacy, wide-spaced regional seismic data (Dingle et al., 1978; Goodlad,
1986), the Cretaceous/Cenozoic boundary is represented by a prominent reflector (McMillan, 2003) which
marks the top of the St Lucia Formation.

Cenozoic deposits characterise the near-shore with large dune cordons developed along the coastline. In the
offshore, the Durban and Zululand basins are dominated by Cenozoic basin-fill, with Cretaceous lithologies
confined to syn-rift infills. Early Cenozoic deposition within the Durban Basin has no lateral correlation with
onshore deposits within South Africa, but can be correlated with offshore successions in Mozambique (Coster et
al., 1989). This period of sedimentation is strictly associated with the construction of the Tugela Cone, an
asymmetric submarine delta-fan complex developed seaward of the Tugela River (Goodlad, 1986). Dingle et al.,
(1978) and Goodlad, (1986) correlated a regional seismic reflector “Angus” with either a Miocene or Oligocene
hiatus. Dingle et al. (1978) identified a similar period of non-deposition in the abyssal plain between the
Maastrichtian and early Miocene (Dingle et al., 1978). A regional seismic reflector Jimmy (Goodlad, 1986)
represents a late Pliocene/early Pleistocene unconformity which is traceable throughout the Natal Valley (Green,
2011a) but not in the Jc-Series boreholes. Post-Jimmy deposits reflect sediment starvation of the upper margin,
with late Pleistocene deposits occurring as remnant palaeo-dune cordons and coast-parallel reef systems
(Ramsay, 1994; Green, 2011b), and Holocene sedimentation occurring as ~20 m thick unconsolidated sediment
wedges (Green and Garlick, 2011; Cawthra et al., 2012).
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CHAPTER 5

METHODOLOGY
5.1 DATA COLLECTION AND PROCESSING

5.1.1 Introduction

In order to undertake a basin- and regional-scale assessment of a specific basin, CO2CRC (2008) indicate that a
range of data are needed with the confidence of the assessment based upon the availability (or lack thereof), and
quality of the data. Data confidence levels are therefore initially defined for a basin-scale assessment and are
indicated in Table 5.1.

5.1.2 Seismic Data

The Durban Basin is traversed by 2761 km of legacy, reprocessed, migrated stack 2D seismic profiles obtained
over a period spanning the 1970’s to 1990’s. Two thousand kilometres of single-channel 2D seismic were
obtained from the Petroleum Agency of South Africa (PASA) in SEGY format which span an area of 175000
km?, covering the continental shelf, slope and abyssal plain between the KwaZulu-Natal coastline and the
Mozambique Ridge (Table 5.2). The seismic data cover eleven seismic exploration projects with 186 SEGY
format profiles which form a 32000 km? grid at ~4 km? grid spacing on the continental shelf. Seismic grids vary
from detailed, gridded seismic line programmes, to broadly spaced regional seismic traverses.

The current data utilised for this project are focussed in a gridded pattern over the Tugela Cone and continental
shelf offshore Mandini covering an area of 14349 km2. A tight grid spacing of >2 km is obtainable across the
shelf and shelf break but large data gaps occur on the lower slope where only coast perpendicular profiles are
available at circa 15 km spacing (Fig. 5.1).

This study’s seismic profile analyses utilised IHS Kingdom Suite 2015 software with the individual seismic
lines imported into the programme utilising navigation parameters based upon on a WGS84 / UTM zone 35S
projection.
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Table 5.1: Summary of the main data needs (required and desirable) for all levels of characterization
(modified after CO2CRC, 2008). Data confidence levels for data available for the Durban Basin prior to
this study are indicated.

Country/State- Basin-Scale Site Characterization; | Site
Data Needs Scale Screening; | Assessment; Contingent  Storage | Deployment;
Total Pore | Prospective Capacity Operational
Volume Storage Storage
Capacity Capacity
Regional geology XX X
Detailed/local geology XX
Structural contour XX
Reservoir geometry XX
Maps Reservoir quality XX
Fault X XX
Seismicity X XX
Hydrologic X XX
Surface infrastructure X XX
Topographic X XX
Seismic 2D X XX
3D XX
Gamma ray XX
Porosity XX
Well logs Permeability XX
Sonic XX
Density XX
Image XX
Porosity X XX
Core Permeability X XX
Langmuir volume (coal) | n.a
Ratio vertical/ horizontal
permeability XX XX
Special core analysis Relative permeability XX XX
Mercury injection “x X
Special core analysis caplllary pressure
Mineralogy XX XX
Rock strength XX
Oil/gas production XX
Subsurface history CSM. . reservoir n.a.
conditions
Water chemistry XX
Repeat formation tests; X
drill stem tests
Subsurface fluid
Pore pressure . XX
properties
Leak-off tests; formation -
integrity tests
Sequence stratigraphy X XX
Regional tectonic
history/model X X X
Reservoir Regional stress analyses | x XX X
characterization Biostratigraphy X X XX XX
Analogues XX XX
Static models XX XX
Dynamic models XX XX
Economics XX XX
Regulatory framework XX XX
x = desirable; xx = required; n.a. = not applicable
[INGEEEN Little reliable data | Some Data | Reliable data [ Extensivedata |




Table 5.2: Seismic data available for the project from Petroleum Agency SA.
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Seismic Operator Year Shot Year Within Basin | Number of Number of

Programme Formatted SEGY Lines Tiff Lines

EC 2007 GEMS Survey Ltd / PASA | 2007 - No 11 0

Q74 Geophysical Services 1975 1990 No 1 22
International / SOEKOR

R74 Geophysical Services 1975 - Yes 0 13
International / SOEKOR

S69 Kewanee Overseas Oil 1969 1996 Yes 0 115
Company

S74 Phillips Petroleum 1974 1996 Yes 30 18

S76 Phillips Petroleum 1976 1996 Yes 53 42

S78 Phillips Petroleum 1978 1996 Yes 13 13

S90 Phillips Petroleum 1990 1996 Yes 11 11

S97 Phillips Petroleum 1997 1997 Yes 51 52

SAT76 Phillips Petroleum 1976 1976 Yes 12 12

T72 Shell International 1972 - Yes 4 31

Petroleum

oJohannesburg

Figure 5.1:

Locality map detailing study area location with National Oceanic and Atmospheric

Administration (1 min grid) UTM showing study area and Indian Ocean bathymetry. Available seismic
line coverage and exploration well positions are shown.
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5.1.3 Well Data

Well log and downhole geophysical data were obtained for the four Jc-series exploration wells drilled on the
continental shelf offshore between 1970 and 2000 (Fig. 5.1). The wells intersected approximately 2000 m of
Cretaceous and late Jurassic sediments representing drift and syn-rift sediments. Well completion reports,
engineering reports, lithology logs and log analysis reports, as well as digital well log and downhole geophysical
data in LAS format were obtained for the four Jc-Series exploration wells from the Council for Geoscience and
PASA. Available logs are indicated in Table 5.3.

Table 5.3: Digital LAS well data available from Petroleum Agency SA.

Jc-Al Jc-B1 Jc-C1 Jc-D1

Total Depth (m) 2400 3957 3169 2903

Digital Logs DT, GR, RHOB, SP, | CALIl, DT, GT, NPHI, | CAL, GR, NPHI, RHOB, | CALI, DT, Gas, GR, NPHI,
Velocity RHOB Velocity RHOB, RT, SP, Velocity

Digital well logs were imported into IHS Kingdom Suite 2015 and the time-depths matched to seismic profiles
utilising existing well shoot / velocity data (time-depth data) for the Jc-D1 borehole supplied by PASA (Table
5.4).

Table 5.4: Wells shoot/ velocity data from offshore Jc-D1 well Durban Basin.

Measured Depth (m) Two-Way Time (TWT) milliseconds
315.800 0333
415.800 0421
980.500 0834
2230.500 1737
2330.500 1803
2380.500 1834
2430.500 1865
2480.200 1902
2530.000 1936
2629.600 2000
2729.200 2065
2828.800 2112
2878.600 2136
2888.500 2141
2898.500 2147
2902.325 2150

5.2 DATA INTERPRETATION

SEGY data and LAS log data were interpreted utilising IHS Global Inc., Kingdom Advanced VV2015.0. Digital
well shoot/velocity data from the Jc-D1 well were utilised by PASA to define two-way time vs measured depth
(m) in order to tie well bore data to the seismic data. Davids (2009) indicates however, that caution needs to be
taken when observing the vintage seismic data as there is no consistency in polarity between different data
vintages.

Digital well logs were created in IHS Kingdom based on detailed well logs and well completion reports. All
formation tops were defined and inputted to correlative depth intersections (Fig. 5.2). Seismic reflection
horizons were then digitised in IHS Kingdom Suite to create horizons, contours (Fig. 5.3) and grids (Fig. 5.4)
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across the study area for individual boundaries identified in well logs. Faulting within the basement and syn-rift
sediments was defined through fault identification and mapping in IHS Kingdom Suite.

Grids of each mapped horizon were inputted into Vu-Pak® 3D Geology module in IHS Kingdom Suite to create
a three dimensional static model and fence diagrams of each mapped reflector. Grids could then be added or
removed to define specific items of interest such as closure patterns overlying basement horst structures or
sandstone horizons defined and mapped from well log data tied to seismic data (Fig. 5.5).

Figure 5.2: Seismic profile S76-020 showing digitised seismic reflection horizons. Reflections are
correlated with known unconformities and potential seismic stratigraphic surfaces identified in the Jc-Al
and Jc-B1 wells. The lithology log, gamma ray log (Red) and density log (Black) are shown for both wells.

N
A
a4 Tugela River

Well Symbol

< Dry Hole

29 30'S

Contour Name: S1 -

Coordinate System: WGS 84 / UTM zone 36S
Horizontal Datum: WGS 1984

Contour Interval: 0.28571 Ellipsoid: WGS 84 L

Latitude(Min,Max): -30.532859 -28.983059 N\

| Contour Data Type: Time

Ny A

N

Contour Minimum Value: 0.857

\ § ot S Longitude(Min,Max): 36.712828 40.028419
/] e / ) \\ \ '\\g\ Contour Maximum Value: 7.143 Horizon: $1 - Basement, Data Type: Time \ :
L1 [Pl & / & 'S I [ I Ve 1 !

Figure 5.3: Two-way time detail (colour) with contour plot associated with a digitised basement seismic
reflection in the offshore Durban Basin.
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Figure 5.4: Two-way time colour-filled contour plot of digitised seismic basement reflection.

| |

Figure 5.5: Oblique three-dimensional image of seismic basement horizon with mapped sandstone bodies
identified at different stratigraphic levels in the four Jc-series wells drilled on the continental shelf.
Image orientated north.
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5.3 SEQUENCE STRATIGRAPHY

Sequence stratigraphic concepts are the founding methodologies for modern sedimentology with applications
ranging from hydrocarbon exploration, to understanding shifts in local and global sea level and sediment supply
through the geological record (Vail et al., 1977). Sequence stratigraphy represents an interdisciplinary method,
combining autogenic (i.e., from within the system) and allogenic (i.e., from outside the system) processes into a
unified model to aid in the determination of the stratigraphic architecture and evolution of sedimentary basins
(Catuneanu, 2006). Although initial work focussed primarily upon global climate change (Haq et al., 1987)
emphasis has shifted to the determination of sediment accommodation space within a sedimentary basin
(Posamentier and Allen, 1999). Posamentier and Allen (1999) define sequence stratigraphy as: “the analysis of
cyclic sedimentation patterns that are present in stratigraphic successions, as they develop in response to
variations in sediment supply and space available for sediment to accumulate.” Posamentier and Allen (1999)
further propose that primary factors controlling sediment accommodation space include numerous factors such
as eustasy, tectonism, basin physiography, sediment flux, and sediment compaction.

Variations in facies, geometric character, and the identification of bounding surfaces are key aspects in defining
the development of a basin-fill succession (Catuneanu et al., 2009). The geometry of stratal stacking patterns are
defined by variations in sedimentation rate and base level fluctuations with depositional successions reflecting
trends that include progradation, retrogradation, aggradation and erosion. Catuneanu et al. (2009) propose that
each stratal stacking pattern defines a particular genetic type sequence i.e., ‘transgressive’, ‘normal regressive’
and ‘forced regressive’; (Hunt and Tucker, 1992; Posamentier and Morris, 2000), with distinct geometries and
facies preservation styles.

Posamentier and Allen (1999) summarise sequence stratigraphic interpretation into four steps:
1. Establishing the palaeogeographic setting;
2. Interpreting depositional systems and facies using all available data;
3. Subdividing the stratigraphic succession through the identification of maximum flooding surfaces and
sequence boundaries;
4. Analysing facies stacking patterns and identifying systems tracts.

For this study the palaeogeographic setting of the Durban Basin was defined through interpretation of available
legacy, reprocessed, migrated stack 2D seismic profiles and well data. Biostratigraphic as well as petrophysical
data were, where available, integrated with lithostratigraphic data to assist with determinations of depositional
environments and facies variations. Depositional systems and individual sequence tracts were interpreted
through integration of well data with 2D seismic profiles to assist in mapping of stratigraphic surfaces.

5.3.1 Seismic Stratigraphic Interpretation

Seismic interpretation within this study is based primarily upon the classification of stratigraphic surfaces
identified in seismic profile. Catuneanu (2006) defines stratigraphic surfaces as environment-dependant surfaces
which “mark shifts through time in depositional regimes (i.e., changes in depositional environments, sediment
load and/or environmental energy flux), and are created by the interplay of base level changes and
sedimentation”. The identification and classification of individual stratigraphic surfaces is fundamental to the
interpretation of the sedimentary succession, allowing for delineation of individual systems tracts with definitive
internal clinoform architectures.

Depositional sequences that form between sequence stratigraphic surfaces are interpreted through the
architecture of their stratal terminations (Catuneanu et al., 2009). The geometry of these within-trend contacts
(Embry and Catuneanu, 2001; 2002) helps to define associated depositional trends and shoreline trajectories
within a basin. Stratal terminations are utilised primarily during 2D seismic interpretations to define the
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geometric relationships between the seismic reflector and the surface against which it terminates. Catuneanu
(2006) defines the main types of stratal terminations as: truncation, toplap, onlap, downlap, and offlap (Fig. 5.6).

The concept of stratal terminations have been incorporated into sequence stratigraphic methodologies in order to
describe the stacking patterns of depositional units within a basin and to aid in the recognition of the various
surfaces and systems tracts.

The types of stratal terminations (Fig. 5.6) are defined from (Mitchum, 1977; Galloway, 1989; Emery and
Myers, 1996; Catuneanu, 2006):

Truncation: termination of strata against an overlying erosional surface. Toplap may develop into
truncation, but truncation is more extreme than toplap and implies either the development of erosional
relief or the development of an angular unconformity.

Toplap: termination of inclined strata (clinoforms) against an overlying lower angle surface, mainly as
a result of non-deposition (sediment bypass), + minor erosion. Strata lap out in a landward direction at
the top of the unit, but the successive terminations lie progressively seaward. The toplap surface
represents the proximal depositional limit of the sedimentary unit. In seismic stratigraphy, the topset of
a deltaic system (delta plain deposits) may be too thin to be “seen” on the seismic profiles as a separate
unit (thickness below the seismic resolution). In this case, the topset may be confused with toplap (i.e.,
apparent toplap).

Onlap: termination of low-angle strata against a steeper stratigraphic surface. Onlap may also be
referred to as lapout, and marks the lateral termination of a sedimentary unit at its depositional limit.
Onlap type of stratal terminations may develop in marine, coastal, and non-marine settings:

o marine onlap: develops on continental slopes during transgressions (slope aprons, Galloway,
1989; healing-phase deposits, Posamentier and Allen, 1999), when deepwater transgressive
strata onlap onto the maximum regressive surface.

o coastal onlap: refers to transgressive coastal to shallow-water strata onlapping onto the
transgressive (tidal, wave) ravinement surfaces.

o fluvial onlap: refers to the landward shift of the upstream end of the aggradation area within a
fluvial system during base-level rise (normal regressions and transgression), when fluvial
strata onlap onto the subaerial unconformity.

Downlap: termination of inclined strata against a lower-angle surface. Downlap may also be referred to
as baselap, and marks the base of a sedimentary unit at its depositional limit. Downlap is commonly
seen at the base of prograding clinoforms, either in shallow-marine or deep-marine environments. It is
uncommon to generate downlap in non-marine settings, excepting for lacustrine environments.
Downlap therefore represents a change from marine (or lacustrine) slope deposition to marine (or
lacustrine) condensation or non-deposition.

Offlap: the progressive offshore shift of the updip terminations of the sedimentary units within a
conformable sequence of rocks in which each successively younger unit leaves a portion of the older
unit on which it lies exposed. Offlap is the product of base-level fall, so it is diagnostic for forced
regressions.
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Figure 5.6: Types of stratal terminations (modified from Mitchum, 1977; Galloway, 1989; Emery and
Myers, 1996; Catuneanu, 2006).

5.3.2 Well Log Interpretation

Wireline geophysical logging represents a versatile down-hole tool to aid sequence stratigraphic interpretations
within a basin. The most common logs are utilised for facies analysis (lithology, porosity, fluid evaluation) and
stratigraphic correlations (Catuneanu, 2006). The Schlumberger Oilfield Glossary (www.slb.com/glossary.aspx)
defines wireline logging as “a continuous measurement of formation properties with electrically powered
instruments to infer properties and make decisions about drilling and production operations”.

Although valuable as tools to define subsurface rock properties, geophysical data provide only indirect
information on the solid and fluid phases in the subsurface (Catuneanu, 2006), and therefore in the absence of
cores is deemed somewhat speculative (Posamentier and Allen, 1999). Therefore there is a need for geophysical
logs to be complimented by sedimentological data (including sedimentologic, petrographic, biostratigraphic,
ichnologic, and geochemical analyses) to help define the potential depositional systems and systems tracts
(Posamentier and Allen, 1999).

Although speculative, geophysical logs can aid in the definition of sequence stratigraphic boundaries such as
maximum flooding surfaces, and sequence boundaries. Geophysical logs such as the gamma ray and sonic
density logs are utilised here to define potential sequence stratigraphic surfaces defined by systematic variations
in the well log motifs. These horizons are then correlated with lithological log data obtained during drilling, and
biostratigraphical data to help delineate sequence stratigraphic boundaries in the seismic profiles.

Once the key sequence stratigraphic surfaces have been identified from the well logs, these are correlated
through seismic profile interpretation in order to identify individual systems tracts based upon their depositional
environments and vertical stacking patterns (Posamentier and Allen, 1999).

5.3.4 Systems Tract Interpretation

Systems tract interpretations aid in the definition of links between contemporaneous depositional systems which
form the subdivisions of a sequence (Brown and Fisher, 1977; Catuneanu, 2006). Individual sequence tracts are
interpreted based on internal stratal stacking patterns, associated bounding surfaces, and position within the
sequence (Catuneanu, 2006; Fig. 5.7).

For the purpose of this study, sequence stratigraphic nomenclature and interpretation are based upon current
sequence stratigraphic procedures defined by Catuneanu et al. (2009); Catuneanu and Zecchin (2013) and
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Zecchin and Catuneanu (2013; 2015). The systems tract nomenclature adopted by Catuneanu et al. (2009)
conforms to the scheme proposed by Hunt and Tucker (1992), whereby stratal architecture allow for the
subdivision of a sequence into four systems tracts (Fig. 5.7), namely: Highstand Systems Tract (HST); Falling
Stage Systems Tract (FSST); Lowstand Systems Tract (LST); and Transgressive Systems Tract (TST).

Catuneanu (2006) defines each systems tract as follows:

Highstand Systems Tract — “forms during the late stage of base-level rise, when the rates of rise drop below the
sedimentation rates, generating a normal regression of the shoreline. Consequently, depositional trends and
stacking patterns are dominated by a combination of aggradation and progradation processes. The highstand
systems tract is bounded by the maximum flooding surface at the base, and by a composite surface at the top
that includes a portion of the subaerial unconformity, the basal surface of forced regression, and the oldest
portion of the regressive surface of marine erosion.”

Falling Stage Systems Tract — “The falling-stage systems tract includes all strata that accumulate in a
sedimentary basin during the forced regression of the shoreline. According to standard sequence stratigraphic
models, the forced regressive deposits consist primarily of shallow- and deep-water facies, which accumulate at
the same time with the formation of the subaerial unconformity in the non-marine portion of the basin. The
falling-stage systems tract is bounded at the top by a composite surface that includes the subaerial
unconformity, its correlative conformity (sensu Hunt and Tucker, 1992), and the youngest portion of the
regressive surface of marine erosion. At the base, the falling-stage systems tract is bounded by the basal surface
of forced regression (= correlative conformity of Posamentier and Allen, 1999), and by the oldest portion of the
regressive surface of marine erosion.”

Lowstand Systems Tract — “The lowstand systems tract, when defined as restricted to all sedimentary deposits
accumulated during the stage of early-rise normal regression (sensu Hunt and Tucker, 1992), is bounded by the
subaerial unconformity and its marine correlative conformity at the base, and by the maximum regressive
surface at the top. Where the continental shelf is still partly submerged at the onset of base-level rise, following
forced regression, the basal composite boundary of the lowstand systems tract may also include the youngest
portion of the regressive surface of marine erosion. The lowstand systems tract forms during the early stage of
base-level rise when the rate of rise is outpaced by the sedimentation rate (case of normal regression).
Consequently, depositional processes and stacking patterns are dominated by low-rate aggradation and
progradation across the entire sedimentary basin.”

Transgressive Systems Tract — “is bounded by the maximum regressive surface at the base, and by the
maximum flooding surface at the top. This systems tract forms during the stage of base-level rise when the rates
of rise outpace the sedimentation rates at the shoreline. It can be recognized from the diagnostic
retrogradational stacking patterns, which result in overall fining-upward profiles within both marine and non-
marine successions. As the rates of creation of accommodation are highest during shoreline transgression, the
transgressive systems tract is commonly expected to include the entire range of depositional systems along the
dip of a sedimentary basin, from fluvial to coastal, shallow-marine and deep-marine.”
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Figure 5.7: A generalised regional architecture for systems tracts, and stratigraphic surfaces defined by
Catuneanu (2006), based upon systems tract nomenclature of Hunt and Tucker (1992). Individual
systems tracts are separated by seismic bounding surfaces with each systems tract defined by specific
stratal stacking patterns. The inferred timing relative to the base-level curve at the shoreline is shown.
Abbreviations: e-FR—early forced regression; |I-FR—Ilate forced regression; e-T—early transgression; I-
T—Ilate transgression (from Catuneanu, 2006).
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5.4 SEDIMENTATION RATE CALCULATIONS

The rates of sedimentation are deduced for the Mesozoic succession based upon mean sediment package
thicknesses derived from well data, and overall areal extents derived from seismic interpretations. A similar
approach to that defined by Walford et al. (2005) and Said et al. (2015) is used. Absolute age constraints for the
bounding surfaces of individual units are defined by biostratigraphic ages obtained from the Jc-series wells (du
Toit and Leith, 1974; Unstead et al., 1983; Muntingh, 1983; Lester, 2000). Ages are correlated with the
currently accepted International Commission on Stratigraphy Time Chart (v2017/02).

55 VOLUMETRIC CALCULATIONS
5.5.1 Estimation of processing parameters

No core, porosity or permeability data are available for any wells within the basin, therefore values from
analogous formations within the southern African east and west coasts are utilised for volumetric calculations.
Data from analogous successions in Ghana (Dailly et al., 2013) are utilised for basin floor fan reservoir systems,
whilst data from the onshore Zululand Basin (Gerrard, 1972a; 1972b) and Mozambique coastal plain (Coster et
al., 1989; Solomon et al., 2014) are utilised for the shelf sand reservoirs. As limited data are available for the
basin, 50% net thicknesses of reservoirs are utilised for this study. CO, density values are calculated based upon
individual formation tops defined in seismic profiles, as well as a pore fluid pressure of 8.6 ppg and a
geothermal gradient of 2.67°C/100 m as defined in borehole Jc-C1 (Muntingh, 1983). The online calculator
(www.energy.psu.edu/tools/CO2-EOS), based upon equation of state calculations of Span and Wagner (1996),
is used to derive the CO; density calculations.

5.5.2 Effective storage capacity estimations

The effective storage capacity of individual reservoir units are assessed using calculations based upon currently
accepted storage capacity estimations defined by numerous authors (IPCC, 2005; Bachu et al., 2007; Bachu,
2008; USDOE, 2008; Goodman et al., 2011; Bachu, 2015). Here the United States Department of Energy (US
DOE) methodology (Goodman et al., 2011) is utilised, whereby the effective storage capacity in a saline
formation, Mco2, is given by:

Mcoz = A X h X g X pco X E

Where A is the area (m?), h is the net thickness of the reservoir (m), @ is the average porosity (%), pcoz is the
average CO- density, evaluated at pressures and temperatures that represent storage conditions anticipated for
individual deep saline aquifers. E is a storage efficiency factor that reflects the total pore volume filled with
CO,. Efficiency factors at a formation scale have been defined by the IEAGHG (2009) and by Goodman et al.
(2011) for different lithologies over P10, P50 and P90 probabilities. For this work the formation-scale values
defined by Goodman et al. (2011) are used. All calculations are based upon an upper depth cut-off of 800 m
below the seafloor. This centres on the criteria for supercritical CO- storage as defined by the IPCC (2005).

Although the Efficiency factor (E) adjusts total gross thickness to net gross thickness, total area to net area, and
total porosity to effective porosity (cf. Cook, 2012), “net” thicknesses shown are based on 50% of the maximum
thickness measured for an individual reservoir. This was done in order to account for 1) lateral thickness
variations and wedge-out up- and down-dip in the case of basin floor fan deposits, and 2) variation in thickness
of the shelf sediment wedges due to erosional surfaces and package thinning/pinching into the deep basin.


http://www.energy.psu.edu/tools/CO2-EOS
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CHAPTER 6

SEISMIC STRATIGRAPHY

6.1 INTRODUCTION

Globally, passive continental margins are defined by broad (~50 km - Shepard, 1963; ~80 km - Helland-Hansen
et al., 2012) gently sloping (0.05°; Kennett, 1982) shallow water regions comprising thick sedimentary
successions derived from onshore erosion. These have been the object of intense sequence stratigraphic
analyses, namely due to their potential for hydrocarbon reserves. The sequence stratigraphic analyses of sheared,
or structurally controlled passive margins are less conspicuous in the literature (cf. de Lépinay et al., 2016). As
de Lépinay et al. (2016) point out, a number of questions arise regarding their evolution in the context of
gradient and geodynamic and/or sedimentary setting. It is in this context that the Durban Basin, a portion of the
sheared-passive KwaZulu-Natal margin of SE Africa is investigated.

This chapter aims to assess the sedimentology and sequence stratigraphic history of the Durban Basin,
highlighting controls on sedimentation as the margin evolved from a sheared-rift to drift sequence. A basin
model is proposed and compared and contrasted with current models for structurally controlled (Martins-Neto
and Catuneanu, 2010; Helland-Hansen et al., 2012) and passive margin (Catuneanu et al., 2011) basins.

6.2 SEDIMENTOLOGY OF THE JC-SERIES WELLS

6.2.1 Jc-Al

The Jc-Al borehole was drilled as a wildcat exploration well drilled in 71.6 m water depth on the continental
shelf 24 km east of Stanger (29°27°41.3”S 031°35°39.7”E). A total of 1390 m of marine Tertiary sediments with
a further 735 m of marine upper Cretaceous sediment were intersected before the well was abandoned at 2378.4
m depth (Fig. 6.1). The basement to the well comprises quartzitic sandstone of the Natal Group which underlies
48 m of Dwyka Group tillite of the Karoo Supergroup.

The upper 158 m was drilled into semi-consolidated calcareous sands, below which a succession of coquina and
calcareous sandstone was intersected to a depth of 536 m. Below this unit lithologies comprise variable
quantities of mudstone and siltstone with subordinate sandstone (Fig. 6.1). Similarly, sequence stratigraphic
interpretation of the gamma ray log (Fig. 6.2) suggests that the sedimentary succession comprises an alternating
succession of mudstone and siltstone deposited as lowstand and transgressive systems tract deposits.

Three sandstone packages however occur as interbedded sandstone-siltstone successions. The upper sandstones
were intersected between 536-585 m and is represented by a sandy limestone that grades into calcareous
sandstone. The sandstone is tight to porous, fine-grained with quartz and shell fragments (Leith, 1971). A
second sandstone unit is intersected between 650-725 m is similar to the overlying sandstone in composition,
but is defined by a number of thin sandstones intercalated with claystone. Although not well defined in the
lithology logs, a third sandstone is identified between 1640-1655 m is identified in the gamma ray log
underlying seismic reflector 3B. The spike in the gamma ray log (Figs 6.1; 6.2) although not exceptionally well
defined, correlates with a high amplitude, bright reflector in seismic lines S76-20 and S97-15B.

6.2.2 Jc-Bl

The Jc-B1 borehole was drilled as a wildcat exploration well on the continental shelf ~80 km northeast of
Durban, offshore of Stanger (29° 30° 25.3”S 031° 37’ 28.4”E). The borehole was drilled in 80.4 m of water, to a
total depth of 3945 m, intersecting ~1948 m of Tertiary marine sediments followed by ~1374 m of Cretaceous
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marine sediments. Below 3429 m a number of dolerite intrusions were intersected, intruding metamorphosed,
non-glauconitic sandstone and siltstone. For this study this seismic reflector is taken as the contact with
basement within Jc-B1.

Three sandstones have been identified in Jc-B1. The upper sandstone is intersected between 1800-1820 m where
a sandstone horizon is noted within the gamma ray log (Figs 6.1; 6.2) which corresponds to a spike within the
resistivity logs. The sandstone is defined as fine-grained, tight, and slightly calcareous (Unstead et al., 1983).
The unit fines downward passing into siltstone. A second sandstone package is intersected between 3060-3095
m (2.30sec TWT) and represents the most prominent sandstone in the borehole. It is defined as a 28 m thick,
upward-coarsening, fine-grained to pebbly sandstone that is calcareous and slightly glauconitic. Within the
lithology log, the sandstone is defined as white to light grey in colour, comprising medium-grained, well sorted,
angular to rounded quartz grains (Unstead et al., 1983). Below this unit, the succession becomes slightly sandier
than the overlying intervals, with thin, ~10 m thick, regressive, coarsening-upward packages noted in the
lithology and gamma ray logs at 3105 m (2.31sec TWT) where a third coarse, pebbly sandstone is intersected
(Fig. 6.1).

At 3420 m depth a marked variation is noted in the lithology logs and the geophysical logs as an 8 m thick,
white to medium grey, very well sorted, fine-grained sandstone was intersected (Unstead et al., 1983). At 3428
m however the sandstone is intruded by a 17 m thick amygdaloidal igneous rock which has caused contact
metamorphism of the surrounding sandstones. The intrusion is subsequently underlain by 55 m of interbedded
sandstone and siltstone. A ~36 m thick intrusion is intersected at 3504 m, comprising green to grey, crystalline,
fine to coarse igneous lithologies. The formation is hard, slightly magnetic, and has locally developed pyrite.
The sandstones and igneous intrusions produce a high amplitude, bright reflector wavelength in the seismic
profiles, but can be distinguished from the overlying Cretaceous succession due to variation in the reflector
pattern.

From 3540 m, a 138 m thick succession of interbedded sandstone and siltstone is dominant; however it is
intruded by at least five igneous bodies, ranging in thickness from 3 m to 20 m. Sandstone is white to light grey,
fine- to medium-grained with a calcareous cement and varying quantities of argillaceous matrix. The
sandstones, siltstones and claystones are hard and tight. A 24 m thick coal-rich layer is present between 3578 m
and 3602 m with intrusions above and below it. Below 3678 m to the end of hole at 3943 m, the succession is
similar to that above, with interbedded sandstone, siltstone and shales intruded by igneous bodies of varying
thickness. The sandstones are tight, fine- to medium-grained, and slightly glauconitic. The siltstones and
claystones tend to be calcareous and carbonaceous. From 3859 m to 3900 m the sandstones become quartzitic in
nature with coarse-grained angular fragments identified in the cuttings. The hole was stopped in igneous rock at
3943 m.

6.2.3 Jc-Cl

The Jc-C1 borehole was drilled 28 km northeast of Durban (29° 44° 08.1”S 031° 18” 35.3”E) on the western
flank of the Durban Basin. The borehole was drilled in water depth of 97.7 m to a depth of 3169 m, intersecting
1616.3 m of Tertiary marine sediments, underlain by 1364 m of Cretaceous sediments. The borehole was
stopped in basaltic volcanics of likely Karoo Supergroup affinity.

The initial 311m was drilled with the marine riser with bit and sample basket samples taken. The interval
comprises unconsolidated sand, coquina and minor conglomerate. From 311 to 520m, unconsolidated quartz
sands overlies a 138m thick coquina interval with fossils of foraminifera, bryozoa, echinoid spines and shell
fragments. Glauconite in the section suggests a shallow marine depositional environment for the section (GGS,
1983). From 520 m depth the deposits comprise an interbedded succession of claystone and sandstone with
subordinate siltstone. The claystones are greenish grey in colour becoming progressively darker and more
carbonaceous with depth (GGS, 1983). The claystones are commonly silty and constitute the base of two
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coarsening upwards packages of claystone-siltstone-sandstone between 590-620 m and 650-740 m. The
sandstones in these packages are tight, off-white to light grey, calcareous and frequently argillaceous (GGS,
1983).

A 230 m thick succession of interbedded siltstone and sandstone is intersected between 1290 m and 1520 m.
Although small subordinate shales are present, this succession is dominated by sandstone and siltstone with
sandstone becoming more prevalent between 1370 m to 1490 m where two ~40 m thick coarsening-upwards
siltstone-sandstone packages (1370-1410 m) (1440-1480 m) are identified, each capped with a 20 m thick
sandstone unit. This succession comprises tight, fine-grained, and very well sorted sandstones with angular to
rounded quartz grains present (GGS, 1983). The upper sandstones in each unit are overlain by siltstone or silty
sandstone that forms the base of the following package.

Although defined in the lithology logs as primarily siltstones, the gamma ray logs show a number of small
spikes suggesting the possibility of sandy units between 1880-2205 m (Fig. 6.1). The thickest sandstone occurs
between 1965 m and 1984 m and although there is no deviation within the SP log, variation within the rate of
penetration log as well as positive anomalies within the resistivity and density logs could indicate several
coarsening-upward cycles. A 3 m thick sandstone caps an upward coarsening succession identified in the
gamma ray logs, marked by a positive shift in the resistivity and density logs at 2113 m. The underlying
succession is dominated by argillaceous siltstones, although two 5 m thick sandstones are identified with
sandstone tops at 2140 and 2150 m respectively. The sandstones are tight, very fine grained, and well sorted
(GGS, 1983).

6.2.4 Jc-D1

The Jc-D1 well was drilled in 2000 along the continental shelf 50 km east of Stanger (29° 23'22.812" S 31° 48'
29.884"E). The borehole was drilled to a total depth of 2900 m intersecting ~1820 m of Tertiary marine
sediment underlain by ~1000 m of Cretaceous and late Jurassic sediments. The borehole was stopped in
amygdaloidal volcanics of possible Karoo Supergroup affinity.

From 771 m to 1062 m, the lithology and geophysical logs indicate a more sandy succession of interbedded
silty, calcareous sandstone, limestone and subordinate claystone. Sandstone beds range in thickness from 2 m to
15 m, occurring as semi- to unconsolidated, fine- to medium-grained sands that are moderate to well sorted,
containing lithic fragments, fossil debris, glauconite and rare nodular pyrite (Phillips Petroleum, 2000). Semi-
consolidated sands are generally friable and brittle, owing to weak calcite cement and a calcareous claystone
matrix. Limestones in this succession are commonly off-white to grey coloured cryptocrystalline to fine
crystalline wackstone and packstone that is firm to hard. A second sandstone occurs at 1392 m — 1404 m where
two ~5 m thick sandstone horizons are interbedded with a 2 m thick shale (Phillips Petroleum, 2000).

A major lithology change is noted in the lithology logs at 2720 m where sandstone and conglomerate are
intersected. This zone is marked by a major negative shift in the gamma ray log (Figs 6.1; 6.2) which is then
constant to the end of hole. The sandstone is dark grey, fine- to medium-grained, soft to firm, and very poorly
sorted, grading into pebbly to conglomeratic facies (Phillips Petroleum, 2000). Numerous angular lithic
fragments are present with quartzite pebbles forming the major constituent. Conglomerate facies commonly
comprise pebbles of quartzite and basalt up to 2 mm in diameter with fragments of larger pebbles up to 10 mm
in diameter noted. Pebbles are set in a fine- to coarse-grained angular matrix which appears to have poor
porosity. The coarse-grained succession attains a thickness of 179 m after which volcanics are intersected at
2899 m depth through to end of hole at 2900 m. The volcanics are medium to dark grey to dusky purple, very
hard, brittle, vitreous, vesicular, and amygdaloidal.
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Figure 6.1: Detailed lithologic and gamma ray well logs of the Jc-Series wells. Correlation between major unconformity surfaces based upon biostratigraphical data
of du Toit and Leith (1974), Unstead et al., (1983), Muntingh, (1983), McMillan and Dale (2000) and current study analyses are shown with dashed lines.
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Six seismic units are delineated within the Durban Basin based upon seismic bounding features, acoustic
impedance, and internal-reflection characteristics (Table 6.1). The units characterised represent sedimentation
within the basin that occurred after the formation of the post-Karoo Supergroup basement unconformity. Each
unit is separated into facies and associated systems tracts as defined by Catuneanu et al. (2011). Systems tracts
are defined by seismic architecture as well as geophysical log signatures as shown in Figure 6.2 and are utilised
to interpret a depositional environment for each facies (Table 6.1).

Table 6.1: Simplified sequence stratigraphic framework for the continental margin within the Durban
Basin, describing seismic units, facies, bounding surfaces, interpreted depositional environment and the
age of each unit (ages based upon McMillan and Dale, 2000; McMillan, 2003; Green et al., 2008).

Thickness Interpreted
Modern (two-way  depositional  Systems
Unit  Facies Surface Description Stratal Relationship time) environment  Tract Age
F4 Transparent reflector package 0.2s na na Holocene?
Chaotic Reflector ~ Wavy to chaotic moderate to low Pleistocene to
F3 Package amp reflectors 010 0.2s na na Pliocene?
Lowstand
F Progradational High impedance, sub-parallel, shelf edge
F2 wedge progradational reflectors 0t00.2s delta LST Pliocene
Onlapping and lateral accretion
fills, chaotic, high amplitude Incised
F1 Channel Fill reflectors 010 0.2s Valley Fill LST Pliocene
S6 Shelf-confined erosional reflector Mid Pliocene
Aggradational Low impedance, sub-parallel, Inner to Mid L- Pliocene? /
E3 package aggradational reflectors 0t00.2s Shelf TST U-Miocene?
Lowstand
E Progradational High impedance, sigmoid, shelf edge Upper
E2 wedge progradational reflectors 0t00.3s delta LST Miocene
Onlapping and lateral accretion
fills, chaotic, moderate Incised Upper
El Channel Fill amplitude reflectors 010 0.2s Valley Fill LST Miocene
S5 Shelf-confined erosional reflector Serravallian
Moderate impedance, steeply Lowstand
Progradational dipping, progradational shelf edge Lower
D3 wedge reflectors 1s delta LST Miocene?
Sda Confined northern shelf reflector within unit D Aquitanian
D Moderate impedance, steeply Lowstand Miocene? to
Progradational dipping, progradational shelf edge Upper
D2 wedge reflectors 1s delta LST Oligocene
Onlapping and lateral accretion
fills, chaotic, moderate Incised Mid
D1 Channel Fill amplitude reflectors 0t00.2s Valley Fill LST Oligocene
Mid
S4 Basin-wide Erosional Reflector Oligocene
Moderate impedance, steeply
Progradational dipping, progradational Highstand
C5 wedge reflectors 0t00.3s wedge HST Upper Eocene
c 3C Maximum Flooding Surface Upper Eocene
Aggradational to Low impedance aggrading Healing
Retrogradational reflectors, backstep and onlap 3B 0.1 to Phase
C4 package landward 0.3s wedge TST Palaeocene
3B Maximum Regressive Surface Danian
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Aggradational to Low to moderate impedance, sub

Progradational parallel, aggradational reflectors, Delta Maastrichtian
C3 Wedge onlap S3 0t00.5s Margin LST to Campanian
Moderate impedance, steeply
Progradational dipping, progradational Falling
C2 wedge reflectors 0t00.5s stage wedge  FSST Campanian?
Moderate impedance, Falling
progradational reflectors, stage slope
C1 Slope Fan downlap and onlap S3 0t00.3s fan apron FSST Campanian?
S3 Shelf-confined erosional reflector Santonian?
Low to moderate amp, sub
Aggradational parallel reflectors, onlap S2 Lowstand Conacian?
B2 ramp updip. 0t00.5s ramp LST Turonian

High impedance progradational

B
reflectors that downlap and onlap
S2, individual mounds show Falling
Retrogradational internal progradation but stage basin
B1 Basin-floor Fan retrograde as packages. 0t00.3s floor fan FSST Turonian
S2 Basin-wide Erosional Reflector Turonian
Aggradational to Progradational
packages that onlap S1 against Syn-rift Syn-rift Cenomanian
A2 Syn-rift valley fill  basement highs 0to1s valley fill TST/HST  to Albian
A Sla Graben-confined Erosional Reflector Late Aptian?
Aggradational to Progradational
packages that onlap S1 against 0to1s Syn-rift Syn-rift Aptian to
Al Syn-rift valley fill  basement highs valley fill TST/HST  Barremian
S1 Basin-wide Erosional Reflector Jurassic
Acoustic
BASEMENT Basement Jurassic
6.3.1. Unit A

The deepest resolved unit within the basin, unit A, occurs as a discontinuous succession unconformably
overlying acoustic basement along a high amplitude reflector S1. The unit terminates updip against faulted pre-
breakup basement (Fig. 6.3a-b) but thickens substantially downdip, increasing from 0 to 1sec two-way time in
thickness (Fig. 6.3b). In the north of the basin, unit A thins substantially, occurring as a ~0.2sec thick succession
defined by high impedance reflectors in small graben-fill successions (Fig. 6.3c). Unit thickness is dependent
upon palaeo-topography, with the unit onlapping against basement horst structures (Fig. 6.4) and is best
developed in Jc-C1 (Fig. 6.3) where ~900 m of siltstone and claystone with subordinate sandstone is intersected.
An upward increase in reflector impedance is noted in the succession (Fig. 6.4), and this can be correlated with
sandy to conglomeratic units intersected in Jc-B1 and Jc-D1 (Fig. 6.3c — Jc-D1 Inset i) with the gamma ray logs
in Jc-B1 showing an upward coarsening of facies at the top of the unit (Fig. 6.3b — Jc-B1 Inset i).

Within unit A, two seismic facies occur beneath the Tugela Cone, best defined from coast-parallel seismic
reflection profiles (Fig. 6.5). Facies Al is an aggradational succession of low impedance reflectors which
increase in impedance strength with stratigraphic height (Fig. 6.5). Reflector architecture is dominated by
parallel to sub-parallel internal reflectors which parallel the basement-cover interface. Facies A2 overlies Al,
separated by a discontinuous high amplitude surface Sla, identified in coast-parallel profiles (Fig. 6.5). The
surface hosts numerous incisions (arrows in Fig. 6.5) which are commonly U-shaped and range from 800 to
1100 m wide and 20 to 30 m (0.30 to 0.4 s TWTT) deep. Although the internal architecture of the facies is the
same as facies Al, the base of facies A2 is defined by low impedance reflectors which appear to onlap the
incision surface (Fig. 6.5).
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Figure 6.2: Interpretation of potential stratigraphic boundaries within the Durban Basin based upon well log correlation of available gamma ray (GR) and sonic
density (DT) logs. Potential systems tracts are detailed. Gamma ray log values shown in API. Sonic density log details shown in millisec. Colour schemes based
upon IHS Kingdom Suite 2015 colour bars. Red zones in gamma ray log indicate zones of intrusions in basement lithologies. Contacts of sequence stratigraphic
surfaces (S4; S5; S6) where no well logs are available are defined by two-way time depth correlations from lithology logs.
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Figure 6.3: Seismic profiles and associated well logs showing sediment architecture and lithological and
geophysical properties (gamma-ray log) of units beneath the present continental shelf within the Durban
Basin. a) Seismic profile through the southern basin. Arrows show onlap of seismic reflectors against
antecedent basement structures. The extrapolated position of Jc-C1 is shown. b) Profile through the
central basin. Arrows show onlap of seismic reflectors against antecedent basement structures. The
position of Jc-B1 is shown. c) Profile through the northern basin. The extrapolated position of Jc-D1 is
shown.

Zones of discussion within the well logs are highlighted by greyed insets numbered i-v.

i) Sandy to conglomeratic facies of Unit A. Note coarsening upward signature in gamma ray log of Jc-B1
and Jc-D1. ii) Coarsening upward sandy packages overlying S2 surface. Note the marked variation in the
gamma ray logs in Jc-B1 and Jc-D1. iii) Marine claystone interval between horizon 3B and 3C. Note the
moderate to high gamma ray values in Jc-C1 beneath the 3C surface. iv) Facies C5 restricted to the inner
shelf and intersected in Jc-C1. v) Mixed siliciclastic-carbonate succession of Unit D.
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Figure 6.4: Syn-rift infill within a graben system in the central Durban Basin. Note the onlap and
truncation of reflectors against basement structures in both directions.

Figure 6.5: Coast-parallel seismic profile of Unit A showing possible incisions into seismic surface Sla
separating facies Al from A2,

6.3.2 UnitB

Unit B overlies unit A along an erosional, high amplitude seismic reflector S2, which can be traced through
much of the distal portions of the basin. Proximally, the reflector truncates against faulted basement, with unit B
unconformably overlying seismic basement in the updip profile (Fig. 6.3a-b). Two facies are defined (B1-2)
with facies B1 represented by a series of laterally discontinuous, high impedance reflectors that occur as
mounded zones onlapping and downlapping onto the underlying unit (Figs 6.6; 6.7). The positions of the
mounds relative to the contemporary shoreline are shown as polygons on the seismic grid map insets in Figures
6.6 and 6.7. Two dominant architecture styles, single and retrograde, are identified. Single mounds have a basal
progradational structure with seaward-dipping reflectors downlapping the underlying reflector S2 whilst
landward dipping reflectors are seen to migrate updip and onlap surface S2 (Fig. 6.6). Where multiple mounds
are developed (Fig. 6.7 mounds a-b), an overall retrogradational architecture is recognised as younger features
onlap successively landwards onto the underlying feature.

Where facies B1 does not occur, reflectors of facies B2 onlap S2 progressively landward, with downdip
reflectors occurring in an aggradational stacking arrangement (Fig. 6.3a). This comprises a succession of high
impedance reflectors aggradationally stacked above either facies B1 or unit A (Fig. 6.3a). Facies B2 is
represented by a succession of siltstones and claystones of variable thickness within the Jc-Series wells (Fig. 6.3
— Je-C1 Inset ii). Within Jc-B1 and Jc-C1 (Fig. 6.3), gamma ray logs indicate coarsening upwards sequences
capped by thin sandstone packages.



southern basin. Note the pronounced onlap updip and downlap of reflectors (arrows) onto the underlying
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Figure 6.7: Multiple, retrogradational mounded structures overlying seismic surface S2, constituting
facies B1 in the central basin. Note the pronounced onlap and downlap of reflectors onto the underlying
surface. Note the retrogradational stacking pattern of mound a) vs mound b), with mound b) reflectors
downlapping upper surfaces in mound a).

6.3.3 UnitC

Unit C occurs as a prograding package with an offlapping reflector configuration, separated from the underlying
unit by an erosional, moderate amplitude reflector S3. Under the Tugela Cone (Fig. 6.8) five facies (C1-5) are
resolved. Facies C1 is represented by mounded reflectors that prograde internally, downlapping the underlying
reflector S3 (Fig. 6.3c). This facies is laterally discontinuous, developed along the lower slope in the north of the
basin where it is capped by a moderate amplitude reflector surface 3A (Fig. 6.3c). Where facies C1 is not
developed, reflector S3 is overlain by either facies C2 in the proximal basin, or C3 in the distal basin (Fig. 6.8).
Internal reflector architecture for facies C2 is dominantly progradational, with pronounced downlap on surface
S3 (Fig. 6.8). Facies C3 shows aggradational to progradational internal reflectors (Fig. 6.8). Facies C3 is not
well developed in the southern basin, where unit C is dominated by aggradational reflector architectures (Fig.
6.3a-b). Gamma ray and lithological logs (Figs 6.1; 6.2) indicate that facies C3 is composed of siltstones and
claystones with subordinate sandstone stringers which cap upward-coarsening cycles.

Facies C4 is observed throughout the study area, overlying facies C2 and C3 along a high amplitude reflector
surface 3B that marks the base of the most prominent onlap. The facies comprises low impedance, sub-parallel
to parallel aggradational to weakly retrogradational reflectors that distinctly onlap the underlying facies C2
updip (Fig. 6.8). Within the wells, the facies is dominated by claystones and siltstones, capped by a moderate to
high gamma ray signature claystone in Jc-C1 (Fig. 6.3 — Jc-C1 Inset iii) and by a 6 m thick limestone in Jc-Al.

Facies C5 is confined to the proximal basin and occurs as a prograding wedge which oversteps facies C2 and C4
seaward along a downlap surface 3C (Fig. 6.8). The facies is intersected only in Jc-C1 where the package is
dominated by coarse- to medium-grained sandstones and subordinate claystones (Fig. 6.3 Jc-C1 Inset iv). No
geophysical logs are available for this facies. Thicknesses of facies C5 are variable, with the sequence truncated
by a major erosional reflector S4.
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Figure 6.8: Seismic architecture of unit C in the northern basin. Note the downlapping progradational
reflector package of facies C2 in the inner shelf with progradational reflectors of facies C3 preserved in
the deeper portion of the basin. Note the aggradational to retrogradational “healing phase” deposits of
facies C4 that progressively onlap facies C2 updip. Note the final progradational reflector package C5
which caps the sequence.

6.3.4 Unit D

Along coastal strike, unit D overlies a pronounced erosional surface S4 that delineates a series of U and V-
shaped incisions up to 70 m (0.9 s TWTT) deep. Unit D can be separated into two facies which together
represent a seaward thickening succession in the northern portion of the study area, but a relatively thin
succession in the southern portion of the basin. Facies D1 is an infilling facies with onlapping high amplitude
reflectors restricted to coast-perpendicular incisions (Fig. 6.9). Facies D1 is overlain by facies D2, a seaward
dipping, aggradational to progradational set of high impedance, low amplitude reflectors. This facies is laterally
continuous along strike (Fig. 6.3b-c) and comprises calcarenite and coquina interbedded with sandstone and
siltstones in all wells (Fig. 6.3 — Jc-B1 Inset v). In the northern portion of the basin facies D2 can be subdivided
into D2 and D3, which constitute the main components of a sediment wedge, separated by a local reflector S4a.

6.3.5 UnitE

Although unit E is similar in its internal reflector architecture to unit D, the two are separated by an erosional
surface S5 that is identifiable in coast-parallel section and delimits a series of U and V-shaped incisions up to 50
m (0.6 s TWTT) deep (Fig. 6.10). In the northern portion of the Tugela Cone, unit E occurs as a seaward
prograding reflector package with pronounced downlap on the underlying S5 surface (Fig. 6.11). Three facies
are identified within unit E, with facies E1 having a similar architecture to that of facies D1, represented by
incision fill with high amplitude reflectors onlapping the incision flanks. Incisions and associated fills are
identified along both the palaeo-shelf and slope, with both drape fill and flank-attached deposits (Fig. 6.10).
Facies E2 overlies either facies E1 or unit D if E1 is not preserved. Facies E2 consists of high impedance
reflectors that in downdip section occur as a seaward prograding set of high impedance reflectors which exhibit
pronounced downlap on the underlying S5 surface. Facies E3 forms the uppermost facies, represented by low
impedance parallel reflectors that show aggradational stacking patterns. Facies E3 is separated from the
underlying facies by a moderate amplitude reflector.
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Figure 6.9: Coast-parallel seismic profile indicating multiple incisions and associated incision-fill along
seismic surface S4 in the northern basin.
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Figure 6.10: Coast-parallel seismic profile indicating multiple incisions and associated incision-fill along
multiple seismic surfaces S5 and S6 in the southern basin. Note the multiple incision episodes in singular
incisions as shown in inset b).
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Figure 6.11: Progradational reflector package comprising facies E2 overlying seismic surface S5.
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6.3.6 UnitF

Unit F corresponds to a prograding sediment wedge that occurs on the continental shelf and at the shelf break.
The unit is bounded at the base by an erosional high amplitude reflector, S6, with incisions into the underlying
unit. In many instances the internal architecture of the unit is obscured by seafloor multiples, but in coast-
parallel section (Fig. 6.10) the succession can be delineated and comprises four facies (F1-F4). Facies F1
represents incision fill where onlapping high amplitude reflectors are restricted to incisions on the palaeo-shelf
and slope (Fig. 6.10a-b). Facies F2 represents high impedance sub-parallel to parallel reflectors. In coast
perpendicular section, this facies occurs as a prograding wedge of seaward dipping reflectors, with facies F2
occurring as a distal succession of aggradational reflectors underlying the seafloor (Fig. 6.10b). Facies F3 is
only evident in coast-parallel section, occurring as chaotic low impedance reflectors (Fig. 6.10a). Unit F is
capped by facies F4 which occurs as low impedance sub-parallel to parallel reflectors.

6.4 DISCUSSION

Sedimentation within the Durban Basin is represented by both syn-rift and drift phase sequences. Although
conventional sequence stratigraphic analysis (cf. Catuneanu et al., 2011; Zecchin and Catuneanu, 2013) is
generally focussed on drift phase sediments in passive margin basins, for rifted sequences separate models need
to be utilised with typical rift sequences comprising transgressive and highstand system tracts (cf. Martins-Neto
and Catuneanu, 2010). In order to identify major sequence boundaries within the basin, biostratigraphic
sediment distribution (McMillan and Dale, 2000; McMillan, 2003), and known local and global fluctuations in
sea level (Siesser and Dingle, 1981; Haq et al., 1987; Miller et al., 2005) are correlated in Figure 6.12 to aid
sequence stratigraphic analyses.

6.4.1 Early syn-rift infillings

The spatial distribution of unit A is irregular (Fig. 6.13a), and represents syn-rift, graben fill of likely lacustrine
to fluvial origin (Stojcic, 1979; McMillan, 2003). Seismic reflector architecture in individual grabens shows
onlap of chaotic reflectors against fault scarps similar to that defined by Prosser (1993) for “rift initiation”
fluvial sedimentation. The identification of continental syn-rift sediments (Fig. 6.3c — Jc-D1 Inset i) in facies Al
(Stojcic, 1979; McMillan, 2003), overlain by lacustrine facies A2 sediments in the Jc-B1 and Jc-D1 wells
(McMillan, 2003) supports Kitchin and McLachlan’s (1996) proposal that the interval represents a major marine
transgression which can be correlated with global sea level rise in the early Albian (Hag et al., 1987) (Fig. 6.12).
Facies A2 likely correlates with “rift climax” sedimentation of subaerial alluvial fans and shoal-type deltas as
defined by Prosser (1993).

The increase in reflector impedance upwards in the facies (Fig. 6.4) suggests a succession of coarsening upward
packages bounded by flooding surfaces similar to that defined by Martins-Neto and Catuneanu (2010) for active
rift basins. Here a thin transgressive systems tract (TST) of retrogradational reflectors is overlain by
aggradational to progradational facies of the highstand systems tract (HST) (Martins-Neto and Catuneanu,
2010). This fits well with the syn-rift deposits identified below 3100m in Jc-B1 (Figs 6.3b; 6.12 — Inset a),
which comprise ~40 m thick upward coarsening, regressive cycles of claystone, siltstone and sandstone (Kitchin
and McLachlan, 1996). This facies is likely the equivalent of the Makatini and Mzinene Formations from the
adjoining Zululand Basin (Broad et al., 2006) which span the late Barremian to middle Cenomanian.
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Figure 6.12: Biostratigraphy of the Durban Basin (after McMillan and Dale, 2000; McMillan, 2003)
compared with Jurassic to Pliocene sea-level curves in southern Africa (modified after Siesser and Dingle,
1981) and global eustatic sea-level curves (modified after Haq et al., 1987; Miller et al., 2005). Filled black
arrows on sea-level curves denote uplift episodes (after Siesser and Dingle, 1981; Dingle et al., 1983;
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Partridge and Maud, 2000). Geological and gamma ray logs for all Jc-series boreholes are presented with
depths in m and TWTT (sec). Logs are correlated with sea level curve graphs via mapped seismic
surfaces (S2; S3 etc.).

Areas of interest discussed in log data are shown in greyed areas.

a) Syn-rift continental sediments in Jc-B1. b) Limited sediment deposition/preservation in Jc-C1 between
S2 and S3 surfaces. ¢) Lowstand wedge coarsening upwards parasequences in Jc-Al. d) High gamma ray
signature carbonate in Jc-Bl. e) Condensed section (maximum flooding surface) in Jc-Al. f) Sandstone
packages associated with progradation of HST and early FSST.

6.4.2 Ramp margin deposition

The syn-rift succession (Fig. 6.13a) is overlain by deposits of unit B, which are bounded at their base by
regional seismic reflector S2. This surface marks a major regional hiatus [McDuff — (Goodlad, 1986); 15Atl —
(McMillan, 2003)] that, through biostratigraphical data (McMillan and Dale, 2000; McMillan, 2003), is shown
to span the late Cenomanian to early Turonian (Fig. 6.12). This period coincides with marked forced regression
and sea level fall around southern Africa as defined by Dingle et al. (1983) (Fig. 6.12). In the proximal basin, S2
represents a subaerial unconformity (Fig. 6.13b) with erosion of the underlying units and sediment bypass into
the deep basin. Within the deeper basin, facies B1 sediments show progradation and downlap on reflector S2
with mounded, prograding structures (Figs 6.6; 6.7) representative of deep water, basin floor fans formed by off-
shelf sediment forcing and the deposition of high density turbidites (cf. Catuneanu et al., 2011). Figure 6.13b
shows a zone of proximal bypass and the deposition of isolated fans of facies B1. It is thus postulated that these
fans were deposited during forced regression of the falling stage systems tract (FSST) along the palaeo-shelf
(sensu Catuneanu et al., 2009; 2011). Due to the downlap evident in reflectors overlying surface S2, it is
proposed that, in the deep basin, S2 represents a basal surface of forced regression “BSFR” (sensu Posamentier
and Allen, 1999) with facies B1 separated from facies B2 by a correlative conformity (Hunt and Tucker, 1992)
separating FSST and lowstand systems tracts (LST) deposits on the basin floor.

Facies B2 is dominated by aggradational reflectors, and as such represents deposition during a phase of normal
regression during the ensuing LST (Catuneanu et al., 2011) with the corresponding sedimentology from Jc-B1
(Fig. 6.3b) suggesting deposition of deep marine shales in a slope environment (Kitchin and McLachlan, 1996)
(Fig. 6.12). The architecture of facies B2 is dominated by gently dipping, parallel reflector patterns suggestive
of deep water deposition within a narrow, 10 km wide, ramp margin (Fig. 6.13b), similar to that defined by
Seyedmehdi et al. (2016) in the Canning Basin, Australia. Antecedent topography defines the mid ramp
depositional characteristics with units pinching out laterally updip against surface S2 (Figs 6.3; 6.8; 6.13b),
whilst the landward section of the basin is dominated by a rugged erosional unconformity which is interpreted as
a subaerial unconformity based upon a biostratigraphical hiatus (Muntingh, 1983) and limited sedimentation in
Jc-C1 (Figs 6.3a; 6.12 — Inset b).

6.4.3 Proximal erosional hiatuses and distally focussed deposition

Although outer shelf deposits of Early Santonian age are identified onshore (Anderson, 1906; McMillan, 2003)
and beneath the inner continental shelf (Green and Garlick, 2011), representing remnants of the TST and HST
correlated with a period of sea-level high within the Durban Basin (Dingle, et al., 1983), post-unit B TST and
HST successions are not preserved distally offshore. It is considered that this period marked non-deposition in
the distal basin between the late Turonian and early Campanian (Fig. 6.12) as identified in the biostratigraphy
(McMillan, 2003), with a laterally extensive bounding surface S3 separating unit B from the overlying unit C.

Based upon biostratigraphical ages defined by McMillan and Dale (2000) and McMillan (2003) (Fig. 6.12) unit
C represents a period of almost continuous distal basin deposition from the Upper Campanian to Eocene. Five
facies are resolved, with mounded structures of facies C1 downlapping the underlying surface S3 with
progradational internal reflectors similar to retrogressive turbidite lobes identified by Shanmugam (2016); it is
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thus considered that these structures represent deposition as slope and basin floor fans within the late FSST (Fig.
6.13c). These were focussed offshore of the position of the contemporary Tugela River (Fig. 6.13c).
Furthermore, in the northern portion of the basin, reflector architecture of facies C2 shows marked progradation
with pronounced offlap and limited topset development (Fig. 6.8) and is truncated above by a subaerial
unconformity, a reflector architecture synonymous with forced regressive conditions in the proximal FSST
(Zecchin and Catuneanu, 2013). The C2 facies package has been identified along much of the KwaZulu-Natal
margin (Fig. 6.13c) (Green, 2011b; Green and Garlick, 2011) and has been correlated with the relative sea level
fall of the late Campanian and early Maastrichtian (Dingle et al., 1983), with sedimentation a product of deltaic
deposition from large river systems (Dingle et al., 1983; Goodlad, 1986). In this regard, facies C2 is interpreted
as a truncated shelf-edge delta (Fig. 6.13c) within the FSST as defined by Hunt and Tucker (1992) with facies
C1 representing coeval forced regressive submarine fans. This marks the early stages in construction of the
nascent shelf edge.

Facies C3 is resolved seaward of the facies C2 FSST (Fig. 6.13d) and occurs as a seaward thickening wedge of
aggradational to progradational reflectors (Fig. 6.8). The wedge tapers landward, onlapping the underlying S3
surface in the mid-shelf (Fig. 6.8). The forestepping nature of the reflectors is similar to that of wedges produced
during the late LST (cf. Posamentier and Allen, 1999), suggesting stable accommodation space change relative
to sediment supply. The C3 lowstand wedge is intersected in Jc-Al, where numerous coarsening-upwards
parasequences of claystone and sandstone are identified (Fig. 6.12 — Inset c). Deposition in a prograding delta
margin setting similar to that discussed by Porebski and Steel (2003) is thus envisioned, with LST sedimentation
overlying the FSST slope component. Truncated clinoforms within the FSST shelf-edge delta suggest that this
facies has been prone to erosion through current activity, shelf-edge slumping and/or sediment bypass during
early lowstand (Fig. 6.8).

The seismic reflector 3B which overlies facies C2 and C3 (Fig. 6.8) is coincident with the Cretaceous-Tertiary
boundary and forms the base of a distinct retrograding parasequence set in the slope environment. Although
difficult to identify in the borehole logs which show limited sedimentological variation due to their location in
the deeper shelf settings (Fig. 6.3; 6.12), in Jc-Al, the surface is overlain by a ~6 m thick carbonate that exhibits
a marked high gamma ray signal (Fig. 6.12 — Inset d). The reflector is often not well defined in seismic section,
and is not mapped by previous studies (Dingle et al., 1978; Martin, 1984; Goodlad, 1986). Although a limited
biostratigraphical hiatus is defined by McMillan (2003), biostratigraphy within the Jc-D1 well (Lester, 2000)
suggests continued deposition across the boundary, with a change from more proximal LST deposits to distal
TST Tertiary sedimentation. This is corroborated by the sea level curves of Siesser and Dingle (1981), which
show a change from regressive to transgressive conditions across the boundary (Fig. 6.12). Due to the seismic
architecture of the parasequences above and below this surface (Fig. 6.8) combined with sedimentological and
biostratigraphical well log data, it is proposed that surface 3B represents the maximum regressive surface
marking the change from lowstand normal regression to transgression (cf. Catuneanu et al., 2009).

Overlying surface 3B, facies C4 is recognised from borehole studies (du Toit and Leith, 1974) as a ~440 m thick
Palaeocene and Eocene-age (Lester, 2000) succession of marine claystones. This occurs throughout the study
area (Fig. 6.13e). The seismic architecture of facies C4 is best represented in the northern Tugela Cone (Fig. 6.8)
where reflectors show consistent retrogradation landward over the underlying FSST (Facies C2), with prominent
onlap against the 3B surface. The succession thins to the south, identified in Jc-C1 as a ~200 m thick succession
of claystone which coarsens upwards to siltstone (Fig. 6.12). The stratal architecture bears similarity to the
architecture of “healing phase” TST wedges as defined by other authors (sensu Catuneanu, 2006). The limited
occurrence of Palaeocene and Eocene sediments on the inner shelf is discussed by Siesser and Dingle (1981),
Green and Garlick (2011), and Green (2011a), who consider it a function of non-preservation due to intervening
episodes of sediment bypass and later erosion.
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a) Syn-Rift Transgressive and Highstand Systems Tract - Surface S1 to S2 b) Forced Regressive and Lowstand Systems Tract - Surface S2 to S3
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Figure 6.13: Spatial distribution for each unit within the Durban Basin. a) Syn-rift, transgressive to
highstand systems tract sedimentation of unit A in restricted structurally-defined depocentres. b) Position
of falling stage and lowstand basin floor fans (Facies B1) overlain by ramp margin sedimentation of facies
B2. c) Position of basin floor fan relative to facies C2 shelf edge delta. d) Deposition of facies C3
basinward of the palaeo-shelf edge. €) Transgressive systems tract deposition of facies C4 overlain by
progradational (arrows) shelf edge delta facies C5. f) Lowstand shelf edge progradation of units D-F
defined by relative positions of the palaeo-shelf edge associated with horizons S4, S5 and S6 relative to the
contemporary shelf break.
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Facies C4 is capped by surface 3C (Fig. 6.8) which correlates with a 5 m thick limestone horizon (Fig. 6.12 -
Inset e) evident at 975 m depth in Jc-Al (du Toit and Leith, 1974). The overlying facies C5 (Fig. 6.8) is
intersected by borehole Jc-Al where three Palaeocene age coarsening upward packages of shale to sandstone are
identified (du Toit and Leith, 1974). Sandstones vary in thickness from 5 to 40 m (Fig. 6.12 — Inset f) and the
progradational nature of the seismic reflections suggests that these are likely representative of shallow marine
shoreface sands (Catuneanu, 2006). Siesser and Dingle (1981) suggest that the Palaecogene was a period of
protracted sea level rise along the east coast (Fig. 6.12) with TST deposits identified along the northern KZN
shelf (Green, 2009b). Although a minor regressive phase in the early Eocene is postulated by Siesser and Dingle
(1981), this study shows continued marine transgression throughout the Palaeogene with highstand conditions
prevailing in the late Eocene consistent with sea level curves of Siesser and Dingle (1981).

As surface 3C caps the TST in Jc-Al, with the corresponding limestone in Jc-Al having a high gamma ray
signature typical of condensed sections (Fig. 6.12 — Inset ), it is proposed that the surface is representative of a
maximum flooding surface that caps the healing phase wedge (Fig. 6.8). The progradational facies C5, which
overlies this surface is correlated with inner shelf sands and thus considered the subsequent HST wedge (Fig.
6.13e) (Catuneanu et al., 2011). This mantles the underlying C4 and spans almost the entire study area along-
strike (Fig. 6.13e).

6.4.4 Large scale sediment influx, cone development and shelf construction

Unit C is truncated by a regional unconformity surface S4 (Angus — Goodlad, 1986), which correlates with a
basin-wide early Oligocene hiatus identified in the Jc-Al well (du Toit and Leith, 1974). The Oligocene hiatus
correlates with hinterland uplift (Partridge and Maud, 1987), as well as a global sea level lowstand during the
middle Oligocene (Fig. 6.12) (Haqg et al., 1987; Miller et al., 2005; Miller, 2009). Siesser and Dingle (1981)
suggest sea level fall around southern Africa of -500 m during the early to middle Oligocene (Fig. 6.12), whilst
Dingle et al. (1983) propose -100 to -200 m sea level fall along the east coast. Within the Durban Basin, the
Oligocene sequence boundary S4 is marked by numerous channel incisions on the palaeo-shelf (Fig. 6.9). This
boundary thus represents the subaerial unconformity and its seaward extension (correlative conformity cf.
Posamentier and Allen, 1999), with lower shelf and slope incisions formed by off-shelf sediment forcing and
turbidity current incision. At this time, deepwater slope fans would have been deposited (Catuneanu, 2006),
however Wiles et al. (2013) suggest that these deposits have been subsequently reworked or completely eroded
by bottom currents active in the adjoining Natal Valley.

The overlying unit D represents periodic, but voluminous deposition by short, fast-flowing and entrenched river
systems that drained the nearby coastal escarpment during the late Oligocene to early Miocene. Periods of
hinterland uplift and denudation are notable during this time period (Partridge and Maud, 1987; Walford et al.,
2005; Green, 2011b; Said et al., 2015), producing a zone of erosion/sediment bypass in the shelf and deposition
near the contemporary shelf edge (Fig. 6.13f). The dominantly progradational reflectors of unit D depict the
associated basinward advance of a large, normal regressive, constructional, submarine delta (Tugela Cone)
during sea-level lowstand. Facies D1 represents the LST fill of submarine canyons preserved in the underlying
erosional unconformity. The higher amplitude seismic reflections relative to the adjacent incised units, suggest
coarser-grained sedimentary infill along the lines of canyons described by Di Celma (2011). Posamentier and
Walker, (2006) suggest that, in active continental margin settings, coarse-grained canyon fill is common with
deepwater canyon systems linked directly to short and steep fluvial systems similar to that identified in the
Durban Basin. Although no canyon/channel systems are intersected by the boreholes offshore, the increase in
sediment supply during this period is identified in Jc-C1 and Jc-D1 and best shown in Jc-Al. Fossil assemblages
within the sandstone packages of Jc-Al (Leith, 1971) suggest a similar middle shelf environment to that
outlined by Zecchin et al. (2011) for the early stages of submarine canyon fills in the Crotone Basin, Italy.
Although not recognised in the northern portion of the basin (Green, 2011b), an architecturally similar, though
undated, canyon fill is identified by Wiles et al. (2013) within the adjoining Tugela Canyon. Current data from
this study corroborates this and thus it is proposed that initial canyon incision corresponded with the mid
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Oligocene hiatus, with subsequent canyon quiescence and infilling related to late Oligocene to Miocene
transgression (Fig. 6.9). Facies D2, the overlying moderate amplitude, aggradational-progradational offlapping
seismic reflections, constitute a LST shelf-edge wedge deposit (sensu Santra et al., 2013). This marks the
development of the shelf-break system which characterises the area to date. In the northern basin, Facies D2 can
be sub-divided into 2 facies (D2 and D3) by a shelf-confined northern shelf reflector, S4a. The overlying Facies
D3 is identical to facies D2, depicting further progradation of the shelf edge wedge in the northern region.

Truncating unit D is a second highly erosional surface S5, which shows large-scale channel incision along the
shelf (Fig. 6.10), correlated with subaerial erosion and sediment bypass. The complete lack of TST or HST post-
unit D, has been discussed by Green (2011a; 2011b) who suggests that the continental shelf was subject to
alternating periods of sediment influx (FSST and LST) and sediment starvation with ensuing erosion/non
deposition (TST and HST). This is corroborated by Green and Garlick (2011) and Green et al. (2013) who
identify a prolonged hiatus on the inner shelf spanning the late Eocene to Pliocene; and further suggests the
deposition of deep water slope fans and turbidites during this period. The lack of preserved FSST deposits
within unit E is however due to reworking by bottom currents as described by Wiles et al. (2013) within the
Natal Valley since the Oligocene.

Unit E is architecturally similar to unit D, characterised by progradational to aggradational reflections which
form an offlapping LST wedge on the shelf-edge (Fig. 6.13f). Within the progradational shelf-edge wedge,
facies E1 occurs as high amplitude channel/valley fill deposits (Fig. 6.10b) similar to that of the early LST
facies D1. Facies E2 consists of progradational offlapping seismic reflections forming a seaward dipping LST
shelf-edge wedge similar to that of facies D2. Updip these reflectors pass into the diffusely reflective facies E3
in the proximal portion of the wedge. Due to the wedging out updip of the unit, no boreholes intersect these
deposits. However, the transparent nature of facies E3 is likely associated with uniform mud-rich lithologies as
discussed by Santra et al. (2013) for the New Jersey continental shelf wedge.

6.4.5 Sediment starvation

Unit F represents the uppermost resolvable seismic unit. The base of the unit is a highly erosional surface S6,
which can be correlated with the early Pliocene seismic reflector “Jimmy” (Martin, 1984; Goodlad, 1986).
Green (2011b) suggests that, along the northern KwaZulu-Natal continental shelf, an extended hiatus correlated
with this reflector spans the late Palaeocene to early Pliocene, having occurred through a combination of
sediment starvation, non-deposition, and sediment bypass. Channel incision has occurred both on the continental
shelf through erosion and sediment bypass during forced regression, as well as on the upper slope where canyon
formation is identified beneath the present Tugela Canyon. Like the repeating units beneath, unit F comprises an
early LST channel fill facies F1 with high impedance reflections which onlap against the channel/canyon flanks
(Fig. 6.10). Green et al. (2008) dated the wedge, which is continuous along-strike, at the late Pliocene. These
deposits thus coincide with local sea-level rise following rapid sea-level fall in the early Pliocene (Dingle et al.,
1983). The progradational nature of the overlying facies F2 suggests normal regressive deposition during early
sea level rise as part of a lowstand shelf-edge delta (e.g. Fig. 6.13f). Green (2011b) showed that this final phase
of shelf-edge wedge aggradation formed the contemporary shelf break of the Zululand Basin. A similar situation
can be defined for the Durban Basin with subsequent sediment starvation (e.g. Green, 2011b) having left this
feature preserved as a moribund shelf break.

6.4.6 Shelf evolution—a combination of structural and sedimentary shelf
dominance

The Durban Basin and its associated sediments have a complex depositional history with sedimentation
interrupted by protracted periods of erosion or non-deposition. In all cases however, sedimentation can be
related to both local and global sea-level fluctuations (Haqg et al., 1987; 1988; Siesser and Dingle, 1981; Dingle
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et al., 1983) with sedimentation following closely (albeit not completely) with currently accepted sequence
stratigraphic principles (Posamentier and Allen, 1999; Catuneanu, 2006; Catuneanu et al., 2011). Unlike the
continental margin to the north and south, the area investigated in this study is represented by major sediment
input from the Tugela and Umgeni Rivers with bypass of the shelf and proximal ramp areas and deposition
initially dominant on the upper slope as the construction of the shelf ensued.

The formation of the shelf is however unlike that described for other passive margin settings (Carvajal et al.,
2009; Catuneanu et al., 2011; Santra et al., 2013), as early sedimentation was controlled by fluvial deposition in
a narrow, sheared, structurally bounded basin (Figs 6.13a; 6.14a) similar to sedimentation styles in rifted
margins (Martins-Neto and Catuneanu, 2010). The result is a combined structural-sedimentary shelf (Fig. 6.12a)
similar to that defined by Helland-Hansen et al. (2012).

Sedimentation styles within the basin changed dramatically during the mid-Cretaceous, with deep water
deposition of basin floor fans in the Turonian (Fig. 6.14b) followed by the formation of a shallow, planar ramp
during lowstand conditions (Fig. 6.14c). Although ramp margins are commonly related to carbonate geology
(Helland-Hansen et al., 2012), the Durban Basin represents a siliciclastic ramp margin similar to those discussed
by Varban and Plint (2008).

Tectonism and active spreading had ceased by the Cenomanian (Ben-Avraham et al., 1993; Watkeys, 2006),
however the formation of the proto-shelf on the Turonian ramp was still nucleated close to the original structural
shelf break (Fig. 6.14c) similar to that seen in active structural shelves (Helland-Hansen et al., 2012). Increased
sediment supply and base-level fall during the Campanian saw the initial formation of a shelf break (Facies C2)
in the basin defined by a narrow, forced regressive shelf-edge wedge (Fig. 6.14d) marking a change from ramp-
dominated to shelf-edge sedimentation. The change in depositional style from structural-sedimentary shelf to
progradational sedimentary shelf (Helland-Hansen et al., 2012) coincides with McMillan’s (2003) suggestion
that basin began acting as a single depo-centre during this period. Continuous deposition through lowstand,
transgressive (Fig. 6.14e) and highstand (Fig. 6.14f) conditions dominated the Maastrichtian to Eocene, with the
Eocene highstand wedge prograding from the incipient shelf break, initially defined by facies C2. This
highstand shelf-edge wedge later controlled the positioning of the future shelf breaks by providing an anchor
point from which successive episodes of protracted lowstand sediment delivery could build succeeding
aggrading and prograding shelf-edge wedges (Unit D-F). This transformed the shelf edge into the sharp feature
that currently marks the contemporary shelf break (Fig. 6.14g-h). The progradational units D and E are similar
in architecture to moderately deep water margins defined by Carvajal et al. (2009) and progradational to
aggradational shelf margins defined by Gong et al. (2015) in the South China Sea. Clinoform architecture and
the absence of large sediment aprons at the base of the slope suggests modest sediment input regimes during this
period when compared with similar margins defined by Carvajal et al. (2009).

Subsequent to the final stages of sediment influx during the late Miocene, the basin has experienced renewed
sediment starvation, with a thin veneer of Pleistocene to Holocene sediment preserved on the shelf and shelf
edge (McMillan, 2003; Green, 2011b), suggesting that the major phases of hinterland uplift and attendant
sediment supply drove the construction of main basin almost in its entirety. Unlike other authors suggestions
(e.g. Martin, 1984, Martin and Flemming, 1986), the overall narrowness of the adjoining shelf in the basin is not
a product of the initial rifting of the margin, but rather a fortuitous alternation between an overabundance of
uplift-driven sediment delivery and normal regression, followed by generally quiescent conditions until today.

Although combined structural-sedimentary shelves generally form in young seascapes related to active
extensional regimes (Helland-Hansen et al., 2012), the Durban Basin represents a unique case where structurally
controlled deposition and later sedimentary shelf progradation is related to base level fluctuations and sediment
supply regimes rather than tectonically induced accommodation space creation.
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Figure 6.14: Schematic model of the evolution of the Durban Basin defining syn-rift structural-
sedimentary deposition followed by ramp margin development and finally sedimentary shelf
progradation (modified after Helland-Hansen et al., 2012).
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CHAPTER 7

SEDIMENT SUPPLY AND UNCONFORMITY SURFACE EVOLUTION

7.1 INTRODUCTION

Continental shelves in passive margin settings commonly comprise thick sedimentary successions, allowing for
documentation of variations in sediment supply regimes, eustatic sea level, ocean dynamics and climatic
conditions (Mountain et al., 2007; Nittrouer et al., 2007; Zecchin et al., 2015). The recognition of palaeo-
geomorphic features including progradational clinoform architecture (Liu et al., 2011), submarine canyon
incision (Fulthorpe et al., 2000; Jobe et al., 2011; de Almeida et al., 2015), and basin-scale erosional surfaces
(sequence boundaries) (Fulthorpe et al., 2000; Zecchin et al., 2015) have been utilised to define relative sea-
level changes (Vail et al., 1977; Haqg et al., 1987; 1988) or variations in oceanic and global climatic conditions
(Zachos et al., 1997; 2001).

The Durban Basin, developed along the eastern continental margin of South Africa, has been subject to
protracted hiatus events since the late Jurassic. Previous studies of the inner continental shelf (Dingle et al.,
1983; Green 2011a; 2011b; Green and Garlick, 2011; Green et al., 2013) suggest that erosional/non-depositional
regimes were dominant between the Maastrichtian and latest Pliocene. Work within this study (Chapter 6) has
however, identified prolonged Cenozoic depositional periods beneath the outer continental shelf and slope,
separated by regional unconformities (sequence boundaries) related to eustatic sea level fall. The most
prominent is a previously undefined mid-Miocene erosional unconformity preserved beneath the outer shelf and
slope offshore Durban. This chapter represents the first detailed examination of these erosional events within the
Durban Basin. Specific focus is given to the mid-Miocene erosional event, with correlation between analogous
mid-Miocene sequence boundaries around the southern African continental shelf, as well as in the global
context.

The southeast African continental margin currently represents a major frontier basin region for hydrocarbon
exploration, with the Durban Basin located south of the gas-rich Mozambique Basin and coastal plain (Singh
and McLachlan, 2003). Although the Durban Basin margin is under-explored, recent 3D seismic acquisition
within the deepwater Natal Valley (Pisaniec et al., 2017) suggests the potential for additional work in this
region. The hydrocarbon potential of the east African margin is further highlighted by the super-giant (80 TCF)
discoveries made offshore northern Mozambique within the Mamba Field, a Lower Eocene fan complex
affected by strong, deep water bottom currents that influenced gravity-flow deposition (Palermo et al., 2014).
This chapter focuses on the identification and interpretation of previously unrecognised unconformities that span
these basins, an outcome that may prove valuable to the future hydrocarbon exploration in the region.

7.2 RESULTS
7.2.1 Seismic Reflection Geometry

As discussed in Chapter 6, syn-rift and early drift phase sedimentary infill (Units A-B; Table 7.1) define a low-
angle marine ramp margin in the Durban Basin. Unit A occurs as a discontinuous graben fill succession
unconformably overlying acoustic basement. As the unit is confined to isolated depocentres, thickness is highly
variable with sedimentation terminating updip against faulted pre-breakup basement structures. Seismic
geometry of unit A is defined by a predominantly aggradational succession separated by an internal seismic
surface Sla which is identified through gamma ray log signatures (Fig. 6.2) as well as variations in seismic
amplitude. This surface exhibits U-shaped incisions (Fig. 6.5) ranging from 800 to 1100 m wide and 20 to 30 m
(0.30t0 0.4 s TWTT) deep. These incisions however are not resolvable over large regions as they are limited to
single seismic line intersections and therefore the extent and orientation is currently unknown.
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Erosional seismic reflector S2 separates unit A from unit B (Table 7.1), but truncates proximally against faulted
basement, with unit B unconformably overlying seismic basement in the updip profile (Fig. 6.3a-b). This
erosional seismic reflector however, does not exhibit large incisions into the underlying unit A, rather forming a
shallow ramp structure as discussed in Chapter 6. Although unit B is separated into two facies (Table 7.1), the
distal facies B1 and proximal facies B2, only facies B2 is laterally extensive in the proximal shelf and slope
regions. Seismic reflector architecture of facies B2 is predominantly aggradational, but exhibits a slight onlap on
surface S2 (Fig. 6.3a).

Unit C occurs as a prograding package with an offlapping reflector configuration, separated from the underlying
unit by an erosional, moderate amplitude reflector S3. Under the Tugela Cone (Fig. 6.8) five facies (C1-5) are
resolved (Table 7.1) and discussed in detail in Chapter 6. Internal reflector architecture is dominantly
progradational to aggradational for facies C1-3, with facies C4 exhibiting aggradational to weakly
retrogradational reflectors that distinctly onlap the underlying facies (Fig. 6.8). The proximal facies C5 occurs as
a prograding wedge which oversteps facies C4 seaward along a downlap surface“3C” (Fig. 6.8).

Unit C into which erosional surface S4 incises (Fig. 7.1), forms the incipient shelf, shelf edge and slope within
the basin (Fig. 7.2). The palaeo-shelf edge at S4 time is defined by the offlap break of the most-seaward
reflector of unit C (Fig. 7.2). Although largely removed by later erosional episodes, where preserved, the palaeo-
shelf break forms a linear feature orientated northeast-southwest approximately 20 km offshore of the
contemporary coastline (Fig. 7.3).

Unit D immediately overlying erosional surface S4, is defined by a north-eastward thickening sediment wedge,
most prominent between Jc-B1 and Jc-D1 (Fig. 7.1). The inflection point of the most-seaward clinoforms of unit
D occurs at ~0.4s TWT (Fig. 7.2), and outlines the seaward progradation of an approximately 10 km wide and
30 km long mixed carbonate/siliciclastic wedge between boreholes Jc-B1 and Jc-D1 (Figs 7.1; 7.2). The
intercalated succession of carbonate and siliciclastic sediments (Figs 7.1; 7.2) can be subdivided into three
seismic facies D1-3. Facies D1 occurs as a discontinuous infilling basal facies confined to incisions along the S4
surface (Figs 7.1; 7.2).

Facies D2 and D3, which constitute the main components of the sediment wedge, are separated by a local
reflector S4a (Figs 7.1; 7.2). Facies D2 attains a maximum thickness of ~600 m and comprises high amplitude,
wavy reflectors. These constitute interbedded siltstones and calcarenites in Jc-B1 and a coarsening upward
succession of siltstones and interbedded sandstone and limestone in Jc-D1 (Fig. 7.1). Facies D3 attains a
maximum thickness of ~350 m in the vicinity of Jc-D1 (Fig. 7.1) but is truncated to the south of Jc-B1 by an
overlying erosional surface S5. Diffuse low amplitude reflectors in the southern portion of the wedge are
defined by calcarenites in Jc-B1 (Fig. 7.1). Northward, in the vicinity of Jc-D1, facies D3 is defined by medium
to high amplitude north-easterly dipping reflectors (Fig. 7.2) that comprise a succession of siltstone with limited
carbonates (Fig. 7.1).
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Stratigraphic control is given by borehole intersections with Jc-B1 and Jc-D1. Lithological and gamma
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Table 7.1: Simplified sequence stratigraphic framework for the study area. Seismic units, facies, bounding surfaces, interpreted depositional environments,
sediment accumulation rates and units ages are described. Ages are based on previous work (McMillan and Dale, 2000; McMillan, 2003; Green et al., 2008).

Interpreted Thickness Average Shelf Systems Time Sediment Areal Extent of Sediment Flux
Unit Facies Surface depositional (two-way Sediment Sedimentology T)r/act Age Period  Accumulation  Sedimentation (<LOkm¥myr)
environment time) Thickness (m) (myr)  Rate (m/myr)  (km?) Y
F4 na 0.2s na Holocene?
Pleistocene to
F3 na 0to0.2s na -
F 80 Glauconitic sandstones Pliocene? 5.3 15.1 2000 5.7
Lowstand shelf subordinate claystone )
F2 edge delta 0t00.2s LST Pliocene
F1 Incised valley fill 0t00.2s LST Pliocene
S6 Shelf-confined erosional reflector Mid Pliocene
E3 Inner to mid shelf ~ 0t00.2s » TST L-T\Jllpcenei;/
o00  Glauconitic sandstones U-Miocene? 85 235 2000 55
subordinate claystone ' ' '
E E2 Lowstand shelf 010 0.3 LST Upper
edge delta Miocene
El Incised valley fill 0t00.2s Sandstone, subordinate LST Upper
claystone Miocene
Shelf and slope-confined,
S5 regionally developed erosional Serravallian
reflector
D3 Lowstand shelf 05 200 Carbpnate—nch calcarenite LST Lo_W(er 101 19.8 2000 39
edge delta and limestone Miocene?
S4a C_onf_lned _northern shelf reflector Aquitanian
within unit D
D
-ri i i ?
D2 Lowstand shelf 05 350 Carb_onate rich calcarenite LST Miocene? to 10 35.0 2000 70
edge delta and limestone U-Oligocene
D1 Incised valley fill 0t00.2s Sm%mm&ﬂmmmwmd LST M@
limestone Oligocene
L . Mid
S4 Basin-wide erosional reflector -
Oligocene
C5 Highstand wedge 0t00.3s 250 l?lttiigiidecj sandstone and HST Upper Eocene 221 113 3000 15
C
3C Maximum flooding surface Upper

Eocene
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Basement
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In contrast to the central and northern parts of the basin, facies D2 and D3 are not resolved in the southern basin
(Fig. 7.1). Instead, an amalgamated succession of “unit D” is preserved. In this region aggradation, as opposed
to progradation, is dominant on the shelf and slope (Fig. 7.4). The distal southern basin is dominated by the
development of a ~20 km wide continental rise which is not identified in the northern basin (Fig. 7.5).

The upper reflectors of unit D are incised by a number of dip-orientated lows associated with a high amplitude
reflector corresponding to an erosional surface S5. From time-depth reconstructions this surface is resolved
across an area of 5000 km? (Fig. 7.5). The surface is however confined to the mid- and outer shelf, truncated
updip by a younger erosional surface S6. The S5 surface has an undulatory geometry forming three V and U-
shaped incisions (southern, central and northern) best observed in the coast-parallel sections (Fig. 7.1). In
proximal areas, these incisions have a relief of 150-300 m, with a maximum width of 2.8 km (Fig. 7.1), but
broaden and increase in relief downslope up to 500-600 m deep and ~7 km wide (Figs 7.5; 7.6; 7.7). The
geometry of the southern and central incisions exhibit multiple erosional episodes within these regions, affecting
the S4, S5 and S6 surfaces (Figs 7.1; 7.7). Multiple incision episodes are defined by vertically stacked U- and V-
shaped incisions as shown in Figures 7.6 and 7.7, with little to no lateral migration evident. The northern
incision however, has no stacked pattern (Figs 7.1; 7.7) representing only a single incision episode.

The variable nature of these incisions is evident from the time-depth reconstruction of surface S5 (Fig. 7.5). The
U-shaped southern incision, confined to the upper and middle slope, is a sinuous feature with a total length of
~25 km. It incises into an area characterised by a subdued slope gradient profile (Fig. 7.4), terminating on the
continental rise in the southern part of the basin (Figs 7.5; 7.7). The V-shaped, linear, central incision is the most
prominent, with a total length of ~45 km, incising along the southern margin of the unit D wedge (Fig. 7.5). This
incision underlies the contemporary Tugela Canyon in the distal basin (Figs 7.6; 7.7). The V-shaped northern
incision is particularly linear, attaining a total length of ~30 km and incising the steep slope associated with the
underlying unit D sediment wedge (Fig. 7.5). Only the central and northern incisions indent the palaeo-shelf
edge (Fig. 7.5), defined by the inflection point of the most-seaward clinoforms of unit D.

Unit E, comprising predominantly fine-grained, glauconitic sandstone and minor siltstone overlies reflector S5
throughout the study area. Three seismic facies (E1-3) are resolved. Facies E1 consists of incision infill, with an
internal reflector architecture that varies from south to north. The southern incision infill is defined by basal,
diffuse, wavy reflectors, overlain by laterally continuous, high amplitude, draped reflectors (Fig. 7.1). The
central incision’s fill comprises basal, high amplitude, onlapping, wavy reflectors, overlain by diffuse wavy
reflectors (Fig. 7.1). This is capped by a series of draped, laterally continuous, high amplitude reflectors (Fig.
7.1). The northern incision has only flank-attached, onlapping, high amplitude reflectors (Fig. 7.1).

In the northern portion of the basin, northward of Jc-B1, seaward dipping, aggradational to progradational
reflectors of high impedance, and low amplitude (Facies E2) overlie S5 adjacent to, and updip of, the central and
northern incisions (Figs 7.2; 7.6). This facies is laterally continuous along strike to the north, with a basinward-
prograding clinoform architecture that defines successive migration of the dip inflection point and the clinoform
toe of the clinoform front (Figs 7.2; 7.6).

In the southern portion of the basin however, unit E, as with the underlying unit D, is poorly developed, with
sediment fill defined by aggradational reflectors of facies E3 (Fig. 7.4). In all areas, unit E reflectors are
erosionally truncated by regional reflector S6, which marks the third phase of erosion within the study area (Figs
7.1,7.4;76;7.7).
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Figure 7.3: Two-way time contour map of the S4 (Mid-Oligocene) erosional surface. Note the proposed
linear shelf break (thick dashed line) as shown in Fig. 7.2.
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Figure 7.4: Dip-orientated profile of seismic line S78-009 intersecting the southern region of the Durban
Basin. Note the limited thickness of units D and E, suggesting sediment starvation in this portion of the
basin. Note the lack of a well-defined palaeo-shelf edge, suggesting a ramp, as opposed to shelf-break,
type margin.
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Figure 7.5: Two-way time contour map of the S5 (mid-Miocene) erosional surface. Note the prograded
shelf edge north of Jc-Bl, related to the deposition of unit D. White polygons denote position and
orientation of canyon systems incised into surface S5. Note the sinuous nature of the slope-confined
southern canyon, compared with the linear palaeo-shelf indenting central and northern canyons, and the
relatively shallow slope gradient between 1.0 and 1.5s TWT across the southern basin compared with the
steep gradients north of Jc-B1.

7.2.2 Sedimentation Rates

Although well data within the basin are limited, and distances between data are large, all wells intersect the
entire succession. Average sediment thicknesses of individual units with average sedimentation rates in m/myr
are outlined in Table 7.1.

Due to its limited areal extent, sedimentation rates of unit A are potentially erroneous as the succession thickens
downdip of borehole intersections. Sedimentation rates during deposition of unit A between the Barremian and
Cenomanian indicate a slight increase in sedimentation rate from 6.1 m/myr for facies Al to 10.5 m/myr for
facies A2.

A marked sedimentation rate increase of 15.8 m/myr is noted across the S2 erosional surface in the basin.
Although no sedimentation rate data exist for facies B1 as it has not been intersected, the marked increase in
sedimentation is noted in facies B2 with a rate of 26.3 m/myr and a flux of 6.9 x10%km®/myr (Table 7.1).

Although a slight decrease in sedimentation rate is noted in Unit C across the S3 erosional surface, rates remain
high throughout the late Cretaceous (Table 7.1). Sedimentation rates during this period are exceptionally
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consistent showing a rate of 20.0 m/Myr for facies C2 and 19.9 m/myr for facies C3. A lowering of
sedimentation rates are suggested for facies C5 prior to the development of the Oligocene S4 erosional surface.

The Oligocene is represented by an increase in sedimentation within the basin from 11.3 m/myr to 35 m/myr
across the S4 erosional boundary. Sedimentation rates diminished slightly in the late Oligocene and early
Miocene (Table 7.1). Sedimentation rates defined for Jc-B1 and Jc-C1 in Table 7.2 suggest that, during the
Oligocene and early Miocene, the southern basin was subject to sediment starvation with a sedimentation rate of
5 m/myr, compared to 38 m/myr and 23.8 m/myr for facies D2 and D3 respectively. Renewed sedimentation
throughout the basin is noted across the S5 erosional boundary with the late Miocene defined by elevated rates
of 23.5 m/myr (Table 7.1).
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overlying seismic surface S5. Note the slope confined canyon incisions of the central canyon, and
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7.3 DISCUSSION
7.3.1 Sediment supply regimes

Since the initiation of Gondwana breakup in the mid-Jurassic (Watkeys and Sokoutis, 1998) several hundred
thousand cubic kilometres of material have been eroded from the southern African continent (Said et al., 2015).
Voluminous denudation in southern Africa lead to the formation of the Great Escarpment (Partridge and Maud,
1987; Partridge, 1997; 1998; Moore, 1999; Partridge and Maud, 2000; Guillocheau et al., 2012) which separates
a high altitude (1000-1500 m) interior plateau from deeply incised coastal regions (Figs 4.1; 7.8).

Two fundamentally different hypothesis for the timing of uplift in southern Africa have been proposed. A
Mesozoic period of uplift is proposed by Brown et al. (2002), de Wit (2007) and Tinker et al. (2008), whilst a
mid- to late Tertiary origin of the modern topography is proposed by Partridge and Maud (1987); Partridge
(1997), Moore (1999) and Burke and Gunnell (2008). Flowers and Schone (2010) suggest that these two
hypotheses reflect fundamentally different causes of elevation gain with Mesozoic uplift potentially related to
deep mantle processes (cf. de Wit, 2007), whilst Cenozoic uplift could be a result of shallow convection and
thermal modification of the upper mantle (cf. Burke and Gunnell, 2008).

Flowers and Schone (2010) suggest that the southern African plateau was subject to major unroofing in the
Mesozoic, coincident with kimberlite magmatism in the interior of South Africa between 143-145 Ma, and
continental rifting within and along the plate margins. Within the Durban Basin however, early Cretaceous
sediment supply is limited, with sedimentation confined to individual graben depocentres. This localised
deposition is also noted by Walford et al. (2005) and Said et al. (2015) in Mozambique, with McMillan (2003)
suggesting that the Durban Basin only came into being as a single major depocentre in the mid-Campanian.

Increased sedimentation within the basin does however occur subsequent to the major S2 sequence boundary
which formed during the Cenomanian-Turonian (~90 Ma). This period is coincident with large scale erosion
around southern Africa associated with forced regression on the continental shelves (McMillan, 2003). Flowers
and Schone (2010) identified apatite thermochronometry dates for southern Africa clustering around ~100 Ma,
and therefore suggested that the Cenomanian represents a change from Mesozoic mantle heating to mid- to late
Cretaceous cooling in the subcontinent. It is further suggested that plateau elevation gain and subsequent
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denudation in the mid- to late Cretaceous was due to mantle buoyancy related to deep mantle processes which
drove the breakup of Gondwana (Flowers and Schone, 2010).

Said et al. (2015) propose a major shift in drainage which affected south-eastern Africa during the Late
Cretaceous—earliest Palaeocene. This shift, defined by numerous authors (Moore and Larkin, 2001; Haddon and
MccCarthy, 2005; Goudie, 2005), is suggested to have been accompanied by intracratonic subsidence as well as
flexural uplift along the Indian Ocean margin (Said et al., 2015). Said et al. (2015) suggest that during this
event, the size of the drainage basin supplying sediment to the east African margin was decreased significantly,
reducing sediment supply rates to the northern Natal Valley. This however is not the case in the Durban Basin,
whereby high sedimentation rates in unit C suggest off-shelf sediment-forcing during sea level lowstands with
sedimentation of facies C2 a product of deltaic deposition from large river systems (Dingle et al., 1983;
Goodlad, 1986). Brown et al. (2002) suggest that the KwaZulu-Natal coastal margin underwent rapid post-
breakup river incision seaward of a pre-existing drainage divide located east of the present escarpment. This
period of polycyclic erosion is defined by Partridge and Maud (1987) as the “African Cycle of Erosion” which
resulted in advanced planation of the subcontinent interior and multiple pulses of epeirogenic sedimentation in
the newly formed Mesozoic basins. Partridge and Maud (1987) suggest that these sedimentation pulses are
exemplified by the late Cretaceous St Lucia Formation in the onshore Zululand Basin, coeval with lowstand
systems tract deposition of facies C2 and C3 in the Durban Basin.

During the Cenozoic, south-eastern Africa was subject to multiple phases of epeirogenic uplift (Partridge and
Maud, 1987; Partridge 1998; Moore, 1999; Walford et al., 2005), leading to the development of the African
planation surface, fluvial incision and increased sediment supply to the offshore areas (McCormick et al., 1992;
Burke and Gunnell, 2008). Although the most prominent period of uplift is defined for the Oligocene, Walford
et al. (2005) propose two periods of Neogene uplift, the smaller of which is thought to have begun in Early
Miocene times, whilst a second greater magnitude event occurred in the Pliocene.

Within South Africa, Partridge and Maud (1987) propose that moderate uplift and westward tilting of the sub-
continent during the early Miocene was accompanied by minor coastal monoclinal warping with maximum
uplift occurring along the Ciskei-Swaziland Axis in KwaZulu-Natal (Fig. 7.8). This episode accounts for the
development of the Post-African | erosion surface, with renewed sedimentation to the coastal zone via short, fast
flowing minor river systems allowing for the deposition of the Uloa Formation (Partridge and Maud, 1987).
Only the palaeo-Tugela River (Fig. 4.1) represented a major point of sediment flux. However, as defined by the
geometry of the seismic reflectors associated with units D and E, sediment supply appears to have been
imbalanced, with abundant supply to the north (Figs 7.1; 7.2) and sediment starvation of the shelf in the
southern portions of the basin (Figs 7.1; 7.4).

Partridge and Maud (1987) and Burke and Gunnell (2008) suggest that Miocene uplift during the post African
Surface | cycle caused erosional rejuvenation with active deltaic and deep marine fan sedimentation along the
east African margin through the lower to mid-Miocene. Seismic reflection analysis from the current study,
suggests that mid-Miocene sedimentation occurred predominantly on the slope, with zones of sediment bypass
and erosion dominant within the shelfal region of the basin (Fig. 7.2). Although Burke and Gunnell (2008)
suggest that deep water slope fans would have been deposited during this lowstand event, Goodlad (1986) and
Wiles et al. (2013) propose that flow initiation, winnowing and reworking by North Atlantic Deep Water
(NADW) since the early Miocene may have led to removal of such features in the deep basin (Figs 7.6; 7.8).
These sedimentation patterns appear similar to systems defined by Palermo et al. (2014) for the Eocene deep
water fan system of the Coral Sequence in Mozambique.



Table 7.2: Sediment accumulation rates within the Jc-B1 and Jc-C1 wells offshore Durban.
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Jc-B1 Average

Jc-B1 - Sediment

Jc-C1 Average

Jc-C1 - Sediment

Unit Facies Surface ;I'r:]m::) Period Sediment Accumulation Rate Sediment Accumulation
y Thickness (m) (m/myr) Thickness (m) Rate (m/myr)
F4
F3 53 50 9.4 60 11.3
F
F2
F1
S6
E3
8.5 230 27.1 180 21.2
E E2
El
S5
D3 10.1 240 23.8 50 5.0
Sda
D
D2 10 380 38.0 50 5.0
D1
S4
C5 22.1 1000 45.2 700 31.7
3C
C4 10 210 21.0 250 25.0
C 3B
C3 17.6 0.0 0.0
c2 10 300 30.0 450 45.0
C1 10 0.0 0.0
S3
B2 7.6 50 6.6 550 724
B
Bl
S2
A2 19.1 400 20.9 150 79
A
Al 16.4 450 27.4 200 12.2
S1
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7.3.2 Sedimentation Rates

Detailed analyses of sedimentation rates for various regions of the southeast African continental margin have
been undertaken (Martin, 1987; McCormick et al., 1992; Walford et al., 2005; Said et al., 2015; Uenzelmann-
Neben and Clift, 2015). Although many studies deal primarily with recent sedimentation, Walford et al. (2005)
and Said et al. (2015) depict sedimentation in Mozambique from the early Cretaceous (Fig. 7.8). Results from
these studies are largely similar to results obtained here, with peak sedimentation rates (Fig. 7.8; Tables 7.1; 7.2)
coinciding with periods of epeirogenic uplift in southeast Africa (Partridge and Maud, 1987).

Sedimentation flux rates identified for the early Cretaceous depocentres within the Durban Basin (Table 7.1)
indicate limited sedimentation of ~6—10 m/myr (Table 7.1). These are similar to results obtained by Walford et
al. (2005) and Said et al. (2015) in Mozambique suggesting limited sedimentation along the east African shelf
during this period. The variability in early Cretaceous sedimentation rates dependent on depocentre focus and
depth can be noted in Table 7.2 where marked differences are identified for facies A2 in Jc-B1 (20.9 m/myr) and
Jc-C1 (7.9 m/myr).

De Wit (2007) and Tinker et al. (2008) identified pronounced increases in denudation and denudation rates in
the interior of southern Africa in the mid Cretaceous (~100 to ~80 Ma), with coincident increases in sediment
accumulation rates at ~95 to ~70 Ma in the Outeniqua Basin on the south coast. This event coincides with the
Cenomanian-Turonian unconformity identified around southern African (McMillan, 2003) with similar
increases in sediment supply noted in the Turonian-age facies B2 in the Durban Basin (Table 7.1). It must be
noted that as this period coincided with rapid sea-level fall and shelf bypass, sedimentation was restricted
primarily to the shelf and slope, as indicated in Jc-B1 and Jc-C1 sedimentation rates for this period (Table 7.2).

Sediment flux within the Durban Basin shows a marked increase from 1.6 to 6.9 x103%km®/myr across the S2
sequence boundary. Similar increases in sedimentation in the Mozambique Basin and northern Natal Valley are
documented by Walford et al (2005) and Said et al. (2015) respectively (Fig. 7.8). Walford et al. (2005) suggest
a period of increased sediment flux (4 x10%km3myr) in late Cretaceous (90-65 Ma) times, which they propose
was synchronous with rapid denudation in the Zambezi River catchment of central southern Africa. Said et al.
(2015) show similar sediment flux within the northern Natal Valley, whereby sediment input increases
dramatically at ~110 Ma (Fig. 7.8). Said et al. (2015) propose that the northern Natal Valley underwent an
extended period of high sediment flux (=5 x10%km?myr) throughout the late Cretaceous suggesting that
increased uplift and denudation was associated with mid- to late Cretaceous kimberlite volcanism across the
southern African hinterland. In accordance with Partridge and Maud (1987), it is proposed that, by the mid-
Cretaceous southern Africa attained high absolute elevations which led to the initiation of the Great Escarpment
during initial denudation during the African cycle of Erosion in the mid- to late Cretaceous. These high interior
elevations led to increased denudation especially along the KwaZulu-Natal coast (cf. Brown et al., 2002) with
increased offshore sediment flux limited to the slope and basin floor.

A marked decrease in early Cenozoic sedimentation rate is identified in both Jc-B1 and Jc-C1 (Table 7.2). This
reduction in sedimentation is likely related to limited sedimentation due to associated marine transgression and
highstand during this period. This is identified in facies C4 representative of a transgressive systems tract
healing phase wedge comprising deep marine claystone. Although not pronounced in overall sediment flux rates
(Fig. 7.8), a marked increase in sedimentation is noted across the 3C surface (Table 7.2), with sedimentation of
facies C5 correlated with progradation of the proto-Tugela Cone during sea level highstand in the Eocene (cf.
Haqg et al., 1987). Similarly in Mozambique, Walford et al. (2005) and Said et al. (2015), indicated reduced
sediment flux during this period compared with the mid- to late Cretaceous (Fig. 7.8).

Similar to the rates defined by Said et al. (2015) for the southern Mozambique coastal plain, sedimentation
within the Durban Basin reflects a ~20 m/Myr increase across the S4 erosional reflector (Fig. 7.8).
Sedimentation rates, although high, declined marginally through the late Oligocene and early Miocene. An
increase of ~4 m/myr occurred across the mid-Miocene S5 erosional surface (Table 7.1), suggests increased
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denudation within the southeast African hinterland during this period (cf. Partridge and Maud, 1987; Burke and
Gunnell, 2008). It is therefore proposed that, within the Durban Basin, increased sedimentation rates within the
Neogene occur following erosional episodes in the early-Oligocene, and mid-Miocene.

~ Ciskel-Swaziland Axis of Maximum Neogene Uplift (after Partridge 1998) \To Zambezi Delta (Walford et al. 2005)

- To Southern Mozambigue (Said et al. 2015)
.~ Neogene Shoreline (after Dingle et al. 1983) B

o
Lt

- e 56 =
. Miocene Uplift (after Partridge 1997) e // Y E q E
- ) E 1 |3
K [ “ 2 44 24+
", Canyon Systems (this study) ! \ M e e . _
. ~ 0 X Z2-
~, ; ] R 5
N T ; / * 0 - 0 L -
\ J = { % [ ECret LCretPdEocOlMo B~ [ E.Cret L. CretPdEoc OMio
! “' Johannesbul‘é / H @ 140 120 100 80 60 40 20 O * 140 120 100 80 60 40 20 O
o= (after Said et al. 2015) (after Walford et al. 2005)

1
|
1
1
I
I
a

@
Lot
|
L

. A
\ - B\Demfonmlg \

~
Lo

Great Escarpment . i
P h'“"/ ./ Fan winnowing'

and reworking
by NADW

[N}
.

E.Cret L. CretFa Eoc ‘OI Mio
140 120 100 80 60 40 20 ©
(this study)

J 0

{ e~y
N AN {250
— ~N 0

N~

o

Sed. Flux (x10° km’/Myr)

Port
200m . Elizabeth

L2
_____

e

i
i :
f !
i < :
bl -
~ L
N [
PR N
Neh N
- Orientation of Agulhas Current flow (after Schluter and Uenzelmann-Neben, 2008)
Orientation of North Atlantic Deep Water (NADW) flow (after Wiles et al.,2013; 2014)
NADW.

Figure 7.8: Schematic map depicting changes in sedimentation rates, submarine canyon systems, tectonic
events, and oceanographic activities that occurred during the mid-Miocene. Amplitudes of epeirogenic
uplift along the southeast African margin after Partridge (1997). Axis of maximum Neogene uplift after
Partridge (1998). Regional oceanographic currents are adapted from Schliter and Uenzelmann-Neben
(2008) and Wiles et al. (2013, 2014). Sedimentation rates for southern Mozambique and the Zambezi
Delta after Said et al. (2015) and Walford et al. (2005) respectively.

7.3.3 Incipient Shelf Development

Neogene sedimentation within the Durban Basin is dominated by the basinward advance of the Tugela Cone
delta during normal-regressive sea level lowstands (Chapter 6). The moderate amplitude, aggradational to
progradational offlapping seismic reflectors of facies C5 (Unit C) in the northern basin (Fig. 7.2), represent
initial progradation of the Tugela Cone delta (sensu Santra et al., 2013). An initial Eocene pulse of lowstand
sedimentation (McMillan and Dale, 2000) led to the formation of the incipient shelf edge, from which the
contemporary shelf has prograded. This sedimentation pattern is analogous to the lower-Eocene Coral Sequence
of the Mamba gas field, Mozambique, which is interpreted as a lowstand deepwater fan deposit overlying a
channelized basal erosive unconformity (Palermo et al., 2014).

Deposition of unit D, subsequent to the early Oligocene (McMillan and Dale, 2000) S4 hiatus event, is
correlated with a late Oligocene to early Miocene, asymmetrical, mixed siliciclastic-carbonate sediment wedge.
Intercalated carbonate (low terrigenous sediment input) and siliciclastic (high terrigenous sediment input)
sediments (Figs 7.1; 7.2; 7.5) were possibly fed by occasional discharge from the palaeo-Tugela River
(siliciclastic input). The southern basin however, is defined by a shallow ramp margin and wide continental rise,
the succession of which is carbonate-dominated (e.g. Jc-C1 borehole), with a ~100 m thick succession of
coquina observed (Muntingh, 1983; Chapter 6 this study). It is proposed that this variability in sedimentation is
related to oceanic current circulation controlled sedimentation patterns within the Durban Basin as defined by
Green (2009a) and Wiles et al. (2014).



79

In northern KwaZulu-Natal and Mozambique, lower Miocene lagoonal to shallow marine coquina and sandy
limestone of the Uloa (Roberts et al., 2006) and Temane Formations (Flores, 1973) crop out as isolated outliers.
Cooper et al. (2013) suggest that, within the vicinity of Lake St Lucia, the Uloa Formation represents a multiple
stack of normal regressive shoreline deposits. du Toit and Leith (1974) correlated the Uloa Formation with a
~140 m thick coquina identified in the Jc-Al borehole, and with the identification of early Miocene coquina in
all wells within the Durban Basin, it is further proposed that unit D represents the lateral equivalent of the
Temane Formation and the offshore equivalent of the Uloa Formation. The unit likely represents a mixed
siliciclastic-carbonate wedge deposited during normal regressive, late highstand to lowstand conditions similar
to that described by Catuneanu et al. (2011).

In both northern KwaZulu-Natal (King, 1969) and Mozambique (Flores, 1973; Forster, 1975), the early
Miocene succession is truncated by a mid-Miocene erosional surface, overlain by glauconitic sandstones or
calcarenites of late Miocene to early Pliocene age (King, 1953; 1969; Frankel 1966; 1969). It is therefore
proposed that the erosional episode (Surface S5) which incises unit D within the Durban Basin (Figs 7.1; 7.2) is
correlative with this erosional surface. This surface marks the termination of the calcarenite succession in
borehole Jc-B1, overlain by late Miocene to early Pliocene glauconitic sandstones (Unstead et al., 1983). A
similar succession has been identified on the west coast of South Africa (Wigley and Compton, 2006) where a
transition from carbonate-dominant to glauconitic sandstone assemblages is identified across a mid-Miocene
erosional surface (Weigelt and Uenzelmann-Neben, 2004; Kuhlmann et al., 2010). The identification and
correlation of such erosional surfaces around southern Africa suggests that sediment bypass and submarine
erosion was dominant throughout the continental shelves during this period.

7.3.4 Development and architecture of submarine canyon systems

The stratigraphy of the Durban Basin is interspersed by regional unconformity surfaces representative of
sequence boundaries (Martin, 1984; Goodlad, 1986; Chapter 6 this study). Wiles et al. (2013) identified three
erosional surfaces (S4-S6 of this study) related to episodes of uplift and associated marine regression,
manifested as a series of incision events within the palaeo-Tugela Canyon (central incision: Figs 7.6; 7.7). Wiles
et al. (2013) were however unable to correlate these regionally across the palaeo-shelf and slope. Like Wiles et
al. (2013), it is here proposed the incisions of surface S5 in this dataset represent a series of palaeo-canyons that
have incised the upper slope and outer shelf of the Durban Basin. It is further proposed that the S5 erosional
surface identified in this study correlates with the Miocene sequence boundary and incision episode proposed by
Wiles et al. (2013).

New shelf-wide analyses of seismic and well data presented in this study clearly define three canyon systems
that are morphologically similar to systems that incise continental margins elsewhere (e.g. Pratson et al., 1994;
Wigley and Compton, 2006; Covault et al., 2011; Harris and Whiteway, 2011; Jobe et al., 2011). Cross-slope
incision relief profiles of the S5 erosional surface are comparable with a series of buried, U and V shaped,
Miocene palaeo-canyon systems on the New Jersey continental shelf (Miller et al., 1987; Fulthorpe et al., 2000).
Two canyon morphologies are evident within the Durban Basin; the classically-described Type | canyons
(Shepard, 1981; Pratson et al., 1994; Green and Uken, 2008; Lastras et al., 2009; 2011; Pattier et al., 2015) with
erosional morphologies and a coarse-grained fill; and Type Il canyons (Hagen et al., 1994; Zhu et al., 2009;
Jobe et al., 2011; Soulet et al., 2016), defined by aggradation and mud-dominated fills.

It is suggested that the northern and central incisions represent “Type I” canyons which indent the shelf edge
(Fig. 7.5) similar to canyons defined by Pratson et al. (1994) and Fulthorpe et al. (2000). These systems have
linear trajectories with concave longitudinal profiles comparable with systems along erosional or immature
continental margins (Covault et al., 2011). Covault et al. (2011) associate these profiles with steep continental
slopes, narrow shelves and short hinterland river systems analogous with the east coast of South Africa.
Although no boreholes intersect the canyon systems within the Durban Basin, high amplitude, wavy, onlapping
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seismic reflection architecture (shown as annotated reflectors in Figs 7.1; 7.6; 7.7) suggests deposition of
coarse-grained canyon fill through either debris flow (Shanmugam, 2000), high energy erosive turbidity currents
(Jobe et al., 2011) or mass wasting (Harris and Whiteway, 2011). Gerber et al. (2009) demonstrated that similar
linear canyon systems within the narrow Catalan margin formed through erosion by coarse-grained sediment
gravity flows on steep slopes terminating in basin floor fan system lobes. The Durban Basin however, is unique
as although basin floor fan systems would likely have developed, Wiles et al. (2013) suggest that bottom current
winnowing and reworking led to removal/non-deposition of these features.

The southern incision is considered representative of a “Type II” canyon (Fig. 7.5), exhibiting a sinuous to
meandering path, similar to the canyon systems defined by Hagan et al. (1994). The aggradational, smooth, U-
shaped seismic reflection architecture and diffuse reflector zones (Fig. 7.1) are considered to be related to the
low energy deposition of (possibly) mud-dominant channel-fill lithologies (Figs 7.1; 7.7 — grey shade). Jobe et
al. (2011) infer similar processes at play in canyons they identified. The southward thinning of the “high-
supply” units D and E into the southern basin suggest the formation of a sinuous Type Il canyon in a sediment-
starved portion of the margin.

The southern canyon system exhibits a slightly concave longitudinal profile, similar to profiles defined by
Covault et al. (2011) for mud-rich systems. Although these systems are commonly associated with supply-
dominated passive margins (Covault, et al., 2011), it is proposed that the southern canyon in this study is
associated with sediment starvation and limited shelf development with incision likely a response to slumping
and slope failure (e.g. Harris and Whiteway, 2011). Hagan et al. (1994) propose that the sinuosity of submarine
canyons is a function of slope gradient, with Harris and Whiteway (2011) and O’Grady et al. (2000) suggesting
that higher sinuosity canyons occur on gentle, subdued continental margins. Here it appears that the southern
canyon fed sediment to a low-gradient continental rise (Fig. 7.5), similar to mud-rich canyon systems (e.g.
McGregor and Bennett, 1979).

For the Durban Basin, it is suggested that erosional processes caused instability of the shelf-edge wedge,
providing the driving force for canyon inception similar to that defined by Green (2011b) for the northern
KwaZulu-Natal continental shelf. Green (2009a) however indicates that contemporary and palaeo-shelf
development along the KwaZulu-Natal continental margin is a result of a complex interaction between and
submarine canyon topography and strong geostrophic ocean current systems (Fig. 7.8).

7.3.5 Ocean current control on sedimentation and hiatus development

Heezen et al. (1966) were the first to propose that geostrophic bottom currents are principal processes that shape
continental margins worldwide. Palermo et al. (2014) suggest that, within the deepwater Mamba gas field
Mozambique, deposition and sediment winnowing of channelized sand bodies was largely affected by bottom
current flow perpendicular to channelized, high volume, sand-rich turbidites. Bottom flow processes are likely
related to the equatorward flowing North Atlantic Deep Water (cf. van Aken et al., 2004), which prompted the
dispersion of the turbulent fine-grained suspension cloud in asymmetric drift successions with mud-free facies
preserved in the channel system. Similarly within the Natal Valley circulation is dominated by bottom current
circulation of the equatorward flowing North Atlantic Deep Water (Wiles et al., 2014), whilst upper ocean flow
is controlled by the polewards flowing Agulhas Current (Fig. 7.8) (Preu et al., 2011; Wiles et al., 2013).

South of the study area in the Transkei Basin (Fig. 1.3), Niemi et al. (2000) and Schluter and Uenzelmann-
Neben (2007; 2008) proposed that mid-Miocene sequence boundary initiation was the result of a shift in
Antarctic Bottom Water (AABW) (Fig. 7.8) which coincided with global cooling (Zachos et al., 2001). Deep
water cooling, an increase in global oceanic 330 concentrations and ice-growth events within the east Antarctic
ice sheet during the mid-Miocene climatic transition (Shackleton and Kennett, 1975; Flower and Kennett, 1994;
Miller et al., 2005) was associated with eustatic sea level change in the Southern Ocean (Shevenell et al., 2004).
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It is therefore proposed that changes in global oceanic conditions across the mid-Miocene climatic transition
account, in part, to S5 sequence boundary development in the Durban Basin.

Sequence boundary development during the mid-Miocene climatic transition is not restricted to southeast
Africa. Weigelt and Uenzelmann-Neben (2004) identified a mid-Miocene erosional surface that they correlated
with the onset of modern deep oceanic current circulation patterns on the west coast of southern Africa. Liu et
al. (2011) identified age correlative surfaces along the western Australian margin. Further evidence for global
shifts in eustatic sea levels are identified by John et al. (2011) on the east Australian margin, where a marked
shift in foraminifera concentrations, as well as a positive shift in oceanic 580 concentrations correspond with a
major sequence boundary at ~13.9Ma. It is therefore postulated that, as the timing of this global oceanic event is
coincident with epeirogenic uplift in southern Africa, variations in oceanic circulation across the mid-Miocene
climate transition may account for a Miocene unconformity identified in the Durban Basin.

In accordance with Siesser and Dingle (1981) and Kuhlmann et al. (2010), it is thus suggested that Cenozoic
epeirogenesis (Partridge and Maud, 1987) combined with global changes in eustatic sea level (Haq et al., 1987;
1988; Miller et al., 2005; Miller, 2009 and John et al., 2011) and changes in global oceanic conditions
(Shevenell et al., 2004; Holbourn et al., 2007) have had a profound effect on local sea level around southern
Africa. These processes have shaped the stratigraphic architecture of the continental shelves through episodes of
erosion and sediment bypass or marine deposition. It is therefore proposed that these events lead to submarine
canyon incision and the formation of a pronounced offshore erosional surface S5.
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CHAPTER 8

POTENTIAL PLAYS / RESERVOIR ZONES WITHIN THE BASIN

8.1 INTRODUCTION

For the geological storage of CO; to be optimised, suitable strata and reservoir conditions need to be identified.
Whilst a wealth of knowledge exists for CCS projects associated with hydrocarbon provinces (IPCC, 2005; US
DOE, 2008; Wirdemann et al., 2010; Underschultz et al., 2011; Hutcheon et al., 2016), saline aquifer storage,
specifically in under-explored frontier basins, is commonly hampered by a lack of physical data needed to
define CO; storage reservoirs and their storage capacity due to limited exploration activities (Wilkinson et al.,
2013).

This chapter aims to provide the first effective assessment of the CO; storage potential (CSLF, 2005; Bradshaw
et al., 2007; Bachu, 2015) of sandstone packages within the Durban Basin, through analysis of regional seismic
and well log data. Interpretations of the sedimentary architecture of potential stratigraphic traps are discussed.

South Africa, like many countries worldwide, is heavily reliant on fossil fuels for energy supply, with about
90% of primary energy derived from either coal, oil or gas (Engelbrecht et al., 2004). During their technical
review, Viljoen et al. (2010) identified a theoretical storage capacity of 42000 Mt CO; within the combined
offshore Durban and Zululand Basins (Fig. 1.4). Although a low confidence ranking of “1” was given to the
Durban Basin based upon data density and sub-surface heterogeneities (Cloete, 2010), it was selected for study
due to the following factors:

1. Its proximity to potential CO; transport pipelines from major CO; sources
2. Large storage potential as defined by Viljoen et al. (2010)
3. Geological storage potential within stratigraphic and structural settings.

The Durban Basin represents a poorly explored frontier basin (Singh and McLachlan, 2003). Hydrocarbon
exploration is limited to low resolution single-channel seismic reflection data sets (du Toit and Leith, 1974;
Dingle et al., 1978; Martin, 1984; Goodlad, 1986) and four wildcat wells that focused upon potential structural
plays beneath the continental shelf. Due to lack of folding and salt diapirism within the basin, structural traps
predominantly overlie basement horst structures. Faulting within the basin has however allowed for the
formation of roll-over structures through fault drag which are identified as potential trap sites.

Singh and McLachlan (2003) suggest that undrilled plays and leads are developed during two time periods:
- Upper Cretaceous
o Four way dip closures overlying Palaeozoic basement
o Distal turbidite slope fans
o Turbidite sands overlying basement features
- Cenomanian-Turonian
o Distal turbidite slope fans
o Basin floor fan complexes
o Channel sands

The current study however has identified both structural and stratigraphic traps that represent potential sites for
CO; storage. As the large majority of these features remain undrilled further exploration is needed prior to them
being confirmed as a potential CO, storage site.

Although Singh and McLachlan (2003) suggest that all four wells were not optimally positioned, located in
zones of sediment bypass, which did not allow for the formation of substantially thick sandstone packages, two
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laterally extensive sand bodies have been identified. These sand bodies delineate shallow marine shelf sand and
deltaic deposits preserved on the palaeo-ramp margin. Additionally, multiple 4-way closure structures, as well
as basin floor fan complexes at varying stratigraphic levels have been identified. Seismic profiles were selected
to define both the constructional architecture of the continental shelf, as well as delineate potential stratigraphic
and structural traps within potential sand-rich zones as defined by either borehole logs from existing wells, or
sequence stratigraphy.

8.2 STRATIGRAPHIC TRAP RESERVOIR SYSTEMS

Within the Durban Basin, six seismic units (A-F) are delineated. These are defined by seismic bounding
surfaces, reflector and unit impedance, and internal-reflector characteristics (Fig. 8.1; Table 8.1). As discussed
in Chapter 6, unit A represents a syn-rift sedimentary succession whilst the overlying units (B-F) were
deposited during passive margin construction. Individual units are separated by regionally pervasive, high
amplitude, erosional seismic reflectors (Fig. 8.1). Units are commonly characterised by multiple seismic facies
defined by specific seismic characteristics and architectures (Fig. 8.1).
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Figure 8.1: General overview of seismic stratigraphy of the Durban Basin.

On the basis of depth below seafloor, sedimentology, seismic architecture and reservoir properties, sedimentary
units within four facies are identified as having CO, storage potential with well-defined reservoir-seal pairs.
These include facies B1 and the basal zone of facies B2 (of unit B), and facies C1 and C2 within unit C (Table
8.1). Table 8.1 defines the reservoir-seal potential for all units within the Durban Basin. The positions of the
mounds (Reservoirs A-E; G-H) relative to the contemporary shoreline are shown in insets in Figure 8.2. The
spatial position of the shelf-confined ramp and deltaic sediments of Reservoirs F and | are displayed in insets
Figure 8.2.

Table 8.1: Simplified sequence stratigraphic framework for the continental margin within the Durban
Basin, describing seismic units, facies, bounding surfaces, interpreted depositional environment and
reservoir/seal potential of each unit.
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Modern Borehole Lithology =~ Net Reservoir and Seal
Unit  Facies Surface Description Stratal Relationship Summary Thickness Potential
Moderate impedance,
F Progradational sub-parallel, Unconsolidated
F2 wedge progradational reflectors sands None - Too Shallow
S6 Shelf-confined erosional reflector
Moderate impedance,
E sigmoid, progradational
Progradational reflectors overlain by Sandstone and
E2/3 wedge aggradational reflectors coquina 200 m None - No seal
S5 Shelf-confined erosional reflector
Moderate impedance, Calcarenite,
D Progradational steeply dipping, siltstone and
D2/3 wedge progradational reflectors claystone 900 m None - No seal
sS4 Basin-wide Erosional Reflector
Moderate impedance, Inner shelf
Progradational steeply dipping, sandstones and None - seal
C5 wedge progradational reflectors siltstones 950 m unknown
3C Maximum Flooding Surface
Low impedance
aggrading reflectors,
Retrogradational ~ backstep and onlap 3B Deep water
c4 package landward mudstones 600 m Seal
3B Maximum Regressive Surface
c Low to moderate
Aggradational to  impedance, sub parallel, Deep water
Retrogradational ~ aggradational reflectors, mudstones and
C3 Wedge onlap S3 sandy turbidites 500 m Seal
Mudstone and
Moderate impedance, interbedded well-
Progradational steeply dipping, sorted shelf Good - Possible
c2 wedge progradational reflectors sandstones 300 m Reservoir
Moderate impedance,
progradational reflectors, Unknown - possibly Good - Possible
C1 Slope Fan downlap and onlap S3 sandy turbidites 250 m Reservoir
S3 Shelf-confined erosional reflector
Low to moderate amp Mudstone Seal - Upper facies
) sub parallel reflectors, dominated top _
Aggradational onlap S2 updip. Sanc!stone Good - Basal fame_s
B2 ramp dominated base 250 m - Possible Reservoir
High impedance
B progradational reflectors
that downlap and onlap
S2, individual mounds
show internal
progradation but Unknown - possibly Good - Possible
B1 Basin-floor Fan retrograde as packages. sandy turbidites 250 m Reservoir
S2 Basin-wide Erosional Reflector
Aggradational to
A Progradational packages Good — Possible
Syn-rift valley that onlap S1 against Clay-rich sandstone Structural Closure
Al/2 fill basement highs and conglomerate 950 m Reservoirs
S1 Basin-wide Erosional Reflector
Diamictite,
Acoustic sandstone and/or
BASEMENT Basement volcanics Unknown None - Basement
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Figure 8.2: Lithographic logs and associated correlations of the Jc-series wells drilled within the Durban
Basin. Spatial positions of all identified reservoirs are shown in insets.
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8.2.1 Reservoir A - Turonian

Reservoir A is resolved in seismic line S74-007, where a mounded structure is preserved overlying seismic
reflector surface S2 basinward of a large horst structure (Closure C). The reflectors form part of facies C1 in
unit C, and onlap updip against the underlying reflector. The fan attains a maximum thickness of 283 millisec
TWT (~226 m), but thins up and downdip to zero over a length of 15 km along S74-007. The areal extent of the
fan complex is unfortunately poorly constrained due to limited intersecting seismic profiles, however a ~125
km? extent is postulated.

8.2.2 Reservoir B - Turonian

Reservoir B is intersected in numerous seismic lines, but is most well defined in line S97-19. The basin floor fan
complex overlies reflector surface S2, with multiple retrogressive mounded reflector package pinching out
updip against the underlying reflector surface. The fan complex attains a potential thickness at its crest of 176
millisec TWT (~140 m) which thins updip to zero over a distance of ~10 km. The areal extent of the fan
complex is approximately 300 km? defined by bright, high amplitude reflectors.

8.2.3 Reservoir C — Turonian

Reservoir C is intersected by seismic line S74-005, where a ~344 millisec TWT (275 m) thick mounded
reflector package is resolved. Internally the reflectors exhibit a progradational architecture, but thin up and
downdip, onlapping and downlapping the underlying S2 reflector surface. Seismic control on areal extent is
limited to one seismic line, but the fan complex is postulated to cover an area of ~130 km?.

8.2.4 Reservoir D = Turonian

Reservoir D occurs as a mounded reflector package best resolved in seismic line S97-05. Internal architecture is
not well defined, but the fan complex thins up and down dip over a distance of ~10 km. The fan complex attains
a maximum thickness of 250 millisec TWT (~200 m) with an areal extent of ~50 km?,

8.2.5 Reservoir E = Turonian

Reservoir E is preserved seaward of Jc-D1 whereby mounded reflectors are identified in S97-10B. The complex
is defined by bright, high amplitude reflectors which overlie reflector surface S2. At its crest the mounded
structure attains a thickness of ~600 millisec TWT (480 m) which thins up and down dip with internal reflectors
onlapping against the underlying surface. Mapping of the structure suggests an areal extent of ~300 km? for the
fan complex.

8.2.6 Reservoir F - Turonian

Reservoir F is intersected in Jc-B1, represented by a 28 m thick, coarsening upward, medium- to coarse-grained
sandstone unit. The reservoir directly overlies either the S2 erosional surface or basement in the proximal zone.
In both Jc-Al and Jc-D1 the reservoir zone is marked by a pronounced high to low gamma frequency variation
upwards through the succession. The unit can be intermittently traced for ~70 km along a coast-parallel
orientation covering an area of approximately 700 km?.
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8.2.7 Reservoir G — Campanian

Reservoir G is identified in seismic line S97-15B where a mounded seismic reflector package overlies seismic
reflector surface S3. The lateral extent of the fan complex is not well defined but at its thickest the package is
represented by a 188 millisec TWT (150 m) succession of high amplitude, bright reflectors. Internally, reflectors
onlap the underlying surface updip over a length of ~8 km. As the complex is not well resolved outside of line
S97-15B, an overall extent of ~13 km? is postulated.

8.2.8 Reservoir H—- Campanian

Reservoir H is resolved along seismic line SA76-8 where a mounded structure overlies seismic reflection
surface S3. Unfortunately no lateral seismic control is available for this structure and therefore an areal extent of
~700 km? is postulated. The fan complex attains a maximum thickness of ~260 millisec TWT (200 m) with
internal reflector geometries suggesting onlap updip and downlap downdip against the underlying surface.

8.2.9 Reservoir | - Campanian

Reservoir | forms a ~120 km long, coast parallel, progradational unit within the inner shelf of the basin. The
reservoir unit can be resolved over an area of ~1000 km? in the proximal basin, intersected in no less than 20
seismic profiles and three wells (Jc-Al, Jc-B1 and Jc-C1). The succession comprises interbedded sandstone and
claystone, attaining a thickness of ~87 m in Jc-C1. Sandstones are fine to coarse-grained, and well sorted with
individual sandstone thicknesses varying from 5 to 20 m.

8.3 SEDIMENTOLOGY OF STRATIGRAPHIC TRAP RESERVOIR-SEAL PAIRS
8.3.1 UnitB

Unit B overlies unit A along an erosional, high amplitude seismic reflector S2 (Figs 8.1 and 8.3). Unit B,
comprises two facies, B1 and B2 (Fig. 8.3), and is developed on a shallowly dipping proto-margin (Fig. 8.1).
Facies B1 is laterally discontinuous, characterised by mounded, high amplitude seismic reflectors (Fig. 8.3). The
positions of the mounds (Reservoirs A—E) relative to the contemporary shoreline are shown in Figure 8.2. The
seismic architecture of facies B1 is defined by progradational, seaward-dipping reflectors which downlap the
underlying reflector S2 (Fig. 8.4). The mound architecture varies between sheet mounds as in Reservoir C, (Fig.
8.4) and stacked mounds such as in Reservoir A (Fig. 8.5). Stacked mounds exhibit a progradational internal
clinoform architecture separated by sheet-like High Amplitude Reflection Packages (HARPS) (Figs 8.5 and 8.6).
In coast-perpendicular section, the upper mound retrogrades over the lower fan with successive updip migration
of the internal clinoforms (Fig. 8.5). These clinoforms onlap successively landwards onto the underlying surface
S2 (Fig. 8.5). Along strike, the mounds exhibit erosional internal architectures separating bright, high amplitude
reflectors from diffuse, low amplitude zones (Fig. 8.6).

Although mounded structures of facies B1 are not intersected by the boreholes, a 28 m thick, coarsening
upward, medium- to coarse-grained sandstone unit is intersected in Jc-B1, 3.8 km updip of a mounded feature
(Figs 8.2; 8.3). This unit (Reservoir F) represents a basal package of facies B2, identified in all but the Jc-D1
borehole. A low gamma signature is however noted at this zone in the corresponding petrophysical log of Jc-D1
(Fig. 8.2). The material is a fine- to coarse-grained, very well-sorted sandstone with thicknesses that vary from 5
to 28 m. Overlying the basal package, the seismic reflectors of facies B2 comprise a stacked succession of
aggradational, high impedance reflectors best represented in Jc-B1 and Jc-C1 where it is associated with a
succession of claystone and subordinate siltstone (Fig. 8.3).
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Figure 8.6: Coast-parallel seismic architecture of Reservoirs D and E. Note the channel and levee
structures within individual fans.

8.3.2 UnitC

Unit C, erosionally separated from the underlying successions by reflector S3, is defined by moderate
amplitude, offlapping, progradational reflectors that downlap the underlying units seaward. Five facies (C1-5)
(Fig. 8.1) are resolved beneath the contemporary shelf and slope, separated by diffuse to pronounced reflectors.

Facies C1 is laterally discontinuous, comprising mounded reflectors with prograding internal architectures
which downlap the underlying reflector S3 (Fig. 8.7). Along the lower slope, in the south of the basin, a
pronounced mounded feature (Reservoir H) that exhibits variable internal reflectors including incision fills,
HARPs, and inter-leveed bright to diffuse wavy reflectors is developed (Fig. 8.7).

Facies C2 is confined to the proximal basin where it is defined by a wedge of predominantly progradational
seismic reflectors that downlap the underlying surface S3 (Fig. 8.1). Facies C2 is intersected in three wells (Jc-
Al, Jc-B1 and Jc-C1) where it comprises an interbedded succession of sandstone and claystone defined as
Reservoir | (Figs 8.2; 8.3). This facies attains a thickness of ~87 m in Jc-C1 (Fig. 8.2). Sandstones are fine- to
coarse-grained, and well sorted with individual sandstone thicknesses varying from 5 to 20 m.

Facies C3 is resolved seaward of facies C2, in the distal basin, where it overlies either facies C1 or reflector S3
(Fig. 8.1). The facies is defined by aggradational to progradational internal reflectors. The gamma ray and
lithological logs suggest siltstone and claystone deposits, with subordinate sandstones lenses capping upward-
coarsening cycles (Fig. 8.2).

Facies C4 comprises low impedance, sub-parallel to parallel, aggradational to weakly retrogradational reflectors
which overlie facies C2 and C3 along a marked high amplitude reflector surface 3B that defines the base of the
most prominent onlap (Fig. 8.1). In this facies, the corresponding lithostratigraphy is dominated by marine
claystone and siltstone with the facies capped by a moderate to high gamma ray signature claystone in Jc-C1
(Fig. 8.2).

Facies C5 is confined to the proximal basin, only intersected by the Jc-C1 borehole, where it caps unit C as a
prograding wedge. This wedge oversteps facies C4 seaward along a downlap surface 3C (Fig. 8.6). This facies
comprises an overall coarsening upward succession of claystone to medium-grained sandstones (Figs 8.1 and
8.2). The succession is truncated by a major regional erosional reflector S4 that incises facies C5 in the proximal
basin and facies C4 in the distal basin.
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Figure 8.7 e of Reservoir H showing the complex internal reflector structure
comprising channel-levee units in the middle fan and stacked sheet sands in the lower fan. Note how
individual fan structures are separated by laterally extensive HARP’s.

8.4 DISCUSSION - Stratigraphic Trap Reservoirs

Although CO; storage is commonly focused on laterally extensive saline aquifers formed by either shallow
marine sand-rich shelf systems (Galloway, 2002) or fluvial braid-plain sandstone deposition (Noy et al., 2012;
Leetaru and Freiburg, 2014), deep-water hydrocarbon bearing reservoir systems are commonly associated with
stacked basin floor fan systems similar to those described by Carman and Young (1981) in the North Sea, and
Dailly et al. (2013) offshore Ghana. Such systems have become targets for potential CO, storage, as outlined by
Gibson-Poole (2009) and Borissova et al. (2013) for basin floor fan systems in Australia. Reservoir packages
within the Durban Basin are confined to units B and C with multiple targets identified in basin floor fan systems
as well as laterally extensive shallow marine shelf, and deltaic sands.

8.4.1 Cenomanian-Turonian Reservoirs — Domo Formation Equivalents
8.4.1.1 Distal Basin Reservoir Systems

Reservoir systems A-E within facies B1 occur as a series of progradational, mounded features (Figs 8.2-8.6)
similar in geometry to the basin floor fan systems defined by Bouma (2000) and Shanmugam (2016). Internal
clinoform orientations suggest interaction between progradational sheet sand (Fig. 8.4) and erosional channel
and channel-levee structures (Figs 8.5; 8.6) as discussed by Shanmugam et al. (1995), Mayall et al. (2006), and
Shanmugam (2016). It is likely these deposits formed by off-shelf sediment forcing of high-density turbidite
currents (Lowe, 1982; Heller and Dickinson, 1985; Catuneanu et al., 2011) or sandy debris flows (Shanmugam,
2016). It is therefore proposed that Reservoirs A-E comprise basin floor fan systems deposited during late
forced regression and early normal regression, related to global and local sea-level fall during the late
Cenomanian and early Turonian (Dingle et al., 1983; Haq et al., 1987, 1988; Miller et al., 2005; Miller, 2009).

Unlike classic submarine canyon-associated fan systems (e.g. Normark, 1970; Bouma et al., 1985; Posamentier
and Allen, 1999; Shanmugam, 2016), the Durban Basin at first comprised a ramp margin with no associated
single-point canyon feeder system. Heller and Dickinson (1985), Stow and Mayall (2000) and Porebski and
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Steel (2003) suggest that, in ramp margin settings where multiple shelf sediment sources are available, proximal
fan systems develop with no defined canyon feeder systems. In direct comparison with the fan systems
identified in this study, Castelino et al. (2015) indicate a similar lack of shelf indenting, feeder canyons for
submarine fan systems of the distal Domo Formation within the Turonian-age Zambezi Delta offshore of the
Zambezi River in the Mozambique Basin (Fig. 8.8). It is therefore proposed that similar depositional regimes
must have been active and spanned the sum of the Durban and Mozambique Basins during this period.

8.4.1.2 Proximal Basin Reservoir Systems

In the proximal Durban Basin, a laterally extensive sandstone package (Reservoir F) of Turonian age (Leith,
1971; Unstead et al., 1983; McMillan, 2003) is identified in Jc-Al, Jc-B1 and Jc-C1 (Figs 8.2 and 8.3).
McMillan (2003) suggests that a comparable unit from onshore, in the adjacent Zululand Basin, represents a
Cenomanian-Turonian forced regressive shoreline deposit equivalent to the proximal Domo Formation
sandstones in southern Mozambique (Fig. 8.8). Coster et al. (1989) and Salman and Abdula (1995) postulated
that the Domo Formation developed as a proximal inner shelf, sheet sandstone with coeval distal submarine fan
deposition on the upper palaeo-slope (Fig. 8.8). Coster et al. (1989) further propose that the widespread Domo
Formation represents a major target for hydrocarbon exploration within the basin. It is therefore considered that,
within the Durban Basin, unit B represents the coeval deposition of proximal, forced regressive, shelf sheet
sands (Reservoir F), with distal accumulation of deep water, slope and basin floor fan systems (Reservoirs A-E)
in a ramp margin setting. These conditions are identical to age-equivalent depositional environments described
by Coster et al. (1989) and Castelino et al. (2015) in Mozambique. This suggests a regional connectivity in
response to local sea-level variability around this region of south-eastern Africa; along-strike deposition of a
series of coeval deep-water sandy turbidite fan systems, offshore of the major river systems, was active during
this period.

8.4.2 Campanian Reservoir Systems — Lower Grudja Formation Equivalents
8.4.2.1 Distal Basin Reservoir Systems

The reservoirs (G-H and 1) of unit C were deposited during forced regressive and lowstand conditions in the late
Cretaceous (McMillan, 2003; Chapter 6). Facies C1 and C2 were deposited on the palaeo-slope and shelf edge
respectively, and are considered coeval (cf. Chapter 6). Reservoirs G and H formed as submarine slope and
basin floor fans, with Reservoir H in the southern basin (Figs 8.2; 8.7) the largest of these. Within Reservoir H,
the internal architecture of the middle fan along the slope edge, comprises two channel-levee systems with
coarse-grained debris flows deposits (Fig. 8.7) (sensu Shanmugam et al., 1995) and high density turbidite flows
similar to those discussed by Bouma (2000). These are separated by an unchannelised HARP unit. The lower
fan (Fig. 8.7) exhibits shingled stacking of sheet sand lobes in keeping with those described by Bouma (2000).
Intervening distributary turbidite channels and associated levees (e.g. Mayall et al., 2006) occur within the lower
fan. Similar submarine fan lobes of late Cretaceous age have been identified in the distal slope offshore
Mozambique (Castelino et al., 2015).
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8.4.2.2 Proximal Basin Reservoir Systems

In the inner shelf, Reservoir | of facies C2 represents a truncated, forced regressive shelf-edge delta (e.g. Hunt
and Tucker, 1992). A similar depositional model for sand-rich, multiple source, ramp margins (c.f. Reading and
Richards, 1994) is envisaged, whereby the delta front progrades to the shelf edge supplying sediment directly to
the upper slope from multiple point sources. These margins commonly exhibit, aggradational, to progradational
sequences derived from multiple channel switching (Stow et al., 1996). Coster et al. (1989) and Walford et al.
(2005) propose a similar depositional environment for the age-equivalent, hydrocarbon-bearing (Mashaba and
Altermann, 2015), lower Grudja Formation in Mozambique, which comprises proximal deltaic and distal basin
floor fan sediments (Fig. 8.9). Coster et al. (1989) suggest that the lower Grudja Formation represents excellent
reservoirs, having been deposited as beach and chenier barrier sands. Here depositional cycles occur as a stack
of upward coarsening packages with net reservoir thicknesses of 16 m and porosities between 15 and 30%
(Coster et al., 1989).

Following observations of Green (2011b), it is proposed in Chapter 6 that facies C2 is identified along much of
the KwaZulu-Natal margin northwards towards Mozambique. It is therefore suggested that the reservoir systems
(G-I) within the Durban Basin are coeval with the lower Grudja Formation in Mozambique (Coster et al., 1989)
and were deposited through proximal deltaic, and distal submarine fan deposition during relative sea-level fall
during the late Campanian and early Maastrichtian.
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8.5 STRUCTURAL TRAP SYSTEMS

The architecture of structural traps is discussed in detail by Selley and Sonnenberg (2015) who indicate that,
with reference to an anticlinal trap, the highest point of the trap is the crest with the lowest point at which
hydrocarbons may be contained known as the spill point. The vertical distance from crest to spill point defines
the closure of the trap. Within the Durban Basin two varieties of structural trap are recognised, namely
compactional anticlines and rollover fault traps. The spatial positions of the individual closures (Closures A-E)
relative to the contemporary shoreline are shown in Figure 8.10.

Fault and fault related traps were targeted during previous exploration by SOEKOR with the drilling of the Jc-
Al, Jc-B1 and Jc-C1 wells. A faulted rollover trap of Campanian-age is identified in this study as Closure E.
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Figure 8.10: Spatial positions of all identified closures within the Durban Basin.

8.5.1 Closure A

Closure A (Fig. 8.11) is identified through two 2D seismic lines, SA74-006 (3118 millisec TWT, SP 218), and
SAT76-159 (3290 millisec TWT, SP 636). The target interval overlies a large basement horst structure which
strikes north-northeast and attains a width of 11 km. The sediment drape covers an area of 133 km? with a total
closure thickness (crest to updip spill point) of 100 millisec TWT (~80 m).

8.5.2 Closure B

A compactional anticline overlying a basement horst structure (Fig. 8.12) is identified in seismic lines SA76-10
and S74-003 where a normal fault has caused seaward downthrow of basement by 500 millisec TWT. Seismic
reflections suggest sediment draping overlying the crest of the structure. The anticlinal structure produced by the
draped sediments is ~10 km in coast-perpendicular width, however no seismic lines are available to define the
strike of the structure. The sediment drape covers a postulated area of ~80 km? with a closure thickness of ~100
millisec TWT (~80 m) from crest to updip spill point.
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8.5.3 Closure C

Closure C (Fig. 8.11) occurs as a large ~300 km?, east-west trending basement horst complex with associated
sediment drapes attaining a maximum closure area of ~315 km?. The structure is evident in multiple seismic
lines, but is most well defined in SA76-159 (3100-3400 millisec TWT, SP 290) and S74-007 (2900-3250
millisec TWT, SP 1000). Three individual sediment drapes are identified in three separate seismic lines
intersecting the horst. Individual drapes have closure areas of (574-007) 70 km? by ~200 millisec TWT (~160
m); (SA-159) 40 km? by ~120 millisec TWT (~96 m); and (S74-008 drape) 140 km? by ~200 millisec TWT
(~160 m) respectively.

8.5.4 ClosureD

Closure D (Fig. 8.13) is intersected by seismic line S97-41 (2168 millisec TWT, SP 1530) and has been
prospected by the Jc-D1 borehole. The closure occurs as a horst structure bounded by east-west striking normal
faulting on the northern and southern flanks. The closure attains a maximum thickness of ~120 millisec TWT
(~96 m) with an overall closure area of ~60 km?.

8.5.5 Closure E

Closure E (Fig. 8.11) is identified in seismic line SA76-159 (3600 millisec TWT, SP 1250), ~30 km south of
Closure A, and consists of a stacked roll-over against a normal fault. The closure has poor seismic control, only
being intersected by line SA-159. High amplitude reflectors are identified at the crest of the closure in SA-159
(Fig. 8.11). The area of closure appears to be in the order of 100 km? however, without intersecting seismic lines
the true 4-way closure area cannot be accurately defined. The reservoir thickness, based upon the thickness of
the high amplitude reflectors within the closure, is in the order of 100 millisec TWT (~80 m).
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8.6 DISCUSSION STRUCTURAL TRAP SYSTEMS

Structural traps represent the most common potential targets for hydrocarbon exploration (Selley and
Sonnenberg, 2015). Although structural traps are common in sedimentary basins, for a trap to be viable it must
be overlain by an effective seal that hinders the upward migration of hydrocarbons through the sedimentary
succession (Selley and Sonnenberg, 2015).

Structural traps form primarily through compressional tectonism active within a basin subsequent to deposition
of the sedimentary pile. These can either be caused by crustal shortening, or intrusion of diapirs into the
succession (Selley and Sonnenberg, 2015). Regional tectonism within the Durban Basin however, is dominated
by extensional and transtensional tectonics related to the breakup of Gondwana and strike-slip movement along
the AFFZ (Watkeys and Sokoutis, 1998). North of the AFFZ termination at ~30°S the basin is dominated by
either coast-parallel half-graben and graben structures or arcuate NW-SE — ENE-WSW trending structural
elements (Fig. 3.4) that tie with on-land faults systems (von Veh and Andersen, 1990).

The main structural elements that controlled sedimentation during Gondwana breakup from the Lower Jurassic

through to the Late Cretaceous were summarized by Dingle et al. (1983) as:

- Long, approximately N-S, and NNW-SSE normal fractures bounding wide horsts and grabens on
continental crust north of 30°S

- Relatively short NE-SW fractures and basement highs which offset and compartmentalise the northern
Natal Valley

- Long approximately NE-SW shear fractures bounding the southern Natal Valley south of 30°S

- Arcuate fractures and E-W to NW-SE lineaments in pre-Jurassic basement rocks on the continental
edge between 29 and 33°S

Subsequent to basin formation, differential compaction of basin-fill sediments has allowed for the formation of
compactional anticlines with sediment drapes covering deep-seated basement horst structures. These structures,
representing Closures A-E within the basin, are similar in formation to hydrocarbon plays defined by Selley and
Sonnenberg, (2015) within the Forties, Montrose, and East Frigg fields in the North Sea. These structures have
been the targets for all previous exploration within the basin, with the drilling of the Jc-D1 well (Phillips
Petroleum, 2000) specifically examining the faulted compactional anticline (Closure D) in the upper slope.

Compactional closures within the basin occur at numerous stratigraphic levels, but are primarily observed in
Aptian to Coniacian sediments (Figs 8.11; 8.12; 8.13).

8.6.1 Closures in Unit A

Closures B and D occur within unit A, with high amplitude reflectors draped over basement horst structures in
the lower and middle slope. The closures occurs within sediments of possible Aptian to Barremian age (Phillips
Petroleum, 2000). Closure D, prospected by the Jc-D1 borehole, comprises a 181 m thick glauconitic gritty
quartz sandstone succession (Phillips Petroleum, 2000) correlative with syn-rift Barremian to Aptian sediments
identified in the ZU-1/77 borehole in the Zululand Basin (Stojcic, 1979).

8.6.2 Closures in Unit B

Closures A and C occur within unit B, with potential reservoir sediments of Turonian to early Coniacian age
forming compactional anticlines above two basement horst structures (Fig. 8.11). Within Closure A, Davids,
(2009) suggests that the reservoir-seal pair interval comprises interbedded turbidite sandstones and bathyal
shales. Potential reservoir sands within Unit B may occur within the basal portions of facies B2, associated with
Turonian-age forced regression and lowstand sedimentation (McMillan, 2003).
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8.6.3 Fault-related Structures

Closure E occurs within unit C, where a rollover anticline is present within the hanging wall of a listric growth
fault structure (Fig. 8.11). Closure E is comparable with structures identified within the Niger Delta Basin
(Adewole and Healy, 2017), where simple rollover anticlines occur within the landward extensional zone of the
delta. Subsequent to rift phase termination, gravitational tectonics represent the primary deformational processes
operational in passive margin basins (Tuttle et al., 1999). Within deltaic successions normal growth faulting is
dominant in the landward extensional zone whilst compressional tectonics and salt diapirism occur in the
seaward zone (Adewole and Healy, 2017). Weber (1987) suggests that, within the Niger Delta, the primary oil-
rich belt coincides with a concentration of rollover anticlines related to growth faulting in the landward
extensional zone.

Multiple growth fault structures are identified within the southern portion of the Durban Basin where
gravitational tectonics are associated with instability along the edge of the continental rise (Fig. 8.14). As
discussed previously (Chapters 6; 7) the Durban Basin was subject to reduced sediment supply in the late
Cretaceous with the formation of a wide continental rise rather than a shelf and shelf break. Reduction in
sediment supply during this period likely led to the deposition of deep marine mudstones with sediment loading
resulting in instability and gravitational tectonics similar to that discussed by Carvajal et al. (2009).
Unfortunately the lack of seismic profiles in this region precludes direct correlation, however it is likely that the
faults identified in Figure 8.14 propagate coast-parallel, with the most landward fault likely representative of the
same fault system affecting Closure E. Although Davids (2009) postulates that the reservoir rock in this closure
are represented by turbidite or marine sandstones associated with the palaeo-Tugela River, a reduction in
sediment supply during this period (Chapter 7) may have precluded sandy turbidite deposition, and rather thin-
bedded turbidites of the Td and Te Bouma sequence would be dominant (Bouma, 1962).
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8.7 REGIONAL SEALS

Seals within the Durban Basin occur as prominent marine claystone successions at varying intervals. These
include the uppermost zones of unit B (Figs 6.1; 6.2) and the uppermost zones of unit C (Figs 6.1; 6.2). These
zones are laterally continuous throughout the basin as shown in Figures 8.15; 8.16; 8.17.

8.7.1 Turonian to Coniacian Seal Systems

Basin floor fan reservoirs (A-E) and sheet sands of Reservoir F are overlain by thick (>100 m) successions of
deep marine claystones (Fig. 8.17 — Inset A) in Jc-Al and Jc-B1 (Figs 8.2, 8.3). Similar marine claystones are
intersected in Jc-D1 where they underlie the S3 regional reflector. In both Jc-Al and Jc-D1 high gamma-ray
geophysical anomalies are associated with this interval (Fig. 8.17 — Inset A). It is likely that these units would
form potential cap rocks for both structural and stratigraphic reservoirs. Chapter 6 of this study suggests that
these claystones developed during late lowstand and early transgression within the basin.

Tugela River

AL

Figure 8:15: Two-way time depth structure map for the top seismic surface of the Coniacian seal system
relating to the S3 regional seismic reflector.
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8.7.2 Campanian Seal Systems

The basin floor fan Reservoirs (G-H) and Reservoir | deltaic sandstones of facies C1 are overlain by deep
marine claystones and siltstone packages of facies C4 (Fig. 8.17 — Inset B). Intersected by boreholes Jc-Al, Jc-
B1 and Jc-C1, this succession represents a transgressive systems tract capped with a maximum flooding surface
3C (cf. Chapter 6). This succession forms a regionally pervasive seal within the Durban Basin.

Figure 8.16: Two-way time depth structure map for the top seismic surface of the Campanian seal system
relating to the maximum flooding surface 3C.
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CHAPTER 9

STORAGE CAPACITY ESTIMATES

9.1 INTRODUCTION

This chapter aims to assess the effective CO, storage potential (CSLF, 2005; Bradshaw et al., 2007) or storage
efficiency (Bachu, 2015) of sandstone packages within the Durban Basin. Potential saline aquifer formations
deeper than 800 m below seafloor are targeted, defined by results from seismic and sequence stratigraphic
mapping and well log data discussed in Chapters 6-8. During this regional geological evaluation no attempt was
made to define factors relating to CCS regulation, public perception, or economic viability.

9.2 STORAGE CAPACITY ESTIMATES

The areal extent, depth, gross and net thickness of individual mounded features, sandstone reservoirs and
potential closures are presented in Table 9.1, whilst their spatial distributions are shown in Figures 8.2 and 8.10.
Due to a lack of borehole intersections, no core or porosity-permeability data are available for the majority of
the identified reservoirs systems. Therefore, where needed, maximum thicknesses are defined from TWTT-
depth conversions based upon the Jc-D1 well shot/velocity data defined from seismic analyses and or borehole
intersections. The limited data pertaining to reservoir porosity, permeability and heterogeneity has led to the
utilisation of net thicknesses (50% max thickness) to account for variations within the pay zone (Table 9.1). Due
to a lack of porosity data, values from analogous systems are utilised with their associated data sources
referenced in Table 9.1. Porefluid pressures are defined by true depth of the reservoir top and mud weights
defined by Muntingh, (1983) in borehole Jc-C1.

Porefluid pressure calculations are based upon the following equation:
Pressure (psi) = Pressure Constant (0.052) x Mud Weight (ppg) x TVD (ft)

CO; densities for individual reservoirs are provided in Table 9.1. The online calculator
(www.energy.psu.edu/tools/CO2-EOS), based upon equation of state calculations of Span and Wagner (1996),
is used to derive the CO; density calculations.

Overall storage resource estimates are defined by the following equation (Goodman et al., 2011). Where A is the
area (m?), h is the net thickness of the reservoir (m), g is the average porosity (%), pcoz is the average CO;
density, evaluated at pressures and temperatures that represent storage conditions anticipated for individual deep
saline aquifers. E is a storage efficiency factor that reflects proportion of pore space that can be utilised in
practice.

Mcoz =A X h X g X pcos X E

The storage efficiency estimates for potential reservoirs and closures within the Durban Basin are summarised in
Table 9.2.


http://www.energy.psu.edu/tools/CO2-EOS

Table 9.1: Reservoir extent, thickness, and physical parameters utilised for storage capacity estimates of the Durban Basin.

CO, Density Constant 0.052 Seafloor Temperature (°C) 14
Mud Weight (ppg) 8.6 Net/Gross Ratio NG =0.5
Av. Geothermal Gradient - Jc-C1 (°C/km) 26.7 Avg. Water Depth (m) 80
Areal Max Net Depth of Porefluid Reservoir
Reservoir Extent  Thickness Thickness top surface  pressure Temperature  CO, Density
Reservoir  Facies  Description (km?) (m) (m) (m) (bar) (°C) (kg.m®) Porosity % Porosity Data Source
Deltaic Shelf (Coster et al., 1989;
| c2 Sand 1500 100 50 1639 163 58 666 30 Solomon etal., 2014)
C1 Basin-floor Fan 730 322 161 6817 680 196 695 15 (Coster et al., 1989)
C1 Basin-floor Fan 10 247 1235 2431 242 79 679 15 (Coster et al., 1989)
(Gerrard, 19723;
Coster et al., 1989;
F B2 Inner Shelf Sand 1500 80 40 3050 304 95 687 30 Solomon et al., 2014)
E Bl Basin-floor Fan 280 360 180 2441 243 79 681 20 (Dailly et al., 2013)
D B1 Basin-floor Fan 38 312 156 3250 324 101 685 20 (Dailly et al., 2013)
C Bl Basin-floor Fan 93 468 234 4992 498 147 692 20 (Dailly et al., 2013)
B B1 Basin-floor Fan 50 250 125 3397 339 105 686 20 (Dailly et al., 2013)
A Bl Basin-floor Fan 120 285 1425 4828 482 143 691 20 (Dailly et al., 2013)
Areal Max Net Depth of Porefluid Reservoir
Reservoir Extent  Thickness Thickness top surface  pressure Temperature  CO, Density
Closure Unit Description (km?) (m) (m) (m) (bar) (°C) (kg.m?3) Porosity % Porosity Data Source
E C Fault Closure 30 79 40 4703 469 140 690 15 (Coster et al., 1989)
D A Anticline 60 132 66 2662 266 85 684 15 (Coster et al., 1989)
C A Anticline 210 176 88 3973 396 120 689 15 (Coster et al., 1989)
B A Anticline 80 109 55 5548 553 162 693 15 (Coster et al., 1989)
A A Anticline 130 138 69 4276 426 128 690 15 (Coster et al., 1989)
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Table 9.2: CO:2 storage capacity estimates of the Durban Basin (E factors of Goodman et al., 2011).

CO, Storage Capacity MCO2=A xhxexpCO2x E
Efficiency Factor (P90) 0.012 (Goodman etal., 2011)
Efficiency Factor (P50) 0.024 (Goodman et al., 2011)
Efficiency Factor (P10) 0.041 (Goodman etal., 2011)
CO, Storage  CO, Storage ~ CO, Storage
Areal Nett CO, Capacity Capacity Capacity
Reservoir Extent Areal Thickness Density (Mt COy) (Mt COy) (Mt COy)
Reservoir Facies  Description (km?) Extent (m?)  (m) Porosity (kg.m?3) (P90) (P50) (P10)
I (67 Shelf Sand 1500 1.5E+09 50 0.30 663 180 360 614
C1 Basin-floor Fan 730 730000000 161 0.15 695 147 294 502
G C1 Basin-floor Fan 10 10000000 1235 0.15 679 2 3 5
F B2 Shelf Sand 1500 1.5E+09 40 0.30 687 148 297 507
E B1 Basin-floor Fan 280 280000000 180 0.2 681 82 165 281
D B1 Basin-floor Fan 38 38000000 156 0.2 685 10 19 33
C B1 Basin-floor Fan 93 93000000 234 0.2 692 36 72 123
B B1 Basin-floor Fan 50 50000000 125 0.2 686 10 21 35
A Bl Basin-floor Fan 120 120000000 1425 0.2 691 28 57 97
Subtotal Shelf Sand Reservoirs 328 656 1121
Subtotal Basin Floor Fans 464 928 1585
Total 644 1287 2199
CO, Storage Capacities for analogous systems
Jubilee
Field

Ghana Basin-floor Fan 110 110000000 90 0.2 695 17 33 56




MCO2=AxhxgxpCO2xE

CO, Storage Capacity
Efficiency Factor (P90) 0.012 (Goodman et al., 2011)
Efficiency Factor (P50) 0.024 (Goodman et al., 2011)
Efficiency Factor (P10) 0.041 (Goodman et al., 2011)
CO, Storage  CO, Storage ~ CO, Storage
Areal Net CO, Capacity Capacity Capacity
Reservoir Extent Areal Thickness Density (Mt COy) (Mt COy) (Mt COy)
Closure Facies  Description (km?) Extent (m?) (m) Porosity (kg.m?) (P90) (P50) (P10)
E Cc Fault Closure 40 40000000 40 0.15 690 2 4 7
D A Anticline 60 60000000 66 0.15 684 5 10 17
C A Anticline 210 210000000 88 0.15 689 23 46 78
B A Anticline 80 80000000 55 0.15 693 5 11 19
A A Anticline 130 130000000 69 0.15 690 11 22 38
Subtotal Fault Closures 2 4 7
Subtotal Basement Anticlinal Closures 44 89 152
Total 46 93 158
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9.3 DISCUSSION
9.3.1 Storage capacities of Stratigraphic Traps within the Durban Basin

Initial storage estimates for the offshore basins of the east coast of South Africa (Viljoen et al., 2010) identified
a theoretical CO; storage capacity of 42000 Mt (Table 9.3) based upon a net sandstone thickness of 60 m, over
an area of ~81000 km? spanning the Durban and Zululand Basins. For their assessment, Viljoen et al. (2010)
used a CO; density of 580 kg.m, with an average porosity of 15% and an efficiency factor of 0.1. This was
based upon calculations adapted from the US Department of Energy (US DOE, 2008). However, Broad et al.
(2006) indicated that the Durban Basin has a total extent of only ~10000 km? to the 2500 m isobath, thereby
leading Hicks et al. (2014) to propose a theoretical storage capacity of ~5200 Mt within the Durban Basin using
Viljoen et al. (2010)’s criteria. Table 9.3 highlights a review of the identified potential storage reservoirs (this
study) and previous data for the basin (Viljoen et al., 2010; Hicks et al., 2014) utilising the 0.1 E-factor of
Viljoen et al. (2010). These can be compared with currently accepted E values defined by Goodman et al. (2011)
which are now employed for this study (Table 9.2).

Table 9.3: CO: storage capacity estimates for stratigraphic traps utilising E factors of Viljoen et al.
(2010).

CO, Storage Capacity MCO2 = A xhxexpCO2 x E
Efficiency Factor of Viljoen et al., (2010) 0.1
CO,
Areal Areal Net CO; Storage

Reservoir Extent Extent Thickness Density Capacity

Reservoir Facies Description (km?) (m?) (m) Porosity (kg.m?) (Mt) (0.1 E)

| Cc2 Shelf Sand 1500 1.5E+09 50 0.30 666 1499
Basin-floor

H C1 Fan 730 730000000 161 0.15 695 1225
Basin-floor

G C1 Fan 10 10000000 1235 0.15 679 13

F B2 Shelf Sand 1500 1.5E+09 40 0.30 687 1237
Basin-floor

E B1 Fan 280 280000000 180 0.2 681 686
Basin-floor

D B1 Fan 38 38000000 156 0.2 685 81
Basin-floor

C B1 Fan 93 93000000 234 0.2 692 301
Basin-floor

B B1 Fan 50 50000000 125 0.2 686 86
Basin-floor

A Bl Fan 120 120000000 1425 0.2 691 236

Total 5364
CO,
Areal Areal Nett CO, Storage

Reservoir Extent Extent Thickness Density Capacity

Reservoir Facies Description (km?) (m?) (m) Porosity (kg.m™) (Mt) (0.1 E)
Saline

DBN/Zululand Aquifer 81000 8.1E+10 60 0.15 580 42282
Saline

Durban Basin Aquifer 10000 1E+10 60 0.15 580 5220
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When utilising the 0.1 E-factor of Viljoen et al. (2010), a close relationship is observed between the ~5000 Mt
theoretical storage capacity for the regional basin evaluation of Hicks et al. (2014) when compared with a
combined storage capacity of ~5364 Mt as defined by volumetrics obtained in this study (Table 9.3). However,
the initial estimates of Hicks et al. (2014) define only laterally extensive, shelf-bound saline aquifers, which here
account for 2736 Mt storage at an E-factor of 0.1 (Table 9.3).

Although the estimates shown in Table 9.3 correlate well with the initial estimates of Viljoen et al. (2010) and
Hicks et al. (2014), a more cautious approach (Goodman et al., 2011; Li et al., 2015) is deemed necessary for
effective CO, storage capacity calculations. Therefore, the calculated results of this study, outlined in Table 9.2,
suggest a total CO, storage capacity of 644 Mt at a P90 probability level (1,287 Mt at P50; 2,199 Mt at P10).
These P90 estimates can be further subdivided into 328 Mt in deltaic and shelf confined sheet sands in
Reservoirs F and I; and 464 Mt in delineated basin floor fan systems.

Although no capacity estimates have been undertaken on analogous basin floor fan deposits along the east
African shelf, the potential basin floor fan reservoir systems identified in this study are comparable with storage
capacity estimates (Table 9.2) compiled for fan systems within the Jubilee oilfield offshore Ghana (Dailly et al.,
2013). In the Jubilee field, hydrocarbon plays occur in a 90 m thick, stacked succession of Turonian-age basin
floor fan sandstones, with individual pay sands up to 35 m thick having porosities of ~20% (Dailly et al., 2013).
Field statistics (Dailly et al., 2013) suggest that the play has an area of ~110 km? and net thickness of 40-90 m,
comparable with dimensions defined for the facies B1 reservoirs in the Durban Basin. A determination of the
effective CO, storage capacity of the Jubilee Field undertaken during this study, at P10 probability (Goodman et
al. 2011), suggests a total storage capacity of 16 Mt CO,, akin to the 10-36 Mt capacities defined for individual
basin floor fan reservoirs in the Durban Basin (Table 9.2). As shown in analogous hydrocarbon-bearing systems
within the Jubilee Field, basin floor fan systems characterize well-defined stratigraphic traps. It is therefore
suggested that, dependent upon their injectivity potential (overpressure), sedimentology and net-gross ratios, the
basin floor fan systems within the Durban Basin represent viable targets for CO; storage.

Laterally extensive inner shelf sheet sands and deltaic sandstones are confined to Reservoirs F and |
respectively. Conservative (P90) storage capacity estimates for individual reservoirs (148 Mt Reservoir F; 180
Mt Reservoir I) are comparable with minimum estimates of 170 Mt CO; for regions of the Rotliegend sandstone
in the North Sea (Wilkinson et al., 2013), as well as effective CO; storage capacities (160 Mt CO,) identified for
the Fushan sag within the Beibuwan Basin offshore China (Li et al., 2015).

Within the Mozambique Basin and coastal plain, the base data utilised by Solomon et al. (2014) for their basin-
scale assessment, suggest a low-end, theoretical storage of 579 Mt CO, for sandstones of the Turonian-age
Domo Formation; of which 163 Mt CO; storage potential is available in southern Mozambique. Similar low-end
storage capacity estimates (E=0.04) of 228 Mt CO, (Chabangu et al., 2014) were indicated for Cenomanian-
Turonian sandstones of the analogous lower St Lucia Formation in the onshore Zululand Basin in northern
KwaZulu-Natal. Estimates defined for the Zululand and southern Mozambique coastal plain respectively
compare well with the 148 Mt (P90) capacity defined here for the equivalent Turonian-age sandstone Reservoir
F in facies B2.

A similar scenario occurs within reservoirs of the Maastrichtian-age, lower Grudja Formation in Mozambique.
These occur in the context of the palaeo-Limpopo delta (Fig. 8.9). Solomon et al. (2014) indicate a low-end
capacity of 1129 Mt CO, of which 369 Mt occurs within southern Mozambique. These values represent double
the capacity when compared with the P90 estimate of 180 Mt CO; for Reservoir | in this study. Reservoir |
however, is analogous with hydrocarbon-bearing sediments of the lower Grudja Formation in Mozambique, and
it is therefore suggested that, based upon these correlations, the laterally extensive sandstone reservoirs F and |
represent primary potential targets for CO; storage in the Durban Basin.
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9.3.2 Storage capacities of Structural Traps within the Durban Basin

Although multiple structural traps are identified within the Durban Basin, these remain largely undrilled and
therefore lack detailed core and volumetric data. The calculated results for potential CO, storage capacities
within undrilled stratigraphic closures are outlined in Table 9.2. A total CO; storage capacity of 46 Mt CO; at a
P90 probability level (93 Mt - P50; 158 Mt — P10) is estimated. These values can further be subdivided into two
closure types. Faulted rollover anticlinal closures within the basin account for 2 Mt potential CO, storage at a
P90 probability level (4 Mt - P50; 7 Mt — P10); whilst compactional anticlinal closures overlying basement
structures account for 44 Mt potential CO; storage capacity at a P90 level (89 Mt — P50; 152 Mt — P10).

The identification of commercial oil and gas fields in the Mozambique coastal plain (Coster et al., 1989) and
offshore fields within the Rovuma Basin (Carneiro and Alberto, 2014) to the north of the study area suggest the
potential for suitable structural traps and associated reservoir systems within the Durban Basin as discussed in
Chapter 8. Davids (2009) identified multiple potential leads within the Durban Basin with Roux (2009) defining
a Prospective Resource (high estimate) of more than 20 Tcf gas and 3 billion barrels of oil. Viljoen et al. (2010),
based upon the volumetric calculations defined by Davids (2009), suggested a theoretical storage capacity of
~205 Mt CO- (117 Mt — Gas reservoirs; 88 Mt — Oil Reservoirs) within potential oil and gas reservoirs within
the Durban Basin. It must be noted however that, oil or gas reserves have yet to be discovered in the area.

CO; storage capacities defined during this study are comparable with storage capacities defined by Gibson-
Poole et al. (2008) for structural closures within the Gippsland Basin, southeast Australia. The Gippsland Basin
in south-eastern Australia has a similar geological evolution to the Durban Basin, represented by Early
Cretaceous rifting associated with the breakup of Gondwana, followed by post-rift passive margin sediment
deposition (Gibson-Poole et al., 2008). Compressional tectonism within the basin during the Eocene however,
led to the formation of numerous NE trending anticlines that host large hydrocarbon accumulations and form the
focus of CO; storage assessments (Gibson-Poole et al., 2008). Gibson-Poole (2008) propose individual storage
capacities ranging from 0.6 to 577 Mt CO;, with a total capacity of 2073.2 Mt for 32 anticlinal closures.
Capacities defined in this study for the Durban Basin are comparable with values defined for the Fortescue and
Kingfish oilfields within the Gippsland Basin.

Dynamic CO, capacities of 121 Mt defined for the voluminous Forties hydrocarbon field in the North Sea
(Babaei et al., 2016) are comparable with conservative P90 estimates for Closure C in the Durban Basin. Babaei
et al. (2016) further propose an additional 24 Mt CO; storage capacity within the Nelson Dome in the North Sea.
Although far less than the capacities defined for the Forties structure, the capacities defined for the Nelson
Dome are similar to conservative P90 capacities defined in this study for Closures D and E within the Durban
Basin.

9.4 QUANTIFYING UNCERTAINTIES OF ANALOGOUS DATA

In the case of the Durban Basin as with similar frontier basins (cf. Green et al., 2014), uncertainties are high due
to a dearth of core data. However, the use of analogous data is common practice worldwide with hydrocarbon
discoveries in French Guiana utilising only seismic, gravity and magnetic data, coupled with analogous data
from equatorial African discoveries (Green et al., 2014). The quantification of risk and uncertainties of reservoir
conditions are commonly conducted using simplifications and conservatisms built into reservoir simulation
models (Kahnt et al., 2015). In any given project a realistic degree of uncertainty must be accepted. Ringrose
and Simone, (2009) suggest that at least 50% uncertainty can be defined in early project stages but this does not
commonly reduce below 10% even in a mature project.

Within this study, data from analogous successions give representative estimations of the potential reservoir
conditions within the Durban Basin. This can be defined through largely consistent values obtained by various
authors for the Domo and Grudja Formations in Mozambique (Table 9.4). However, the potential for variations
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in facies between the known analogues and the Durban Basin cannot be discounted. Furthermore core data do
not exist for the basin floor fans systems mapped within the Durban Basin, thereby leading to a large uncertainty
in the injectivity potential for these reservoirs.

Table 9.4: Average reservoir characteristics from known analogous systems in Mozambique and
Zululand with available data shown.

Reservoir Sand Thickness (m) Porosity % Permeability (mD)  Data Source

Grudja 30-45 20-30 Nairn et al., (1991)
Grudja 16 15-30 Coster et al., (1989)
Grudja 15-35 Solomon et al., (2014)
Domo Sand 40-45 20-25 Nairn et al., (1991)
Domo Sand 40 28 Coster et al., (1989)
Domo Sand 75-25 Solomon et al., (2014)
Domo Sand 15-35 20-229mD  Chabangu et al., (2014)

A major risk associated with injecting large quantities of CO; into a subsurface reservoir is pressure build-up
(Oruganti and Bryant, 2009). Cavanagh and Wildgust (2011) suggest that over-pressurization may lead to poor
injectivity, caprock failure, CO, leakage, and brine displacement via uncontrolled migration with such impacts
having major consequences upon the technical and economic viability of a project. Natural overpressure is
commonly associated with thick shale/mudstone sequences in deepwater hydrocarbon systems, and may lead to
a reduction in injectivity potential within a specific reservoir (Green et al., 2014). Green et al. (2014) however,
suggest that feeder channels associated with basin floor fan systems act as pressure release conduits, allowing
depressurization of the fan system to create a mobile aquifer similar to fan systems in the North Sea. Cavanagh
and Wildgust (2011) suggest that, in general, concerns regarding pressurization and brine displacement in
existing CCS projects are largely model-driven due to a scarcity of data, with pressure prediction models relying
on hypothetical ranges and conceptual constraints for likely scenarios. Although reservoir conditions data are
lacking for the Durban Basin, a zone of overpressure was noted in Jc-B1 within basement lithologies below the
Cretaceous and Cenozoic reservoir plays (GGS, 1983). In all other wells, no overpressure was identified
suggesting the possibility of open systems that may allow for good injectivity. This however, will need further
modelling for both open and closed systems to define likely scenarios.

It is therefore proposed that, although data are only at a regional scale in the Durban Basin, volumetric
calculations based upon detailed seismo-stratigraphic interpretations coupled with reservoir property data from
analogous successions still provide new evidence of reservoir/seal pairs in saline aquifers. These may represent
potential storage sites for CO- injection. The lack of overpressures in the Jc-series wells suggests potential
injectivity for CO, storage within the mapped basin floor fans systems, as well as laterally extensive shallow
marine shelf sands.
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CHAPTER 10

CONCLUSIONS

A CO; storage capacity estimate of a particular sedimentary basin cannot be undertaken without detailed
investigation of the active depositional regimes and evolution of the sedimentary succession. Geological
characterisation is greatly enhanced through seismic sequence stratigraphic analysis, with the identification of
reservoir/seal pairs and their integral association with depositional systems tracts and erosional unconformity
surfaces (sequence boundaries).

The Mesozoic offshore Durban Basin, developed on the eastern margin of southern Africa, has a complex
depositional history with sedimentation interrupted by protracted periods of erosion or non-deposition related to
epeirogenic uplift as well as local and global sea-level fluctuations. This study provides the first comprehensive
sedimentological and seismo-stratigraphic analysis of offshore data allowing for the recognition of multiple
phases of margin growth within the late Mesozoic and Cenozoic including, initial sheared, syn-rift, structurally-
defined sedimentation, followed by incipient ramp development, and finally progradational sedimentary shelf
propagation.

Through the use of legacy, single-channel 2D seismic reflection profiles combined with well log and
geophysical data from four (4) offshore wells drilled on the continental shelf, seismic stratigraphic models for
the evolution of the basin are presented. These models indicate that sedimentation within the basin is
represented by six individual sedimentary successions (Units A-F), separated by regional sequence boundaries.
Sedimentation occurred predominantly during normal regressive conditions with the basin dominated by the
progradation of the constructional submarine delta (Tugela Cone) during sea-level lowstands.

Initial deposition within the basin was controlled predominantly by tectonic events during the final stages of
Gondwana breakup, with fluvial to marine deposition (Unit A) in a narrow, sheared, structurally bounded basin
similar to other rifted margins globally. Unlike the continental margin of northern and southern KwaZulu-Natal,
the Durban Basin is represented by major sediment input from fast flowing river systems with the construction
of a shallow planar ramp margin (Unit B) in the Middle Cretaceous. This period was characterised by deep
water deposition of basin floor fans systems during lowstand conditions.

Tectonism and active basin spreading had ceased by the Middle Cretaceous, resulting in the formation of a
combined structural-sedimentary shelf (Unit C), with passive margin settings dominating the late Cretaceous
and Cenozoic. Increased sediment supply associated with a Campanian lowstand led to the formation of the
proto-shelf, nucleated close to the original structural shelf break on the Turonian ramp. The formation of this
feature marked the change from ramp-dominated to shelf-edge sedimentation within the basin.

Late Cretaceous and Cenozoic sedimentation (Units C-F) is dominated by deltaic deposition through high
sediment flux and off-shelf sediment-forcing during sea level lowstands. South-eastern Africa was subject to
polycyclic epeirogenic uplift throughout the Cenozoic with a prominent period of uplift and associated canyon
incision (erosional surface S4) occurring in the mid-Oligocene. Further uplift occurred in the mid-Miocene
(erosional surface S5) and again in the Pliocene (erosional surface S6).

This study shows for the first time, a mid-Miocene seismic reflection surface S5 defining an erosional
unconformity that can be correlated across the entire southern African continental shelf and slope. The
formation of the S5 erosional surface and its associated submarine canyons is here inferred to relate to a mid-
Miocene period of combined epeirogenic uplift and eustatic sea-level fall within the eastern portion of southern
Africa.

Within the basin, the mid-Miocene sequence boundary truncates and incises a mixed carbonate-siliciclastic
sediment wedge (Unit D) in the northern region of the basin. To the south however, the basin was marked by a
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shallow ramp margin with a wide palaeo-continental rise. The inheritance of these geomorphological features
later influenced subsequent erosion morphologies due to the antecedent control exerted by the two different
gradients. Antecedent control and localised variability in depositional regimes led to the formation of two
genetically variable canyon systems within the mid-Miocene palaeo-slope. Type | linear canyons (central and
northern) are correlated with high sediment influx of likely coarse-grained material with downslope eroding
gravity flows and turbidites causing scouring of the underlying substrate. The southern Type Il canyon system
has developed on a relatively sediment-starved, shallow angle slope in relation to its counterparts, dominated by
mud-rich infill. The sinuous nature of the southern canyon appears to be related to subdued slope gradients in
this region of the basin.

The association of canyon incision with a regionally developed, shelf/slope confined unconformity surface can
be explained by changes in relative sea level as a result of global eustatic sea-level fall, combined with
epeirogenic uplift of south-eastern Africa during the mid-Miocene. It is likely that the mid-Miocene event
identified here is further related to rapid enlargement of the mid-Miocene Antarctic ice sheets at ~13Ma, and
changes in deep oceanic current circulation patterns. The combination of these processes have had profound
effects on the stratigraphic architecture of the offshore southern African basins in the form of erosion, sediment
bypassing and slope sedimentation.

Through detailed seismo-sedimentary analysis of the basin-fill succession, multiple previously undefined and
regionally pervasive stratigraphic traps have been delineated within Units B and C. These systems are correlated
with analogous hydrocarbon-bearing sequences over a large region of the south-east African continental shelf.
Increased sedimentation associated with forced regression and the formation of the S2 erosional surface during
the Turonian LST, lead to the coeval deposition of potentially sand-rich distal submarine fan systems on the
palaeo-slope (Reservoirs A-E) and proximal inner shelf, sheet sandstones (Reservoir F). Another sea level
lowstand in the late Cretaceous lead to the deposition of a truncated, forced regressive shelf-edge delta
(Reservoir 1) in the inner shelf, with Reservoirs G and H formed as coeval submarine slope and basin floor fans.

Storage capacity estimates of individual reservoirs are undertaken based upon P90, P50, and P10 probability
levels, with specific efficiency data obtained from Goodman et al. (2011). The initial assessment suggests a
conservative total CO; storage capacity of 644 Mt at a P90 probability level (1287 Mt at P50; 2199 Mt at P10).
This can be subdivided into 328 Mt in deltaic and shelf confined sheet sands in Reservoirs F and I; and 464 Mt
in basin floor fan systems. Estimated capacities for saline formations are comparable with estimates for
neighbouring sedimentary basins and others worldwide.

Potential structural traps identified within the Durban Basin include compactional anticline structures
comprising sediment drapes covering deep-seated basement horst structures. Although four anticlinal features
are identified within the basin most are undrilled, only Closure D has been prospected by the Jc-D1 well.
Potential CO; storage capacities for undrilled structural closures are calculated to be 46 Mt CO; at a P90
probability level (93 Mt - P50; 158 Mt — P10). These values can further be subdivided into two closure types.
Faulted rollover anticlinal closures within the basin account for 2 Mt potential CO, storage at a P90 probability
level (4 Mt - P50; 7 Mt — P10); whilst compactional anticlinal closures overlying basement structures account
for 44 Mt potential CO, storage capacity at a P90 level (89 Mt — P50; 152 Mt — P10). Estimated storage
capacities defined for structural closures within the Durban Basin are comparable with estimates for similar
closures in Australia and the North Sea.

Evidence of commercial-scale oil and gas fields in analogous sedimentary successions within the neighboring
Mozambique Basin provides support for the potential for CO, storage capacities within the Durban Basin.
Prospective storage sites are individually defined and are comparable with sedimentary and structural trap sites
around the southern African continental shelf, as well as within CO; storage sites defined internationally. This
study therefore provides a basin-scale, effective CO, storage capacity estimation with site-specific
characterisation and capacity estimations for both sedimentological and stratigraphical traps within the Durban
Basin, east coast of South Africa.
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Abstract

The mitigation of anthropogenic carbon dioxide (CO,) emissions through technologies such as Carbon Capture and Storage
(CCS) has been internationally identified as one of the major technical approaches that can be used to combat global climate
change in fossil fuel dominated countries. The South African Centre of Carbon Capture and Storage (SACCCS) was established
in 2009 to investigate the potential for CCS in the country. Results from a country-scale assessment of CO, storage potential
suggest that South Africa has a theoretical storage capacity of ~150 Gt, of which 98% occurs offshore in Mesozoic sedimentary
basins preserved on the submerged continental shelf. This paper will discuss the progress associated with the ongoing
investigation of CO, storage potential in the 10 000 km?, offshore Durban basin on the east coast of South Africa.

With the use of existing data and information the geological development and CO, storage suitability of the offshore Durban
basin is assessed. The basin is structurally complex, hosting a number of horst and graben structures but is dominated by the
Tugela Cone, a Tertiary-age, deep-water fan complex that is located seaward of the continental shelf. Although not formally
given formation status, sequence stratigraphic correlation can be applied to the Jurassic to Cretaceous succession, separating it
into four formations based upon onshore sequences in the Zululand basin to the north. Formations are namely; Syn-Rift,
Makatini, Mzinene, St Lucia. Cenozoic sediments range in thickness from ~1300 m to ~2000 m comprising a variety of
lithologies that cap the sequence. Re-analysis of existing legacy 2D seismic and exploration borehole data has been undertaken in
the context of CCS to assess the CO, prospectivity, geological evolution, and depositional architecture of this portion of the
South African continental shelf.
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1. Introduction

The mitigation of anthropogenic carbon dioxide (CO,) emissions has been internationally identified as a major
technical approach within climate change technologies. Although other anthropogenic greenhouse gas emissions do
contribute to towards global warming, CO, is defined as a primary contributor. A variety of mitigation options have
been experimented, with the capture, transportation and storage of anthropogenic CO, in geological formations
being at the forefront of available methodologies. Storage of CO,, either as a condensed, supercritical fluid phase, or
as a gas, has previously been undertaken in a number of geological formations such as depleted oil or gas reservoirs,
unmineable coal beds, deep saline-water saturated reservoirs, and basaltic formations [1]. Deep saline reservoirs
occur throughout the world and provide large, potentially accessible storage opportunities for Carbon Capture and
Storage (CCS) technologies.

The South African Centre for Carbon Capture and Storage (SACCCS) was formed in 2009 as a division of the
South African National Energy Development Institute (SANEDI) and undertakes “CCS research and development to
attain a state of country readiness for the implementation of CCS in South Africa”. A multidisciplinary scientific
programme is underway to identify and study the possibilities for CCS in South Africa. A country-scale assessment
of the storage potential of South Africa’s sedimentary basins was undertaken by Viljoen et al., [2], which concluded
in the publication of the “Atlas on geological storage of carbon dioxide in South Africa” [3]. This assessment
identified five Mesozoic sedimentary basins with possible storage potential, two of which were onshore and the
remaining three located on the submerged continental shelf (Figure 1). The current paper documents a component of
this research with an ongoing project detailing the geological evolution and storage prospectivity of the offshore
Durban basin in KwaZulu-Natal.

The investigated area occurs in a fault-bounded sedimentary basin of Mesozoic age, preserved along the eastern
continental margin of South Africa. Previous exploration focused upon possible traps in the Tugela Cone with a
minor gas show in the Jc-B1 well, and the Jc-D1 well providing evidence for an active petroleum system [4].
Analysis of legacy 2D seismic and exploration borehole data in a CCS context has been undertaken to provide a
better understanding of the depositional architecture and CO, storage prospectivity of the basin.
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Figure 1: Possible storage opportunities within deep saline formations in South Africa. Data confidence ranked out of 5 is represented by
purple figures in each basin. [modified after 3].

2. Methodology

Available data are restricted to legacy oil and gas surveys obtained between 1960 and 2000, during limited
exploration programmes along the eastern seaboard of South Africa. The east coast continental shelf is traversed by
approximately 13 000 km of legacy 2D seismic profiles with limited distinction between the Durban and offshore
Zululand basins. Previous exploration focused primarily upon the Tugela Cone (Figure 2) with acquisition of close

grid-spacing seismic profiles across the shallow continental shelf. Limited deep sea seismics were acquired during
this phase.

The basins hydrocarbon potential has been tested by only four unsuccessful wildcat wells (Figure 2), drilled on
the continental shelf. Wells intersected approximately 2000 m of Cretaceous and late Jurassic sediments
representing drift and syn-rift phase sedimentation. All available data are held by the Petroleum Agency SA, with
well completion reports, engineering reports, lithology logs, geophysical (density, sonic, gamma) logs and log
analysis reports being available. Limited coring was undertaking during the exploration drilling and no downhole
testing for reservoir quality or oil or gas potential were undertaken.

Exploration in 2012 and 2013 by Impact Oil and Gas (in partnership with Silver Wave Energy) and CGGVeritas
respectively saw the acquisition of 5000 km of 2D seismic profiles across the Tugela Fan complex, and 10 000 km
of 2D seismic acquisition within the deep Durban basin and offshore Zululand basin in water depths from 500-2500
m. Unfortunately during the timeframes of the current project this data was proprietary and not available for
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analysis, but may form a valuable database for future projects. Although a wealth of legacy 2D seismic data exist,
the limited borehole array within the basin causes a dearth of detailed reservoir, and geophysical data with no
reservoir tests (porosity or permeability) being undertaken during exploration and therefore little to no qualitative
data being available.

Although depths at which supercritical phase CO, is reached fluctuate dependent upon the geothermal regime and
stratigraphy of the basin [5], the depth limits for the assessment were set at optimum depths of greater than 800 m.
The study utilized existing seismic and well log information to delineate potential sandstone reservoirs as well as
their potential rock volume for the safe storage of CO,.

28° 30° / Figure 2: Offshore coverage of
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legacy seismic data and associated
well positions data acquired within
the Durban and Zululand basins [after
4].

A detailed analysis of the
stratigraphy and basin genesis
was initially undertaken to

define the basin
sedimentology characteristics
and its CO, storage
prospectivity. Currently all
available stratigraphic logs
are being remapped, with
sandstone units below 800 m
depth targeted for analysis.
Sandstone bodies identified
from borehole and
geophysical logs are
correlated  with  seismic
reflectors and their extent
mapped across the basin. The
lack of exploratory boreholes
within the deeper portions of
the basin has forced some mapping to be undertaken upon purely seismic identification with potential structures
mapped on intersection seismic lines. This process is currently ongoing, with the potential for sandstone units within
the identified structures still to be defined. No detailed basin-scale 2D or 3D cross sections have been completed for
the Durban basin

Richards Ba
Tugela River

In most instances, only seismic data are available for selected areas within the basin, with many identified
structures remaining undrilled, thereby hampering definition of potential reservoirs. The lack of drilling within the
basin has also resulted in no detailed geological data on caprock being available.

3. Results
3.1. Evolution and Stratigraphy of the Durban basin
The Durban basin, occurs as a 10 000 km? offshore rift basin [6], preserved on the eastern continental shelf of

South Africa. It is bounded to the south by a major transform fault that marks the beginning of the Natal Valley and
the Agulhas-Falklands Fracture Zone (AFFZ), whilst to the east the basin is separated from the Mozambique basin
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by the Mozambique Ridge. The basin is structurally complex hosting a number of horst and graben structures upon
which syn-rift and early drift phase sediments have been deposited. Overlying the syn-rift and early drift sediments
are thick successions of late drift phase shelf sediments. Since the Mesozoic, the geometry of the continental margin
of southern Africa has been defined by structures relating to continental-scale tectonism associated with rifting and
separation of the Gondwana supercontinent. At the time of continental separation southern Africa had high mean
surface elevations between 2000 to 2500 m amsl (above mean sea level) due to its relative position in
Gondwanaland, and the deposition and extrusion of the Karoo Supergroup [7]. During breakup, the marginal
escarpment along the newly forming continental margins was rapidly eroded to the base level of the newly forming
Indian and Atlantic Oceans with this rapid erosion providing much of the sediment that was deposited along the
southern African continental shelf during the Cretaceous [7].

Basin-fill consists of Kimmeridgian to Cenozoic sediments, which can be subdivided into five successions
bounded by major unconformities. The dominant zone of sedimentation occurs within the Tugela Cone, a Tertiary-
age, deep-water fan complex that is located seaward of the continental shelf. It is within the Tugela Cone that
Petroleum Agency SA identified prospective structures, as well as oil and gas leads and play concepts [4]. Sediment
thicknesses vary between 2300 m and 3940 m based upon drilling depths of the Jc-A1 and Jc-B1 wells respectively,
however thicknesses may increase to ~7250 m [8].

Syn-rift sediments of Kimmeridgian to late Valanginian age are identified in individual graben fill successions.
Syn-rift sediments have only been intersected in three boreholes, Jc-B1 and Je-D1 in the Durban basin, and ZU 1/77
in the onshore Zululand basin. The non-fossiliferous green-grey and red-brown silty to clayey sandstones are
correlated with conglomeratic continental red-bed successions identified at the base of the Zululand Group in the
onshore Zululand basin to the north. Within the JC-B1 well, drilled on the shelf edge offshore Durban, the syn-rift
interval has been heavily intruded by dolerite sills causing alteration of the surrounding sandstones, siltstones and
claystones. The sediments consist of ~40 m thick upward coarsening, regressive cycles of claystone, siltstone and
sandstone. Sandstones can reach 10 m in thickness [9] and are commonly carbonaceous with calcareous cement [10].
It is proposed by Kitchin and McLachlan [9] that the syn-rift interval from the basement horizon D up to the 6At1
horizon represents a major transgressional event along the eastern seaboard, which is terminated by a major
erosional unconformity (6Atl) thought to be related to major uplift. The 6Atl reflector marks the termination of syn-
rift sedimentation and the onset of drift-stage deposition within the Durban and Zululand basins.

Early drift phase sedimentation is represented by a ~30 m thick succession of mid-Barremian to early Aptian,
marine, high-gamma claystones and shelfal sandstones of the Makatini Formation in borehole Jc-C1 and Je-Bl.
Early drift sedimentation within the Durban basin is exceptionally localised with units occurring in the deeper
portions of the basin, thinning against basement high features. The basal claystones are overlain by late Barremian to
early Aptian, shelfal sandstones of variable thickness (Jc-C1 — 890 m and Jc-B1 — 290 m). This unit thins to the
north of the Durban basin, where it is identified as a localised, but sandstone-rich horizon in the Jc-Bl well
interbedded with minor claystone. The sandstone is very fine- to fine-grained, with subordinate grains of coarse-
grained, angular quartz [10]. Gearhart Geodata Services [10] indicate that the sandstone is non-glauconitic, unlike
glauconitic sandstones identified higher up in the succession between the Y and Z horizons and therefore suggest a
major unconformity correlated with the Z horizon.

The Makatini Formation is overlain unconformably by the Mzinene Formation, deposited between the late
Aptian/early Albian to late Cenomanian/early Turonian. Within the basin the formation consists of a localized
succession of siltstone and claystone deposited on the palaco-middle to -outer shelf with minor shallow marine
sandstones capping the succession. The contact between the Mzinene Formation and overlying St Lucia Formation is
marked by a ~30 m thick, laterally extensive, wave-sorted, gritty, quartz sandstone which represents a forced-
regressive shoreline deposit that covered most of the early Turonian palaeo-shelf of southern Africa. Although this
unit is not represented in boreholes within the Durban basin, seismic analysis has postulated its existence in the
undrilled, proximal region of the basin.
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The St Lucia Formation forms the uppermost Cretaceous succession in the basin, represented by sporadic
Turonian to Maastrichtian deposition of deep-water claystone and mid- to outer-shelf siltstones, with subordinate
tight marine sandstone [11]. Syn-rift and early drift sediments are overlain by a succession of late drift shelf
sediments, which form part of the Tugela Cone, a Cenozoic-age, deep-water fan complex that is located seaward of
the continental shelf. Seismic interpretation of the undrilled Tugela Cone suggest potential for turbidite sands being
deposited within the upper fan on levees and within channel infills, whilst the middle fan potentially hosts bedded
distal turbidites and possible supra fan lobes. Late Cretaceous sedimentation in the basin is dominated by grey
claystones with minimal coarse clastics providing a potential cap rock for the underlying units.

Cenozoic sediments range in thickness from ~1300 m to ~2000 m with basal units comprising deep marine anoxic
shales deposited in the early Palacogene. Continental uplift during the Oligocene allowed for the deposition of
coarse-grained sandstone in fluvial to deltaic channels identified from seismic interpretation along the continental
shelf. The upper Tertiary is dominated by claystone, calcarenite, and subordinate siltstone and sandstone.

3.2. Storage Prospects of the Durban basin

Previous exploration within the basin focused upon possible traps in the Tugela Cone with a minor gas show in
the Jc-B1 well, and the Jc-D1 well providing evidence for an active petroleum system [4]. It must be noted however
that all wells were poorly positioned, with no appreciable sandstone reservoirs of Cretaceous age encountered as the
wells were drilled upon basement highs along the shelf-edge in sediment by-pass zones. Davids [12] suggests that
none of the wells tested traps with demonstrable closures. Re-analysis of the Durban basin data focuses upon both
structural and stratigraphic traps and reservoir systems as prospective analysis sites.

3.2.1. Reservoir sandstones with structural traps

Preliminary analysis of TIFF and SEG-Y format seismic imagery has identified a number of structural traps
within the basin, which are in accordance with trap sites identified by Petroleum Agency South Africa reservoir
engineers during previous oil and gas seismic interpretation. None of the trap sites have been drilled however, and
further analysis is needed to define the potential for reservoir sands within the zones. Two anticlinal structures are
identified along seismic lines S76-159 and S74-006, representing a sequence of draped sediments overlying
basement horst structures (Figure 3 — A and B). The sediments overlie the 15Atl reflector [4], representing
sandstones of possible Turonian age within the St Lucia Formation. The structure (B) is evident at all stratigraphic
levels between the Cenomanian-Turonian reflector (15Atl) and the Cretaceous-Tertiary boundary (22Atl). The
structure represents a closed structure with potential 4-way closure over an area of ~100 km®. Down-dip of this
structure along S76-159, a secondary closure is evident below the Cretaceous-Tertiary unconformity (C), with
sediments draped over a potential fault structure (Figure 3).

Within the syn-rift succession, a number of structural fault traps are evident in graben structures, where
sediments of syn-rift and possibly Makatini Formation association abut basement lithologies. As no downhole
pressure testing has been undertaken within the wells in the basin, the sealing potential of the faults is unknown.
However the basement lithologies within the region are represented either by Natal Group siltstone and shale,
Dwyka Group tillite, or Karoo Supergroup volcanics. In most instances these lithologies have the potential to form
good seals due to limited porosity and permeability related primarily to fractures and jointing. Seismic evidence
suggests that faulting ceased prior to deposition of the Mzinene Formation, with thick successions of unfaulted
siltstone and marine claystone potentially acting as overlying seals for faults with potential transmissivity.
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Figure 3: Seismic section SA76-159 with approximate levels of major boundary reflectors indicated. Note the anticlinal structure with
associated sediment draping at A and B. Note the anticlinal structure below the Cretaceous-Tertiary boundary at C.

Two such traps are evident in seismic line S74-007 (Figure 4), where syn-rift graben fill thins out and is truncated
against basement high zones. Zone (A) occurs on the landward side of a major graben structure where syn-rift and
early drift sediments (potentially correlated with the Makatini Formation) thin out and are truncated up-dip against a
major normal fault. Zone B is identified down-dip of “A” where sediments of potentially similar age are truncated
against a large horst structure.

In both instances these zones are undrilled; with the nearest well (Jc-Al) sited up-dip of zone A. Jc-Al
intersected only upper Cretaceous units, with the oldest sediments being of late Cenomanian to Turonian age [13].
This suggests that ~1500 m of early Cretaceous sediment preserved within the graben structure down-dip of Jc-Al is
likely to be truncated against the basement horizon updip creating a potential structural trap zone if reservoir
sandstones are developed. Sandstones identified in the Makatini Formation to the north are represented by ~50 to
100 m tight sandstones of Aptian age, with similar deposits identified in Je-Bl and Jc-D1, suggesting that the
potential for sandstone development in these zones is high.

3.2.2. Reservoir sandstones with stratigraphic traps

Preliminary seismic analysis has identified a number of potential basin floor fans present at varying stratigraphic
levels within the basin. Zone C in Figure 4 represents a ~10 km long basin floor fan developed upon the
Cenomanian/Turonian unconformity with lateral pinch out up- and down-dip against the palaeo-slope. The fan
attains a maximum thickness of ~300 m but its lateral extent parallel to the coast cannot be defined as no seismic
intersections are available along its profile. It is assumed by Petroleum Agency SA [4] that the fan has an area of
closure of ~100 km?. It is suggested by Petroleum Agency SA [4] that the reservoir lithologies are potential turbidite
sandstones with stratigraphic pinchout traps against shale slope facies.
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Figure 4: Seismic section S74-007. Major reflectors are shown with potential structural and stratigraphic trap zones identified. Zones A and B
represent up-dip structural fault traps within syn-rift and Makatini Formation sediments, whilst Zone C represents a well-developed basin floor

fan complex within the St Lucia Formation, directly overlying the Cenomanian/Turonian unconformity.

Although Viljoen et al., [2] suggest that sandstone of Cretaceous age represent the target horizons within the
offshore basins, a ~300 m thick succession of interbedded sandstone, limestone and minor claystone is intersected in
the Je-D1 well between 770 m and 1060 m depth from KB (KB to seafloor is 110 m). Although the formation top of
this unit occurs above ~800 m depth, the overlying lithologies form a potentially good seal, dominated by ~300 m of
claystone with subordinate thin stringers of limestone and silty sandstone. The sandstones are of Miocene age,
overlying the Miocene/Oligocene unconformity [14]. Individual sandstones range in thickness from ~5 to 17 m
interbedded with shales ranging from 2 to ~6 m in thickness. The thickest reservoir package occurs between ~920
and 990 m, represented by an interbedded succession of sandstone (40%) and limestone (60%). The lowermost zone
within the package occurs between 1010 m and 1060 m and is represented by sandstone (60%) interbedded with
minor limestone (15%) and claystone (25%). The sandstone is generally light to medium grey, fine- to very fine-
grained, moderate- to poorly-sorted with a weak calcite cement [14]. The limestone is often sandy, commonly
grading into sandstone in places, true limestones are generally firm to hard with a cryptocrystalline to finely
crystalline matrix. Claystones are generally soft and commonly silty, amorphous, and often calcareous.

Although work on the lateral extent of this unit has yet to be undertaken, the zone represents a prospective
reservoir that may occur in other portions of the basin.
4. Discussion
4.1. CCS Reservoir Capability

Although the potential for reservoir sandstones within the Durban basin is good, no intersections of considerable

thickness were made in the Jc-Series wells. McMillian [11] suggests that the Durban basin is dominated by claystone
within only minor sandstone lenses identified within the Early Aptian and late Campanian.
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Despite the lack of identified sandstones, seismic evidence and lateral facies correlation with the onshore
Zululand basin to the north suggests the potential for shallow marine sandstones at depth within the basin.
McMillian [11] indicates that the “11” sandstone which marks the top of the early Turonian appears to cover almost
the entire Turonian palaeco-shelf of South Africa. The only basin where it has yet to be drilled is the Durban basin,
but identification of extensive, clean, gritty and locally pebbly, quartz sandstone within the onshore Zululand basin
suggests that this unit is likely present within the undrilled portions of the Durban basin. This unit has porosities of
30 to 40% with permeabilities (Horizontal in air) varying between 20 — 230 mD [15]. Although it is proposed by
McMillian [11] that the sandstones occur within the undrilled region of the Durban basin their reservoir properties
are unknown with stratigraphic heterogeneity probable.

Early Aptian sedimentation within the onshore Zululand basin also produced thick sandstone/siltstone successions
deposited in estuarine, tidal flat and shallow-marine environments [16] and/or deltaic deposits [15]. The sandstones
are represented by a 121 m thick succession of siltstone and fine-grained sandstone in borehole ZA but thin out
rapidly against basement highs. This thinning of the Aptian sandstones is also identified within the Durban basin,
where seismic profiles suggest thick Aptian age sedimentation in the downdip, undrilled portion of the basin with
think successions preserved against the basement highs. Porosity and permeability analysis undertaken by Gerrard
[15] in the Zululand basin indicated that the Aptian sandstone, although having porosities of 10 — 20% has
exceptionally poor permeabilities (<1 mD) due to a high percentage of clay matrix. Although cored within the Jc-B1
well, uncertainty exists regarding the potential Aptian-age reservoirs within the Durban basin as these sandstones
have been heavily intruded by dolerite and their reservoir capabilities reduced by contact metamorphism.

Although the drilled portion of the Durban basin is dominated by a thick claystone interval [11], the potential for
reservoir sandstones exists within undrilled grabens in the Durban basin. These data are therefore subject to
uncertainty as the potential sites identified within the Durban basin remain undrilled. The sandstone potential
although theorised, is yet to be proven, increasing the risk of the current project. The lack of exploration drilling
within the region poses a second issue to current CCS calculations with a lack of reservoir quality data within the
basin reducing the accuracy of proposed reservoir storage calculations. Porosity and permeability data was therefore
obtained from analogue formations within the onshore Zululand basin to the north [15]. Injectivity potential at
potential sites within the basin is a large issue as this requires detailed reservoir property measurements which have
not been undertaken for the basin. Although analogues such as those in the Zululand basin can be utilised [15], facies
variations or changes in porosity and permeabilities may severely affect the injectivity potential of some zones.

4.2. Storage Capacity Estimate of the Durban basin

Although a large amount of vital reservoir data are lacking within the basin, a static method calculation based
upon the CO, storage capacity of deep saline reservoirs [17] was undertaken to estimate the potential capacity of the
identified sandstone reservoirs within the mapped areas.

It must be noted that inaccuracy is inherent within the calculations as the estimate depends on specific reservoir
data, some of which is limited or not available. It is therefore suggested that if additional information be acquired,
the estimates be recalculated accordingly. Although a geometrical factor is used in the formula when storage occurs
in a depleted oil and gas reservoir, it is usually not used for storage in saline reservoirs, since it is incorporated in the
efficiency factor. CO, trapping mechanisms such as, structural/stratigraphic trapping, hydrodynamic trapping,
residual trapping, solubility trapping and mineral trapping [18], are important factors as they influence the storage
volume and storage volume assessment method [19]. A further important factor to take into account is whether
storage occurs in a closed, open or semi-closed system. No refinement of calculations was made in this study to
incorporate the different trapping mechanisms, permeability and pressure conditions in the reservoir [20; 21; 19].

The following formula was utilized or calculation purposes:
Mcoo = Achg @t pE  (see Table 1).
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Table 1. Volumetric equation parameters for calculation of CO, storage capacity in deep saline formations [17].

Parameter Units* Description

Mcoz M Mass estimate of saline formation CO, storage capacity.

Ay L Geographical area that defines the basin or region being assessed for CO,
storage calculation.

h, L Gross thickness of saline formations for which CO, storage is assessed
within the basin or region defined by A.

Orot L’ Average porosity of entire saline formation over thickness h, or total
porosity of saline formations within each geological unit’s gross thickness
divided by h,,.

P M/ L? Density of CO, evaluated at pressure and temperature that represents

storage conditions anticipated for a specific geological unit averaged over h,.
See Figure 3.1.

E** L/’ CO, storage efficiency factor that reflects a fraction of the total pore
volume that is filled by CO, ([2] stipulates that for South African basins for
which net storage areas and thicknesses data are used, this factor should vary
from 0,04 to 0,16 for deep saline reservoir storage.)

* L is length; M is mass.

Viljoen et al., [2] combined their storage capacity estimates of the offshore Durban and Zululand basins giving a
potential area of ~81 000 km® and a potential CO, storage capacity of 42 282 Mt based upon a net sandstone
thickness of 60 m over the area. However, the 10 000 km” extent of the Durban basin indicated by [6] is far smaller
than that assumed by Viljoen et al., [2] in their calculations. Therefore if only the 10 000km® Durban basin were
selected, calculations based upon Viljoen et al. [2] data suggest that the theoretical storage capacity of the Durban
basin alone is ~5 000 Mt.

5. Conclusions

Initial evaluation of the offshore Durban basin on the eastern seaboard of South Africa suggests that a thick
succession of late Jurassic to Cretaceous sediment is preserved, overlain by a ~1800 m thick Cenozoic interval of
Palaeocene, Early to Late Eocene, Early Oligocene and Early to Middle Miocene age. The drilled sequence is
dominated by shelfal claystone and minor sandstone with syn-rift and drift phase sedimentation defined throughout
the basin. Although limited sandstone reservoirs have been intersected in boreholes drilled along the continental
shelf, the potential for reservoir sandstones downdip is high, with numerous structural and stratigraphic trap sites
defined through first pass seismic mapping. First-pass storage calculations within the Durban basin are modified
from previous work undertaken by Viljoen et al., [2], with a proposed 5000 Mt of potential storage capacity.
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ABSTRACT

The seismic stratigraphy, evolution and depositional framework of a sheared-passive margin, the Durban
Basin, of South East Africa are described. Based on single-channel 2D seismic reflection data, six seismic
units (A-F) are revealed, separated by major sequence boundaries. These are compared to well logs
associated with the seismic data set. Internal seismic reflector geometries and sedimentology suggest a
range of depositional regimes from syn-rift to upper slope and outer shelf. Nearshore and continental
facies are not preserved, with episodic shelf and slope sedimentation related to periods of tectonic-
induced base level fall. The sedimentary architecture shows a change from a structurally defined shelf
(shearing phase), to shallow ramp and then terminal passive margin sedimentary shelf settings. Sedi-
mentation occurred predominantly during normal regressive conditions with the basin dominated by
the progradation of a constructional submarine delta (Tugela Cone) during sea-level lowstands (LST). The
earlier phases of sedimentation are tectonic-controlled, however later stages appear to be linked to

global eustatic changes.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Globally, passive continental margins are defined by broad
(~50 km - Shepard, 1963; ~80 km - Helland-Hansen et al., 2012)
gently sloping (0.05°; Kennett, 1982) shallow water regions
comprising thick sedimentary successions derived from onshore
erosion. These have been the object of intense sequence strati-
graphic analyses, namely due to their potential hydrocarbon re-
serves. The sequence stratigraphic analyses of sheared, or
structurally controlled passive margins are less conspicuous in the
literature (cf. de Lépinay et al., 2016). As de Lépinay et al. (2016)
point out, a number of questions arise regarding their evolution
in the context of gradient and geodynamic and/or sedimentary
setting. It is in this context that the Durban Basin, a portion of the
sheared-passive KwaZulu-Natal margin of SE Africa is investigated.

The eastern continental margin of South Africa is unique. It has
been subject to prolonged periods of sediment starvation, coupled
with tectonic-induced periods of abundant sediment supply (Green,
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E-mail address: nigel.hicks101@gmail.com (N. Hicks).
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0264-8172/© 2016 Elsevier Ltd. All rights reserved.

2011a). It is also dominated by an extremely narrow (~2—12 km)
shelf (Martin, 1984; Martin and Flemming, 1986; Green and Garlick,
2011; Cawthra et al., 2012), considered a morphologically inherited
feature of the initial shearing phase during margin development
(Martin, 1984). In this study, we examine the Durban Basin of the SE
African margin, a north-south trending, sediment-filled, sheared-rift
basin (Dingle et al., 1978). The basin itself is conspicuous by the
development of the Tugela Cone, an anomalous deep-water fan
complex of late Cretaceous to Tertiary-age (McMillian, 2003), that
occurs beneath and seaward of the present shelf break.

This paper aims to assess the sedimentology and sequence
stratigraphic history of the Durban Basin, highlighting controls on
sedimentation as the margin evolved from a sheared-rift to drift
sequence. We propose a model for the basin, and compare and
contrast to the current models for structurally controlled (Martins-
Neto and Catuneanu, 2010; Helland-Hansen et al., 2012) and pas-
sive margin (Catuneanu et al., 2011) basins.

2. Regional setting
2.1. Geology

The Mesozoic evolution of the Durban Basin is poorly
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documented (Du Toit and Leith, 1974; McMillian, 2003); with work
focussed on either low resolution single-channel seismic reflection
data (Dingle et al., 1978; Martin, 1984; Goodlad, 1986), or seafloor
sediment dynamics, submarine canyon formation and Holocene
geology (Green and Garlick, 2011; Cawthra et al., 2012; Green et al.,
2013; Wiles et al., 2013). The basin is structurally complex with
basement comprising rifted Carboniferous-Jurassic sedimentary
and volcanic lithologies of the Karoo Supergroup (Johnson et al.,
2006). The basin owes its existence to continental rifting during
early Gondwana break-up ~183-159 Ma (Leinweber and Jokat,
2011), bounded to the north by the Naude Ridge, the east by the
Mozambique Ridge, and to the south by the Southern Natal Valley
(Fig. 1) (Martin et al., 1981; Goodlad et al., 1982). The southern
boundary coincides with a major east-west trending fault system
that forms the limit of the Agulhas-Falkland Fracture Zone (AFFZ)
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(Broad et al., 2006). The final stages of rifting in the basin occurred
between 115 and 90 Ma Watkeys and Sokoutis (1998), with passive
margin conditions prevailing since ~90Ma (Ben Avraham et al,,
1993; Watkeys, 2006).

Kimmeridgian to Cenozoic age sediments (Broad et al., 2006)
comprise the basin-fill with the main focus of sedimentation
occurring within the Tugela Cone (Fig. 1). Based on regional un-
conformities identified from the biostratigraphy of the Jc-series
boreholes and 2D seismic reflection data, Dingle et al. (1978) and
McMillian (2003) subdivided the units into syn-rift and drift se-
quences broadly correlated with the coeval Zululand Group in the
onshore Zululand Basin to the north of the study area (Fig. 1) (Broad
et al., 2006). Since the late Cretaceous, deposition along the con-
tinental shelf is marked by several hiatuses which have resulted in
incomplete preservation of the drift stratigraphy (Green, 2011a).
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Fig. 1. Locality map detailing study area location with National Oceanic and Atmospheric Administration (1 min grid) UTM showing study area and Indian Ocean bathymetry. The
areal extent of the Durban Basin is shown within the shaded polygon. Note the relative position of the Jc-series boreholes drilled on the continental shelf to that of the deep water

Tugela Cone and the Abyssal Plain.
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Early Cenozoic deposition within the Durban Basin has no
lateral correlation with onshore deposits, strictly associated with
the construction of the Tugela Cone, an asymmetric submarine
delta-fan complex seaward of the Tugela River (Goodlad, 1986). A
regional seismic reflector Jimmy (Goodlad, 1986) represents a late
Pliocene/early Pleistocene unconformity which is traceable
throughout the Natal Valley (Green, 2011a) but not in the Jc-series
boreholes. Post-Jimmy deposits reflect sediment starvation of the
upper margin, with late Pleistocene deposits occurring as remnant
palaeo-dune cordons and coast-parallel reef systems (Green,
2011b), and Holocene sedimentation occurring as ~20 m thick
unconsolidated sediment wedges and valley fills (Green and
Garlick, 2011; Cawthra et al., 2012).

2.2. Physiography

Extending between the coastline and the 2000m isobath, the
Durban Basin covers an area of ~10,000 km? (Broad et al., 2006)
with the ~5000 m thick sedimentary succession derived from rapid
erosion and high sediment influx via short, fast flowing river sys-
tems draining the high hinterland (2000—2500 m amsl) and mar-
ginal escarpment which have been in existence from the mid
Cretaceous (Dingle et al, 1978; Partridge and Maud, 2000;
Partridge et al., 2006; Green et al., 2013). The KwaZulu-Natal con-
tinental margin is bounded by a narrow shelf, except in the region
of the Tugela Bank where it broadens to ~45 km due to the pro-
gradation of the Tugela Cone (Martin, 1984; Martin and Flemming,
1986). The Tugela Bank comprises a shallowly dipping, 0.2°
(Goodlad, 1986) continental shelf with the shelf-break at —100 m.
The upper slope is defined by shallow gradients of 1.7°—2.1°,
compared with world averages of 4.28° (Goodlad, 1986). The slope
and rise are dissected by the Tugela Canyon (Fig. 1) which obliquely
crosscuts the Tugela Cone from the upper slope, 50 km offshore, in
a NW to SE orientation (Goodlad, 1986; Wiles et al., 2013). To the
west of the Tugela Cone, the continental rise is separated from the
Mozambique Ridge by a deep abyssal plain which deepens to the
south, finally merging with the Transkei Basin at 4000 m depth.

3. Methods
3.1. Data collection and processing

The Durban Basin is traversed by 2761 km of legacy, reproc-
essed, migrated stack 2D seismic reflection profiles obtained over a
period spanning the 1970's to 1990's. Two thousand kilometres of
single-channel 2D seismic were obtained from the Petroleum
Agency of South Africa (PASA) in SEGY format. These span an area of
175 000 km? and cover the continental shelf, slope and abyssal
plain between the KwaZulu-Natal coastline and the Mozambique
Ridge. Seismic data comprise eleven exploration programmes
which form a 32 000 km? grid at ~4 km? grid spacing on the con-
tinental shelf.

Well log and downhole geophysical data were obtained for the
four Jc-series exploration wells that were drilled on the continental
shelf offshore between 1970 and 2000 (Figs. 1 and 2). Well
completion reports, engineering reports, lithology logs and log
analysis reports were obtained from the Council for Geoscience and
PASA.

3.2. Data interpretation

SEGY data and log data were interpreted in IHS Global Inc.
Kingdom Advanced V2015.0. Digital well shoot/velocity data from
the Jc-D1 well were utilised by PASA to define two-way time vs
measured depth (m) in order to tie well bore data to the seismic

data. Sequence stratigraphic nomenclature and interpretation in
this paper are based upon the recent sequence stratigraphic pro-
cedures defined by Catuneanu et al. (2009); Martins-Neto and
Catuneanu (2010) and Catuneanu et al. (2011).

4. Results

Six seismic units are delineated within the Durban Basin. These
are based upon seismic bounding features, impedance, and
internal-reflection characteristics (Table 1). The units characterised
represent sedimentation within the basin that occurred after the
formation of the post-Karoo Supergroup basement unconformity.

4.1 UnitA

The deepest resolved unit within the basin, unit A, occurs as a
discontinuous succession unconformably overlying acoustic base-
ment along a high amplitude reflector S1. The unit terminates
updip against faulted pre-breakup basement (Fig. 2a—b) but
thickens substantially downdip, increasing from 0 to 1sec two-way
time in thickness (Fig. 2b). In the north of the basin, unit A thins
substantially, occurring as a ~0.2sec thick succession defined by
high impedance reflectors in small graben-fill successions (Fig. 2c).
Unit thickness is dependent upon palaeo-topography, with the unit
onlapping against basement horst structures (Fig. 3) and is best
developed in Jc-C1 (Fig. 2) where ~900 m of siltstone and claystone
with subordinate sandstone is intersected. An upward increase in
reflector impedance is noted in the succession (Fig. 3), and this can
be correlated with sandy to conglomeratic units intersected in Jc-
B1 and Jc-D1 (Fig. 2¢ — Jc-D1 Inset a) with the gamma ray logs in
Jc-B1 showing an upward coarsening of facies at the top of the unit
(Fig. 2b — Jc-B1 Inset a).

Within unit A, two seismic facies occur beneath the Tugela Cone,
best defined from coast-parallel seismic reflection profiles (Fig. 4).
Facies A1 is an aggradational succession of low impedance re-
flectors which increase in impedance strength with stratigraphic
height (Fig. 4). Reflector architecture is dominated by parallel to
sub-parallel internal reflectors which parallel the basement-cover
interface. Facies A2 overlies A1, separated by a discontinuous high
amplitude surface identified in coast-parallel profiles (Fig. 4). The
surface hosts numerous incisions (arrows in Fig. 4) which are
commonly U-shaped and range from 800 to 1100 m wide and
20—30 m (0.30—0.4 s TWTT) deep. Although the internal archi-
tecture of the facies is the same as facies A1, the base of facies A2 is
defined by low impedance reflectors which appear to onlap the
incision surface (Fig. 4).

4.2. Unit B

Unit B overlies unit A along an erosional, high amplitude seismic
reflector S2, which can be traced through much of the distal por-
tions of the basin. Proximally, the reflector truncates against faulted
basement, with unit B unconformably overlying seismic basement
in the updip profile (Fig. 2a—b). Two facies are defined (B1-2) with
facies B1 represented by a series of laterally discontinuous, high
impedance reflectors that occur as mounded zones onlapping and
downlapping onto the underlying unit (Figs 5 and 6). The positions
of the mounds relative to the contemporary shoreline are shown as
polygons on the seismic grid map insets in Figs. 5 and 6. Two
dominant architecture styles, single and retrograde, are identified.
Single mounds have a basal progradational structure with seaward-
dipping reflectors downlapping the underlying reflector S2 whilst
landward dipping reflectors are seen to migrate updip and onlap
surface S2 (Fig. 5). Where multiple mounds are developed
(Fig. 6a—b), an overall retrogradational architecture is recognised as
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Simplified sequence stratigraphic framework for the continental margin within the Durban basin, describing seismic units, facies, bounding surfaces, interpreted depositional
environment and the age of each unit (ages based upon McMillian, and Dale, 2000; McMillian, 2003; Green et al., 2008).

Unit Facies Surface Modern description Stratal relationship Thickness Interpreted Systems  Age
(two-way time)  depositional tract
environment
F F4 Transparent reflector package 0.2s na na Holocene?
F3 Chaotic Reflector Wavy to chaotic moderate to 0—-0.2s na na Pleistocene to
Package low amp reflectors Pliocene?
F2 Progradational wedge High impedance, sub-parallel, 0-0.2s Lowstand shelf edge LST Pliocene
progradational reflectors delta
F1 Channel Fill Onlapping and lateral accretion ~ 0—0.2s Incised Valley Fill LST Pliocene
fills, chaotic, high amplitude
reflectors
S6 Shelf-confined erosional reflector
E E3 Aggradational package Low impedance, sub-parallel, 0—-0.2s Inner to Mid Shelf TST Miocene
aggradational reflectors
E2 Progradational wedge High impedance, sigmoid, 0-0.3s Lowstand shelf edge LST Miocene
progradational reflectors delta
E1l Channel Fill Onlapping and lateral accretion ~ 0—0.2s Incised Valley Fill LST Miocene
fills, chaotic, moderate
amplitude reflectors
S5 Shelf-confined erosional reflector
D D2 Progradational wedge Moderate impedance, steeply 1s Lowstand shelf edge LST Miocene to
dipping, progradational delta Oligocene
reflectors
D1 Channel Fill Onlapping and lateral accretion ~ 0—0.2s Incised Valley Fill LST Oligocene
fills, chaotic, moderate
amplitude reflectors
S4 Basin-wide Erosional Reflector
C C5 Progradational wedge Moderate impedance, steeply 0—0.3s Highstand wedge HST Eocene
dipping, progradational
reflectors
3C Maximum Flooding Surface
C4 Aggradational to Low impedance aggrading 0.1-0.3s Healing Phase wedge TST Palaeocene
Retrogradational reflectors, backstep and onlap
package 3B landward
3B Maximum Regressive Surface
c3 Aggradational to Low to moderate impedance, 0-0.5s Delta Margin LST Maastrichtian to
Progradational Wedge sub parallel, aggradational Campanian
reflectors, onlap S3
2 Progradational wedge Moderate impedance, steeply 0—-0.5s Falling stage wedge FSST Maastrichtian to
dipping, progradational Campanian
reflectors
C1 Slope Fan Moderate impedance, 0to 0.3s Falling stage slope fan FSST Campanian
progradational reflectors, apron
downlap and onlap S3
S3 Shelf-confined erosional reflector
B B2 Aggradational ramp Low to moderate amp, sub 0-0.5s Lowstand ramp LST Turonian
parallel reflectors, onlap S2
updip.
B1 Retrogradational Basin-  High impedance progradational  0—0.3s Falling stage basin floor ~ FSST Turonian
floor Fan reflectors that downlap and fan
onlap S2, individual mounds
show internal progradation but
retrograde as packages.
S2 Basin-wide Erosional Reflector
A A2 Syn-rift valley fill Aggradational to Progradational 0—1s Syn-rift valley fill Syn-rift Cenomanian to
packages that onlap S1 against TST/HST  Aptian
basement highs
Al Syn-rift valley fill Aggradational to Progradational Syn-rift valley fill Syn-rift ~ Aptian to
packages that onlap S1 against TST/HST  Kimmeridgian
basement highs
S1 Basin-wide Erosional Reflector
BASEMENT Acoustic Basement Jurassic

younger features onlap successively landwards onto the underlying

feature.

Where facies B1 does not occur, reflectors of facies B2 onlap S2
progressively landward, with downdip reflectors occurring in an

aggradational stacking arrangement (Fig. 2a). This comprises a
succession of high impedance reflectors aggradationally stacked
above either facies B1 or unit A (Fig. 2a). Facies B2 is represented by
a succession of siltstones and claystones of variable thickness
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Fig. 2. Seismic profiles and associated well logs showing sediment architecture and lithological and geophysical properties (gamma-ray log) of units beneath the present conti-
nental shelf within the Durban basin. Zones of discussion within the well logs are highlighted by greyed insets. a) Seismic profile through the southern basin. Arrows show onlap of
seismic reflectors against antecedent basement structures. The extrapolated position of Jc-C1 is shown. b) Profile through the central basin. Arrows show onlap of seismic reflectors
against antecedent basement structures. The position of Jc-B1 is shown. c¢) Profile through the northern basin. Note the shaded area of potential basin floor fan development

overlying S3 in the northern basin. The extrapolated position of Jc-D1 is shown.

within the Jc-Series wells (Fig. 2 — Jc-C1 Inset b). Within Jc-B1 and
Jc-C1 (Fig. 2), gamma ray logs indicate coarsening upwards se-
quences capped by thin sandstone packages.

4.3. Unit C
Unit C occurs as a prograding package with an offlapping

reflector configuration, separated from the underlying unit by an
erosional, moderate amplitude reflector (S3). Under the Tugela

Cone (Fig. 7) five facies (C1-5) are resolved. Facies C1 is represented
by mounded reflectors that prograde internally, downlapping the
underlying reflector S3 (Fig. 2c). This facies is laterally discontin-
uous, developed along the lower slope in the north of the basin
where it is capped by a moderate amplitude reflector surface “3A”
(Fig. 2c). Where facies C1 is not developed, reflector S3 is overlain
by either facies C2 in the proximal basin, or C3 in the distal basin
(Fig. 7). Internal reflector architecture for facies C2 is dominantly
progradational, with pronounced downlap on surface S3 (Fig. 7).
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Fig. 3. Syn-rift infill within a graben system in the central Durban basin. Note the onlap and truncation of reflectors against basement structures in both directions.
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Fig. 5. Singular, mounded structure constituting facies B1, overlying seismic surface S2 in the southern basin. Note the pronounced onlap updip and downlap of reflectors (arrows)
onto the underlying surface.
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Fig. 6. Multiple, retrogradational mounded structures overlying seismic surface S2, constituting facies B1 in the central basin. Note the pronounced onlap and downlap of reflectors
onto the underlying surface. Note the retrogradational stacking pattern of mound a) vs mound b), with mound b) reflectors downlapping upper surfaces in mound a).
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Fig. 7. Seismic architecture of unit C in the northern basin. Note the downlapping progradational reflector package of facies C2 in the inner shelf with progradational reflectors of
facies C3 preserved in the deeper portion of the basin. Note the aggradational to retrogradational “healing phase” deposits of facies C4 that progressively onlap facies C2 updip. Note

the final progradational reflector package C5 which caps the sequence.

Facies C3 shows aggradational to progradational internal reflectors
(Fig. 7). Facies C3 is not well developed in the southern basin, where
unit C is dominated by aggradational reflector architectures
(Fig. 2a—b). Gamma ray and lithological logs (Fig. 2) indicate that
facies C3 is composed of siltstones and claystones with subordinate
sandstone stringers which cap upward-coarsening cycles.

Facies C4 is observed throughout the study area, overlying facies
C2 and C3 along a high amplitude reflector surface “3B” that marks
the base of the most prominent onlap. The facies comprises low
impedance, sub-parallel to parallel aggradational to weakly retro-
gradational reflectors that distinctly onlap the underlying facies C2
updip (Fig. 7). Within the wells, the facies is dominated by clay-
stones and siltstones, capped by a moderate to high gamma ray
signature claystone in Jc-C1 (Fig. 2 — Jc-C1 Inset ¢) and by a 6 m
thick limestone in Jc-A1 (Fig. 8 — Jc-A1 Inset e).

Facies C5 is confined to the proximal basin and occurs as a
prograding wedge which oversteps facies C5 seaward along a
downlap surface“3C” (Fig. 7). The facies is intersected only in Jc-C1
where the package is dominated by coarse-to medium-grained
sandstones and subordinate claystones (Fig. 2 Jc-C1 Inset d). No
geophysical logs are available for this facies. Thicknesses of facies
C5 are variable, with the sequence truncated by a major erosional
reflector (S4).

4.4. Unit D

Along coastal strike, unit D overlies a pronounced erosional
surface (S4) that delineates a series of U and V-shaped incisions up
to 70 m (0.9 s TWTT) deep. Unit D can be separated into two facies
which together represent a seaward thickening succession in the
northern portion of the study area, but a relatively thin succession
in the southern portion of the basin. Facies D1 is an infilling facies
with onlapping high amplitude reflectors restricted to coast-
perpendicular incisions (Fig. 9). Facies D1 is overlain by facies D2,
a seaward dipping, aggradational to progradational set of high
impedance, low amplitude reflectors. This facies is laterally
continuous along strike (Fig. 2b—c) and comprises calcarenite and
coquina interbedded with sandstone and siltstones in all wells

(Fig. 2 — Jc-B1 Inset e).

4.5. Unit E

Although unit E is similar in its internal reflector architecture to
unit D, the two are separated by an erosional surface S5 that is
identifiable in coast-parallel section and delimits a series of U and
V-shaped incisions up to 50 m (0.6 s TWTT) deep (Fig. 10). In the
northern portion of the Tugela Cone, unit E occurs as a seaward
prograding reflector package with pronounced downlap on the
underlying S5 surface (Fig. 11). Three facies are identified within
unit E, with facies E1 having a similar architecture to that of facies
D1, represented by incision fill with high amplitude reflectors
onlapping the incision flanks. Incisions and associated fills are
identified along both the palaeo-shelf and slope, with both drape
fill and flank-attached deposits (Fig. 10). Facies E2 overlies either
facies E1 or unit D if E1 is not preserved. Facies E2 consists of high
impedance reflectors that in downdip section occur as a seaward
prograding set of high impedance reflectors which exhibit pro-
nounced downlap on the underlying S7 surface. Facies E3 forms the
uppermost facies, represented by low impedance parallel reflectors
that show aggradational stacking patterns. Facies E3 is separated
from the underlying facies by a moderate amplitude reflector.

4.6. Unit F

Unit F corresponds to a prograding sediment wedge that occurs
on the continental shelf and at the shelf break. The unit is bounded
at the base by an erosional high amplitude reflector, S6, with in-
cisions into the underlying unit. In many instances the internal
architecture of the unit is obscured by seafloor multiples, but in
coast-parallel section (Fig. 10) the succession can be delineated and
comprises four facies (F1—F4). Facies F1 represents incision fill
where onlapping high amplitude reflectors are restricted to in-
cisions on the palaeo-shelf and slope (Fig. 10a—b). Facies F2 rep-
resents high impedance sub-parallel to parallel reflectors. In coast
perpendicular section, this facies occurs as a prograding wedge of
seaward dipping reflectors, with facies F2 occurring as a distal
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Fig. 10. Coast-parallel seismic profile indicating multiple incisions and associated incision-fill along multiple seismic surfaces S5 and S6 in the southern basin. Note the multiple
incision episodes in singular incisions as shown in inset b).
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Fig. 11. Progradational reflector package comprising facies E2 overlying seismic surface S5.
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succession of aggradational reflectors underlying the seafloor
(Fig. 10b). Facies F3 is only evident in coast-parallel section,
occurring as chaotic low impedance reflectors (Fig. 10a). Unit F is
capped by facies F4 which occurs as low impedance sub-parallel to
parallel reflectors.

5. Sedimentary facies and associated depositional regimes

Sedimentation within the Durban Basin is represented by both
syn-rift and drift phase sequences. Although conventional
sequence stratigraphic analysis (cf. Catuneanu et al., 2011; Zecchin
and Catuneanu, 2013) is generally focussed on drift phase sedi-
ments in passive margin basins, for rifted sequences separate
models need to be utilised with typical rift sequences comprising
transgressive and highstand system tracts (cf. Martins-Neto and
Catuneanu, 2010).

5.1. Early syn-rift infillings

The spatial distribution of unit A is irregular (Fig. 12a), and
represents syn-rift, graben fill of likely lacustrine to fluvial origin
(Stojcic, 1979; McMillian, 2003). Seismic reflector architecture in
individual grabens shows onlap of chaotic reflectors against fault
scarps similar to that defined by Prosser (1993) for “rift initiation”
fluvial sedimentation. The identification of continental syn-rift
sediments (Fig. 2c — Jc-D1 Inset a) in facies Al (Stojcic, 1979;
McMillian, 2003), overlain by lacustrine facies A2 sediments in
the Jc-B1 and Jc-D1 wells (McMillian, 2003) supports Kitchin and
McLachlan (1996) proposal that the interval represents a major
marine transgression which can be correlated with global sea level
rise in the early Albian (Haq et al., 1987) (Fig. 8). Facies A2 likely
correlates with “rift climax” sedimentation of subaerial alluvial fans
and shoal-type deltas as defined by Prosser (1993).

The increase in reflector impedance upwards in the facies
(Fig. 3) suggests a succession of coarsening upward packages
bounded by flooding surfaces similar to that defined by Martins-
Neto and Catuneanu (2010) for active rift basins. Here a thin
transgressive systems tract (TST) of retrogradational reflectors is
overlain by aggradational to progradational facies of the highstand
systems tract (HST) (Martins-Neto and Catuneanu, 2010). This fits
well with the syn-rift deposits identified in Jc-B1 (Figs. 2b and 8 —
Inset a), which comprise ~40 m thick upward coarsening, regressive
cycles of claystone, siltstone and sandstone (Kitchin and
McLachlan, 1996). This facies is likely the equivalent of the Maka-
tini and Mzinene Formations from the adjoining Zululand Basin
(Broad et al., 2006) which span the late Barremian to middle
Cenomanian.

5.2. Ramp margin deposition

The syn-rift succession is overlain by deposits of unit B, which
are bounded at their base by regional seismic reflector S2. This
surface marks a major regional hiatus [McDuff — (Goodlad, 1986);
15At1 — (McMillian, 2003)] that, through biostratigraphical data
(McMillian and Dale, 2000; McMillian, 2003), is shown to span the
late Cenomanian to early Turonian (Fig. 8). This period coincides
with marked forced regression and sea level fall around southern
Africa as defined by Dingle et al. (1983) (Fig. 8). In the proximal
basin, S2 represents a subaerial unconformity (Fig. 12b) with
erosion of the underlying units and sediment bypass into the deep
basin. Within the deeper basin, facies B1 sediments show pro-
gradation and downlap on reflector S2 with mounded, prograding
structures (Figs. 5 and 6) representative of deep water, basin floor
fans formed by off-shelf sediment forcing and the deposition of
high density turbidites (cf. Catuneanu et al., 2011). Fig. 12b shows a

zone of proximal bypass and the deposition of isolated fans of facies
B1. It is thus postulated that these fans were deposited during
forced regression of the falling stage systems tract (FSST) along the
palaeo-shelf (sensu Catuneanu et al., 2009, 2011). Due to the
downlap evident in reflectors overlying surface S2, we propose
that, in the deep basin, S2 represents a basal surface of forced
regression “BSFR” (sensu Posamentier and Allen, 1999) with facies
B1 separated from facies B2 by a correlative conformity (Hunt and
Tucker, 1992) separating FSST and lowstand systems tracts (LST)
deposits on the basin floor.

Facies B2 is dominated by aggradational reflectors, and as such
represents deposition during a phase of normal regression during
the ensuing LST (Catuneanu et al., 2011) with the corresponding
sedimentology from Jc-B1 (Fig. 2b) suggesting deposition of deep
marine shales in a slope environment (Kitchin and McLachlan,
1996) (Fig. 8). The architecture of facies B2 is dominated by
gently dipping, parallel reflector patterns suggestive of deep water
deposition within a narrow, 10 km wide, ramp margin (Fig. 12b),
similar to that defined by Seyedmehdi et al. (2016) in the Canning
Basin, Australia. Antecedent topography defines the mid ramp
depositional characteristics with units pinching out laterally updip
against surface S2 (Figs. 2,7 and 12b), whilst the landward section
of the basin is dominated by a rugged erosional unconformity
which we interpret as a subaerial unconformity based upon a
biostratigraphical hiatus (Muntingh, 1983) and limited sedimen-
tation in Jc-C1 (Figs. 2a,8 — Inset b).

5.3. Proximal erosional hiatuses and distally focussed deposition

Although outer shelf deposits of Early Santonian age are iden-
tified onshore (Anderson, 1906; McMillian, 2003) and beneath the
inner continental shelf (Green and Garlick, 2011), representing
remnants of the TST and HST correlated with a period of sea-level
high within the Durban Basin (Dingle et al., 1983), post-unit B TST
and HST successionsw are not preserved distally offshore. In this
study, we consider that this period marked non-deposition in the
distal basin between the late Turonian and early Campanian as
identified in the biostratigraphy (McMillian, 2003), with a laterally
extensive bounding surface S3 separating unit B from the overlying
unit C.

Based upon biostratigraphical ages defined by McMillian and
Dale (2000) and McMillian (2003) (Fig. 8) unit C represents a
period of almost continuous distal basin deposition from the
Maastrichtian to Eocene. Five facies are resolved, with mounded
structures of facies C1 downlapping the underlying surface S3 with
progradational internal reflectors similar to retrogressive turbidite
lobes identified by Shanmugam (2016); we thus consider them to
represent deposition as slope and basin floor fans within the late
FSST (Fig. 12¢). These were focussed offshore of the position of the
contemporary Tugela River (Fig. 12c¢). Furthermore, in the northern
portion of the basin, reflector architecture of facies C2 shows
marked progradation with pronounced offlap and limited topset
development (Fig. 7) and is truncated above by a subaerial un-
conformity, a reflector architecture synonymous with forced
regressive conditions in the proximal FSST (Zecchin and Catuneanu,
2013). The C2 sequence has been identified along much of the
KwaZulu-Natal margin (Fig. 12c) (Green, 2011b; Green and Garlick,
2011) and has been correlated with the relative sea level fall of the
late Campanian and early Maastrichtian (Dingle et al., 1983), with
sedimentation a product of deltaic deposition from large river
systems (Dingle et al., 1983; Goodlad, 1986). In this regard, we
interpret Facies C2 as a truncated shelf-edge delta (Fig. 12c) within
the FSST as defined by Hunt and Tucker (1992) with Facies C1
representing coeval forced regressive submarine fans. This marks
the early stages in construction of the nascent shelf edge.
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the contemporary shelf break.

Facies C3 is resolved seaward of the facies C2 FSST (Fig. 12d)
and occurs as a seaward thickening wedge of aggradational to
progradational reflectors (Fig. 7). The wedge tapers landward,
onlapping the underlying S3 surface in the mid-shelf (Fig. 7). The
forestepping nature of the reflectors is similar to that of wedges

produced during the late LST (cf. Posamentier and Allen, 1999),
suggesting stable accommodation space change relative to sedi-
ment supply. The C3 lowstand wedge is intersected in Jc-A1, where
numerous coarsening-upwards parasequences of claystone and
sandstone are identified (Fig. 8 — Inset c). Deposition in a
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prograding delta margin setting similar to that discussed by
Porebski and Steel (2003) is thus envisioned, with LST sedimenta-
tion overlying the FSST slope component. Truncated clinoforms
within the FSST shelf-edge delta suggest that this facies has been
prone to erosion through current activity, shelf-edge slumping and/
or sediment bypass during early lowstand (Fig. 7).

The seismic reflector (3B) which overlies facies C2 and C3 (Fig. 7)
is coincident with Cretaceous-Tertiary boundary and forms the
base of a distinct retrograding parasequence set in the slope envi-
ronment. Although difficult to identify in the borehole logs which
show limited sedimentological variation due to their location in the
deeper shelf settings (Figs. 2 and 8), in Jc-A1, the surface is overlain
by a ~6 m thick carbonate that exhibits a marked high gamma ray
signal (Fig. 8 — Inset d). The reflector is often not well defined in
seismic section, and is not mapped by previous studies (Dingle
et al.,, 1978; Martin, 1984; Goodlad, 1986). Although a limited bio-
stratigraphical hiatus is defined by McMillian (2003), biostratig-
raphy within the Jc-D1 well (Lester, 2000) suggests continued
deposition across the boundary, with a change from more proximal
LST deposits to distal TST Tertiary sedimentation. This is corrobo-
rated by the sea level curves of Siesser and Dingle (1981), which
show a change from regressive to transgressive conditions across
the boundary (Fig. 8). Due to the seismic architecture of the para-
sequences above and below this surface (Fig. 7) combined with
sedimentological and biostratigraphical well log data, we propose
that surface 3C represents the maximum regressive surface
marking the change from lowstand normal regression to trans-
gression (cf. Catuneanu et al., 2009).

Overlying surface 3B, facies C4 is recognised from borehole
studies (Du Toit and Leith, 1974) as a ~440 m thick Palaeocene and
Eocene-age (Lester, 2000) succession of marine claystones. This
occurs throughout the study area (Fig. 12e). The seismic architec-
ture of facies C4 is best represented in the northern Tugela Cone
(Fig. 7) where reflectors show consistent retrogradation landward
over the underlying FSST (facies C2), with prominent onlap against
the 3B surface. The succession thins to the south, identified in Jc-C1
as a ~200 m thick succession of claystone which fines upwards to
siltstone (Fig. 8). The stratal architecture bears similarity to the
architecture of “healing phase” TST wedges as defined by other
authors (sensu Catuneanu, 2006). The limited occurrence of
Palaeocene and Eocene sediments on the inner shelf is discussed by
Siesser and Dingle (1981), Green and Garlick (2011), and Green
(2011a), who consider it a function of non-preservation due to
intervening episodes of sediment bypass and later erosion.

Facies C4 is capped by surface 3C (Fig. 7) which correlates with a
5 m thick limestone horizon (Fig. 8 - Inset e) evident at 975 m depth
in Jc-A1 (Du Toit and Leith, 1974). The overlying facies C5 (Fig. 7) is
intersected by borehole Jc-A1 where three Palaeocene age coars-
ening upward packages of shale to sandstone are identified (Du Toit
and Leith, 1974). Sandstones vary in thickness from 5 to 40 m (Fig. 8
— Inset f) and the progradational nature of the seismic reflections
suggests that these are likely representative of shallow marine
shoreface sands (Catuneanu, 2006). Siesser and Dingle (1981)
suggest that the Palaesogene was a period of protracted sea level
rise along the east coast (Fig. 8) with TST deposits identified along
the northern KZN shelf (Green, 2009). Although a minor regressive
phase in the early Eocene is postulated by Siesser and Dingle
(1981), this study shows continued marine transgression
throughout the Palaeogene with highstand conditions prevailing in
the late Eocene consistent with sea level curves of Siesser and
Dingle (1981).

As surface 3C caps the TST in Jc-Al, with the corresponding
limestone in Jc-A1 having a high gamma ray signature typical of
condensed sections (Fig. 8 — Inset e), we propose that the surface is
representative of a maximum flooding surface that caps the healing

phase wedge (Fig. 7). The progradational facies C5, which overlies
this surface is correlated with inner shelf sands and thus considered
the subsequent HST wedge (Fig. 12e) (Catuneanu et al., 2011). This
mantles the underlying C4 and spans almost the entire study area
along-strike (Fig. 12e).

5.4. Large scale sediment influx, cone development and shelf
construction

Unit C is truncated by a regional unconformity surface S4 (Angus
— Goodlad, 1986), which correlates with a basin-wide early Oligo-
cene hiatus identified in the Jc-A1 well (Du Toit and Leith, 1974).
The Oligocene hiatus correlates with hinterland uplift (Partridge
and Maud, 1987), as well as a global sea level lowstand during
the middle Oligocene (Fig. 8) (Haq et al., 1987; Millar et al., 2005;
Millar, 2009). Siesser and Dingle (1981) suggest sea level fall
around southern Africa of —500 m during the early to middle
Oligocene (Fig. 8), whilst Dingle et al. (1983) propose —100
to —200 m sea level fall along the east coast. Within the Durban
Basin, the Oligocene sequence boundary S4 is marked by numerous
channel incisions on the palaeo-shelf (Fig. 9). This boundary thus
represents the subaerial unconformity and its seaward extension
(correlative conformity cf. Posamentier and Allen, 1999), with
lower shelf and slope incisions formed by off-shelf sediment forc-
ing and turbidity current incision. At this time, deepwater slope
fans would have been deposited (Catuneanu, 2006), however Wiles
et al. (2013) suggest that these deposits have been subsequently
reworked and removed by bottom currents active in the adjoining
Natal Valley.

The overlying unit D represents periodic, but voluminous
deposition by short, fast-flowing and entrenched river systems that
drained the nearby coastal escarpment during the late Oligocene to
early Miocene. Periods of hinterland uplift and denudation are
notable during this time period (Partridge and Maud, 1987; Walford
et al., 2005; Green, 2011b; Said et al., 2015), producing a zone of
erosion/sediment bypass in the shelf and deposition near the
contemporary shelf edge (Fig. 12f). The dominantly progradational
reflectors of unit D depict the associated basinward advance of a
large, normal regressive, constructional, submarine delta (Tugela
Cone) during sea-level lowstand. Facies D1 represents the LST fill of
submarine canyons preserved in the underlying erosional uncon-
formity. The higher amplitude seismic reflections relative to the
adjacent incised units, suggest coarser-grained sedimentary infill
along the lines of canyons described by Di Celma (2011).
Posamentier and Walker (2006) suggest that, in active continental
margin settings, coarse-grained canyon fill is common with deep-
water canyon systems linked directly to short and steep fluvial
systems similar to that identified in the Durban Basin. Although no
canyon/channel systems are intersected by the boreholes offshore,
the increase in sediment supply during this period is identified in
Jc-C1 and Jc-D1 and best shown in Jc-A1. Fossil assemblages within
the sandstone packages of Jc-A1 (Leith, 1971) suggest a similar
middle shelf environment to that outlined by Zecchin et al. (2011)
for the early stages of submarine canyon fills in the Crotone Ba-
sin, Italy. Although not recognised in the northern portion of the
basin (Green, 2011b), an architecturally similar, though undated,
canyon fill is identified by Wiles et al. (2013) within the adjoining
Tugela Canyon. Our data corroborate this and we consider that
initial canyon incision corresponded with the mid Oligocene hiatus,
with subsequent canyon quiescence and infilling related to late
Oligocene to Miocene transgression (Fig. 9).

Facies D2, the overlying moderate amplitude, aggradational-
progradational offlapping seismic reflections, constitute a LST
shelf-edge wedge deposit (sensu Santra et al., 2013). This marks the
development of the shelf-break system which characterises the



402 N. Hicks, A. Green / Marine and Petroleum Geology 78 (2016) 390—404

area to date.

Truncating unit D is a second highly erosional surface (S5),
which shows large-scale channel incision along the shelf (Fig. 10),
correlated with subaerial erosion and sediment bypass. The com-
plete lack of TST or HST post unit D, has been discussed by Green
(20114, 2011b) who suggests that the continental shelf was sub-
ject to alternating periods of sediment influx (FSST and LST) and
sediment starvation with ensuing erosion/non deposition (TST and
HST). This is corroborated by Green and Garlick (2011) and Green
et al. (2013) who identify a prolonged hiatus on the inner shelf
spanning the late Eocene to Pliocene; and further suggests the
deposition of deep water slope fans and turbidites during this
period. The lack of preserved FSST deposits within Unit E is how-
ever due to reworking by bottom currents as described by Wiles
et al. (2013) within the Natal Valley since the Oligocene.

Unit E is architecturally similar to unit D, characterised by pro-
gradational to aggradational reflections which form an offlapping
LST wedge on the shelf-edge (Fig. 12f). Within the progradational
shelf-edge wedge, facies E1 occurs as high amplitude channel/
valley fill deposits (Fig. 10b) similar to that of the early LST facies D1.
Facies E2 consists of progradational offlapping seismic reflections
forming a seaward dipping LST shelf-edge wedge similar to that of
facies D2. Updip these reflectors pass into the diffusely reflective
facies E3 in the proximal portion of the wedge. Due to the wedging
out updip of the unit, no boreholes intersect these deposits. How-
ever, the transparent nature of facies E3 is likely associated with
uniform mud-rich lithologies as discussed by Santra et al. (2013) for
the New Jersey continental shelf wedge.

5.5. Sediment starvation

Unit F represents the uppermost resolvable seismic unit. The
base of the unit is a highly erosional surface (S6), which we
correlate to the early Pliocene seismic reflector “Jimmy” (Martin,
1984; Goodlad, 1986). Green (2011b) suggests that, along the
northern KwaZulu-Natal continental shelf, an extended hiatus
correlated with this reflector spans the late Palaeocene to early
Pliocene, having occurred through a combination of sediment
starvation, non-deposition, and sediment bypass. Channel incision
has occurred both on the continental shelf through erosion and
sediment bypass during forced regression, as well as on the upper
slope where canyon formation is identified beneath the present
Tugela Canyon. Like the repeating units beneath, unit F comprises
an early LST channel fill facies F1 with high impedance reflections
which onlap against the channel/canyon flanks (Fig. 10). Green et al.
(2008) dated the wedge, which is continuous along-strike, at the
late Pliocene. These deposits thus coincide with local sea-level rise
following rapid sea-level fall in the early Pliocene (Dingle et al.,
1983). The progradational nature of the overlying facies F2 sug-
gests normal regressive deposition during early sea level rise as
part of a lowstand shelf-edge delta (e.g. Fig. 12f). Green (2011b),
showed that this final phase of shelf-edge wedge aggradation
formed the contemporary shelf break of the Zululand Basin, with
which we ascribe a similar situation in the Durban Basin. Subse-
quent sediment starvation (e.g. Green, 2011b) has left this feature
preserved as a moribund shelf break.

6. Shelf evolution— a combination of structural and
sedimentary shelf dominance

The Durban Basin and its associated sediments have a complex
depositional history with sedimentation interrupted by protracted
periods of erosion or non-deposition. In all cases however, sedi-
mentation can be related to both local and global sea-level fluctu-
ations (Haq et al., 1987, 1988; Siesser and Dingle, 1981; Dingle et al.,

1983) with sedimentation following closely (albeit not completely)
with currently accepted sequence stratigraphic principles
(Posamentier and Allen, 1999; Catuneanu, 2006; Catuneanu et al.,
2011). Unlike the continental margin to the north and south, the
area investigated in this study is represented by major sediment
input from the Tugela and Umgeni Rivers with bypass of the shelf
and proximal ramp areas and deposition initially dominant on the
upper slope as the construction of the shelf ensued.

The formation of the shelf is however unlike that described for
other passive margin settings (Carvajal et al., 2009; Catuneanu
et al, 2011; Santra et al., 2013), as early sedimentation was
controlled by fluvial deposition in a narrow, sheared, structurally
bounded basin (Figs. 12a and 13a) similar to sedimentation styles in
rifted margins (Martins-Neto and Catuneanu, 2010). The result is a
combined structural-sedimentary shelf (Fig. 13a) similar to that
defined by Helland-Hansen et al. (2012).

Sedimentation styles within the basin changed dramatically
during the mid-Cretaceous, with deep water deposition of basin
floor fans in the Turonian (Fig. 13b) followed by the formation of a
shallow, planar ramp during lowstand conditions (Fig. 13c).
Although ramp margins are commonly related to carbonate geol-
ogy (Helland-Hansen et al., 2012), the Durban Basin represents a
siliciclastic ramp margin similar to those discussed by Varban and
Plint (2008).

Tectonism and active spreading had ceased by the Cenomanian
(Ben Avraham et al., 1993; Watkeys, 2006), however the formation
of the proto-shelf on the Turonian ramp was still nucleated close to
the original structural shelf break (Fig. 13c) similar to that seen in
active structural shelves (Helland-Hansen et al., 2012). Increased
sediment supply and base-level fall during the Campanian saw the
initial formation of a shelf break (facies C2) in the basin defined by a
narrow, forced regressive shelf-edge wedge (Fig. 13d) marking a
change from ramp-dominated to shelf-edge sedimentation. The
change in depositional style from structural-sedimentary shelf to
progradational sedimentary shelf (Helland-Hansen et al., 2012)
coincides with McMillian (2003) suggestion that basin began acting
as a single depo-centre during this period. Continuous deposition
through lowstand, transgressive (Fig. 13e) and highstand (Fig. 13f)
conditions dominated the Maastrichtian to Eocene, with the
Eocene highstand wedge prograding from the incipient shelf break,
initially defined by facies C2. This highstand shelf-edge wedge later
controlled the positioning of the future shelf breaks by providing an
anchor point from which successive episodes of protracted low-
stand sediment delivery could build succeeding aggrading and
prograding shelf-edge wedges (unit D-F). This transformed the
shelf edge into the sharp feature that currently marks the
contemporary shelf break (Fig. 13g—h). The progradational units D
and E are similar in architecture to moderately deep water margins
defined by Carvajal et al. (2009) and progradational to aggrada-
tional shelf margins defined by Gong et al. (2015) in the South
China Sea. Clinoform architecture and the absence of large sedi-
ment aprons at the base of the slope suggests modest sediment
input regimes during this period when compared with similar
margins defined by Carvajal et al. (2009).

Subsequent to the final stages of sediment influx during the late
Miocene, the basin has experienced renewed sediment starvation,
with a thin veneer of Pleistocene to Holocene sediment preserved
on the shelf and shelf edge (McMillian, 2003; Green, 2011b), sug-
gesting that the major phases of hinterland uplift and attendant
sediment supply drove the construction of main basin almost in its
entirety. Unlike other authors suggestions (e.g. Martin, 1984;
Martin and Flemming, 1986), the overall narrowness of the
adjoining shelf in the basin is not a product of the initial rifting of
the margin, but rather a fortuitous alternation between an over-
abundance of uplift-driven sediment delivery and normal
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Fig. 13. Schematic model of the evolution of the Durban basin defining syn-rift structural-sedimentary deposition followed by ramp margin development and finally sedimentary

shelf progradation (modified after Helland-Hansen et al., 2012).

regression, followed by generally quiescent conditions until today.

Although combined structural-sedimentary shelves generally
form in young seascapes related to active extensional regimes
(Helland-Hansen et al., 2012), the Durban Basin represents a unique
case where structurally controlled deposition and later sedimen-
tary shelf progradation is related to base level fluctuations and
sediment supply regimes rather than tectonically induced accom-
modation space creation.

7. Conclusions

This study provides the first comprehensive sedimentological
and seismic analysis of offshore data within the Mesozoic Durban
Basin, eastern margin of southern Africa. The review has allowed
for the recognition of multiple phases of margin growth within the
late Mesozoic and Cenozoic including, initial sheared, syn-rift,
structurally-defined sedimentation, followed by incipient ramp
development, and finally progradational sedimentary shelf propa-
gation. Depositional evolution of the basin is represented by six
individual sedimentary successions (Units A-F), separated by
regional sequence boundaries. Sedimentation occurred predomi-
nantly during normal regressive conditions with the basin domi-
nated by the progradation of the constructional submarine delta
(Tugela Cone) during sea-level lowstands (LST). Although initial
deposition within the basin was controlled predominantly by

tectonic events during the final stages of Gondwana breakup in the
region, passive margin sedimentation dominates, with cycles of
deposition or erosion correlated to local and global sea-level fluc-
tuations and sediment supply.
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1. Introduction

Continental shelves in passive margin settings commonly
comprise thick sedimentary successions, allowing for documenta-
tion of variations in sediment supply regimes, eustatic sea level,
ocean dynamics and climatic conditions (Mountain et al., 2007
Nittrouer et al., 2007; Zecchin et al., 2015). The recognition of
palaeo-geomorphic features including progradational clinoform
architecture (Liu et al., 2011), submarine canyon incision (Fulthorpe
et al,, 2000; Jobe et al., 2011; de Almeida et al., 2015), and basin-
scale erosional surfaces (sequence boundaries) (Fulthorpe et al.,
2000; Zecchin et al., 2015) have been utilised to define relative
sea-level changes (Vail et al., 1977; Haq et al., 1987, 1988) or vari-
ations in oceanic and global climatic conditions (Zachos et al., 1997,
2001).

The Durban Basin, developed along the eastern continental
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E-mail address: nhicks@geoscience.org.za (N. Hicks).
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margin of South Africa, has been subject to protracted hiatus events
since the late Jurassic. Previous studies of the continental shelf
(Dingle et al., 1983; Green, 2011a,b; Green and Garlick, 2011; Green
et al., 2013) suggest that erosional/non-depositional regimes were
dominant between the Maastrichtian and latest Pliocene. A recent
study by Hicks and Green (2016) has however, identified prolonged
Cenozoic depositional periods beneath the outer continental shelf
and slope, separated by regional unconformities (sequence
boundaries) related to eustatic sea-level fall. Utilising existing
seismic and borehole data we identify a previously undefined mid-
Miocene erosional unconformity preserved beneath the outer shelf
and slope offshore Durban. This research represents the first
detailed examination of this erosional event within the Durban
Basin, with correlation between analogous mid-Miocene sequence
boundaries around the southern African continental shelf, as well
as in the global context.

The southeast African continental margin currently represents a
major frontier basin region for hydrocarbon exploration, with the
Durban Basin located south of the gas-rich Mozambique Basin
(Singh and McLachlan, 2003). Although the Durban Basin margin is
under-explored, recent 3D seismic acquisition within the
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deepwater Natal Valley (Pisaniec et al., 2017) suggests the potential
for additional work in this region. The hydrocarbon potential of the
east African margin is further highlighted by the super-giant (80
TCF) discoveries made offshore northern Mozambique within the
Mamba Field, a Lower Eocene fan complex affected by strong, deep
water bottom currents that influenced gravity-flow deposition
(Palermo et al., 2014). This paper focuses on the identification and
interpretation of previously unrecognised unconformities that span
these basins, an outcome that may prove valuable to the future
hydrocarbon exploration in the region.

2. Regional setting

Along the coastal margin of the KwaZulu-Natal Province, South
Africa, Cretaceous and Cenozoic lithologies are largely absent
(Dingle et al., 1983). Cretaceous deposits are however preserved in
Maputaland, northern KwaZulu-Natal, where a >2000m thick
succession (Shone, 2006) occurs within the onshore Zululand Basin
(Fig. 1). Palaeocene and Eocene sedimentation is absent throughout
the coastal margin, with early Miocene to early Pliocene sediments
occurring as a marine regressional package (Uloa and Umkwelane
Formations) overlying Cretaceous sediments northwards of
Richards Bay in northern KwaZulu-Natal (Roberts et al., 2006). The
Uloa Formation is represented by an upward shoaling sequence of
shallow marine coquina and sandstone overlain by aeolianite, cal-
carenite and decalcified red soils (Roberts et al., 2006; Porat and
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Botha, 2008). The lack of preservation of Cenozoic deposits along
the KwaZulu-Natal coastline is due to a chain of compounded hi-
atuses that together span the late Palaeocene to early Pliocene
(McLachlan and McMillian, 1979; Dingle et al., 1983). Flores (1973)
and Forster (1975) however, indicate substantial Cenozoic deposi-
tion to the north in onshore Mozambique, with individual hiatus
periods correlated with the early Oligocene, mid-Miocene and early
Pliocene (Martin, 1984).

As with the onshore deposits, the inner continental shelf along
the KwaZulu-Natal coast is dominated primarily by a major hiatus
spanning the late Palaeocene to early Pliocene (Green, 2011a; Green
and Garlick, 2011). Green (2011a) proposed that this protracted
hiatus occurred through compounded hinterland uplift episodes
within south-eastern Africa during the early-Oligocene, mid-
Miocene and Pliocene.

The Durban Basin (Fig. 1), developed offshore of southeast Af-
rica, derives from continental rifting during early Gondwana break-
up ~183-159 Ma (Leinweber and Jokat, 2011) and the opening of the
western Indian Ocean (Ben Avraham et al., 1993; Watkeys and
Sokoutis, 1998). It forms a structurally complex, sheared, passive
margin basin (Broad et al., 2006), comprising early Cretaceous and
Cenozoic sedimentary successions (McMillian, 2003) dominated by
a Cenozoic deep-water fan complex, the Tugela Cone, developed
beneath and seaward of the present shelf (Hicks and Green, 2016).

Prior to the hydrocarbon exploration of the mid 1980's to
2000's, detailed descriptions of the seismic and well data within
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the basin were lacking. The work of Martin et al. (1982) and
Goodlad (1986) used limited biostratigraphical data (Du Toit and
Leith, 1974) and regional seismic profiles to define three regional
reflecting horizons within the mid-Cretaceous (McDuff), Oligocene
(Angus), and Pliocene (Jimmy). These were correlated with major
hiatuses in the northern Natal Valley (Fig. 1). Reflector McDuff (S2;
Table 1) is correlated with a Cenomanian/Turonian hiatus present
in all Cretaceous basins around southern Africa (McMillian, 2003).
However, as this reflector occurs within the acoustic basement for
this study, it is not discussed further. Reflector Angus (S4; Table 1)
correlates with an early Oligocene hiatus identified by Du Toit and

Table 1

Leith (1974) in Jc-A1, whilst reflector Jimmy (S6; Table 1), correlates
with an early Pliocene hiatus in the offshore Durban Basin (Dingle
et al.,, 1983; Goodlad, 1986). Until now, a mid-Miocene erosional
event within the basin has not yet been defined.

3. Methods
3.1. Data collection and processing

The Durban Basin is traversed by 2 761 km of legacy, 2D seismic
profiles of 1970's to 1990's vintage, obtained over an area of 175

Simplified sequence stratigraphic framework for the study area. Seismic units, facies, bounding surfaces, interpreted depositional environments and the age of each unit are
described. Ages are based on previous work (McMillian and Dale, 2000; McMillian, 2003; Green et al., 2008).

Interpreted Thickness Average Shelf 5 Time Sediment Areal Extentof . » —
. . P 3 L . Systems N . . . Sediment Flux ~ This
Unit  Facies Surface depositional (two-way Sediment Sedimentology Tract Age Period  Accumulation ~ Sedimentation (X10%km¥Myr)  Stud
environment time) Thickness (m) (Myr)  Rate m/Myr)  (km?) Y Y
F4 na 0.2s na Holocene?
Pleistocene to
F3 na 0t00.2s 80 . Pliocene? 53 15.1 2000 5.7
F
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edge delta
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200 Glauco.mhc sandstones 85 235 2000 55
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Eom Lowstand shell ¢ 3 LST Miocene
edge delta
El Incised valley fill 010 0.2s Sandstone, subordinate LST Miocene
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Shelf and slope-confined,
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reflector
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) within Unit D
D B 5 .
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S4 Basin-wide erosional reflector
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siltstone
c 3C Maximum flooding surface
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3B Maximum regressive surface
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to Campanian
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wedge Santonian
cl l:‘allmg stage slope 010 0.3s 200 FSST Comac}an to
fan apron Santonian
S3 Shelf-confined erosional reflector
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B : g
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floor fan
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000 km? covering the continental shelf, slope and abyssal plain. All
seismic data utilised in this study were pre-processed, stacked and
migrated by the Petroleum Agency SA (PASA) or the associated
exploration companies, and were obtained in SEGY format. For this
study, an area of approximately 5700 km? was mapped with 2D
seismic profiles paired with lithostratigraphic well log and down-
hole geophysical data from four wildcat exploration wells (Jc-se-
ries) drilled on the continental shelf (Fig. 1).

3.2. Data interpretation

Digital seismic data and log data were interpreted utilising IHS
Global Inc., Kingdom Advanced V2015.0. Digital well shoot/velocity
data from the Jc-D1 well were utilised by PASA to define two-way
time vs measured depth (m). Seismic reflectors representing
erosional surfaces were tied to known biostratigraphical and lith-
ological variances obtained from the four Jc-Series well data.
Seismic profile mapping was subsequently undertaken in Kingdom
Suite 2D/3D PAK allowing for the formation and interpretation of
individual seismic facies. Once seismic horizons were mapped and
correlated, these were exported as grid files and imported into
Kingdom Suite VuPAK for export as contoured horizon maps (Figs. 4
and 6). Sequence stratigraphic nomenclature and interpretation in
this paper are based upon current sequence stratigraphic proced-
ures summarized by Catuneanu et al. (2011).

3.3. Sedimentation rate interpretation

For the purpose of this study, rates of sedimentation are
deduced for the Cenozoic succession based upon mean sediment
package thicknesses derived from well data, and overall areal ex-
tents derived from seismic interpretations (Table 1). A similar
approach to that defined by Walford et al. (2005) and Said et al.
(2015) is utilised. Absolute age constraints for the bounding sur-
faces of individual units are defined by biostratigraphic ages ob-
tained from the Jc-series wells (Du Toit and Leith, 1974; Unstead
et al., 1983; Muntingh, 1983; Lester, 2000). Ages are correlated
with the currently accepted International Commission on Stratig-
raphy Time Chart (v2017/02).

4. Results
4.1. Seismic reflection architecture

The basement to the current study comprises syn-rift and early
drift phase sedimentary infill (Units A-B; Table 1) which defines a
low-angle marine ramp margin in the Durban Basin. Within this
study, the basal unit “C” into which erosional surface S4 incises
(Fig. 2), forms the incipient shelf, shelf edge and slope within the
basin (Fig. 3). The palaeo-shelf edge at S4 time is defined by the
offlap break of the most-seaward reflector of Unit C (Fig. 3).
Although largely removed by later erosional episodes, where pre-
served, the palaeo-shelf break forms a linear feature orientated
northeast-southwest approximately 20 km offshore of the
contemporary coastline (Fig. 4).

Unit D immediately overlying erosional surface S4, is defined by
a north-eastward thickening sediment wedge, most prominent
between Jc-B1 and Jc-D1 (Fig. 2). The inflection point of the most-
seaward clinoforms of Unit D occurs at ~0.4s TWT (Fig. 3), and
outlines the seaward progradation of an approximately 10 km wide
and 30 km long, mixed carbonate/siliciclastic wedge between
boreholes Jc-B1 and Jc-D1 (Figs. 2 and 3). The intercalated succes-
sion of carbonate and siliciclastic sediments (Figs. 2 and 3) can be
subdivided into three seismic facies. D1-3. Facies D1 occurs as a
discontinuous infilling basal facies confined to incisions along the

S4 surface (Figs. 2 and 3).

Facies D2 and D3, which constitute the main components of the
sediment wedge, are separated by a local reflector “S4a” (Figs. 2 and
3). Facies D2 attains a maximum thickness of ~600 m and com-
prises high amplitude, wavy reflectors. These constitute inter-
bedded siltstones and calcarenites in Jc-B1 and a coarsening
upward succession of siltstones and interbedded sandstone and
limestone in Jc-D1 (Fig. 2). Facies D3 attains a maximum thickness
of ~350 m in the vicinity of Jc-D1 (Fig. 2) but is truncated to the
south of Jc-B1 by an overlying erosional surface “S5”. Diffuse low
amplitude reflectors in the southern portion of the wedge are
defined by calcarenites in Jc-B1 (Fig. 2). Northward, in the vicinity of
Jc-D1, Facies D3 is defined by medium to high amplitude north-
easterly dipping reflectors (Fig. 3) that comprise a succession of
siltstone with limited carbonates (Fig. 2).

In contrast to the central and northern parts of the basin, Facies
D2 and D3 are not resolved in the southern basin (Fig. 2). Instead, an
amalgamated succession of “Unit D” is preserved. In this region
aggradation, as opposed to progradation, is dominant on the shelf
and slope (Fig. 5). The distal southern basin is dominated by the
development of a ~20 km wide continental rise which is not
identified in the northern basin (Fig. 6).

The upper reflectors of Unit D are incised by a number of dip-
orientated lows associated with a high amplitude reflector corre-
sponding to an erosional surface “S5”. From time-depth re-
constructions, this surface is resolved across an area of 5000 km?
(Fig. 6). The surface is however confined to the mid- and outer shelf,
truncated updip by a younger erosional surface “S6”. The S5 surface
has an undulatory geometry forming three V and U-shaped in-
cisions (southern, central and northern) best observed in the coast-
parallel sections (Fig. 2). In proximal areas, these incisions have a
relief of 150—300 m, with a maximum width of 2.8 km (Fig. 2), but
broaden and increase in relief downslope up to 500—600 m deep
and ~7 km wide (Fig. 6—8). The geometry of the southern and
central incisions exhibit multiple erosional episodes within these
regions, affecting the S4, S5 and S6 surfaces (Figs. 2 and 8). Multiple
incision episodes are defined by vertically stacked U- and V-shaped
incisions as shown in Fig. 8, with little to no lateral migration
evident. The northern incision however, has no stacked pattern
(Figs. 2 and 8) and represents only a single incision episode.

The variable nature of these incisions is evident from the time-
depth reconstruction of surface S5 (Fig. 6). The U-shaped southern
incision, confined to the upper and middle slope, is a sinuous
feature with a total length of ~25 km. It incises into an area char-
acterised by a subdued slope gradient profile (Fig. 5), terminating
on the continental rise in the southern part of the basin (Figs. 6 and
8). The V-shaped, linear, central incision is the most prominent,
with a total length of ~45 km, incising along the southern margin of
the Unit D wedge (Fig. 6). This incision underlies the contemporary
Tugela Canyon in the distal basin (Figs. 7 and 8). The V-shaped
northern incision is particularly linear, attaining a total length of
~30 km and incising the steep slope associated with the underlying
Unit D sediment wedge (Fig. 6). Only the central and northern in-
cisions indent the palaeo-shelf edge (Fig. 6), defined by the in-
flection point of the most-seaward clinoforms of Unit D.

Unit E, comprising predominantly fine-grained, glauconitic
sandstone and minor siltstone overlies reflector S5 throughout the
study area. Three seismic facies (E1-3) are resolved. Facies E1
consists of incision infill, with an internal reflector architecture that
varies from south to north. The southern incision infill is defined by
basal, diffuse, wavy reflectors, overlain by laterally continuous, high
amplitude, draped reflectors (Fig. 2). The central incision's fill
comprises basal, high amplitude, onlapping, wavy reflectors,
overlain by diffuse wavy reflectors (Fig. 2). This is capped by a series
of draped, laterally continuous, high amplitude reflectors (Fig. 2).
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The northern incision has only flank-attached, onlapping, high to, and updip of, the central and northern incisions (Figs. 3 and 7).
amplitude reflectors (Fig. 2). This facies is laterally continuous along strike to the north, with a

In the northern portion of the basin, northward of Jc-B1, basinward-prograding clinoform architecture that defines succes-
seaward dipping, aggradational to progradational reflectors of sive migration of the dip inflection point and the clinoform toe of
high impedance, and low amplitude (Facies E2) overlie S5 adjacent the clinoform front (Figs. 3 and 7).
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Je-B1.

In the southern portion of the basin however, Unit E, as with the
underlying Unit D, is poorly developed, with sediment fill defined
by aggradational reflectors of Facies E3 (Fig. 5). In all areas, Unit E
reflectors are erosionally truncated by regional reflector S6, which
marks the third phase of erosion within the study area (Figs. 2, 5, 7
and 8).

4.2. Sedimentation rates

Although well data within the basin are limited, and distances
between data are large, all wells intersect the entire succession.
Average sediment thicknesses of individual units with average
sedimentation rates in m/Myr are outlined in Table 1. The Oligocene
is represented by an increase in sedimentation within the basin
from 11.3 m/Myr to 35 m/Myr across the S4 erosional boundary.
Sedimentation rates diminished slightly in the late Oligocene and
early Miocene (Table 1). Sedimentation rates defined for Jc-B1 and
Jc-C1 in Table 2 suggest that, during the Oligocene and early
Miocene, the southern basin was subject to sediment starvation
with a sedimentation rate of 5 m/Myr, compared to 38 m/Myr and
23.8 m/Myr for facies D2 and D3 respectively. Renewed sedimen-
tation throughout the basin is noted across the S5 erosional
boundary with the late Miocene defined by elevated rates of
23.5 m/Myr (Table 1).

5. Discussion
5.1. Sediment supply regimes

Since the initiation of Gondwana breakup in the mid-Jurassic
(Watkeys and Sokoutis, 1998), several hundred thousand cubic
kilometres of material have been eroded from the southern African
continent (Said et al., 2015). Voluminous denudation in southern
Africa lead to the formation of the Great Escarpment (Partridge and
Maud, 1987; Partridge 1997, 1998; Moore 1999; Partridge and
Maud, 2000; Guillocheau et al., 2012) which separates a high alti-
tude (1000—1500 m) interior plateau from deeply incised coastal
regions (Figs. 1 and 9). During the Cenozoic, south-eastern Africa
was subject to multiple phases of epeirogenic uplift (Partridge and
Maud, 1987; Partridge, 1998; Moore, 1999; Walford et al., 2005),
leading to the development of the African planation surface, fluvial
incision and increased sediment supply to the offshore areas
(McCormick et al., 1992; Burke and Gunnell, 2008). Although the
most prominent period of uplift was during the Oligocene, Walford
et al. (2005) propose two periods of Neogene uplift, the smaller of
which is thought to have begun in Early Miocene times, whilst a
second, greater-magnitude event occurred in the Pliocene.

Within South Africa, Partridge and Maud (1987) propose that
moderate uplift and westward tilting of the sub-continent during
the early Miocene was accompanied by minor coastal monoclinal
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warping with maximum uplift occurring along the Ciskei-
Swaziland Axis in KwaZulu-Natal (Fig. 9). This episode accounts
for the development of the Post-African I erosion surface, with
renewed sedimentation to the coastal zone via short, fast flowing
minor river systems allowing for the deposition of the Uloa

within the central and northern canyon systems. Note the absence of multiple canyons

Formation (Partridge and Maud, 1987). Only the palaeo-Tugela
River (Fig. 1) represented a major point of sediment flux. Howev-
er, as defined by the geometry of the seismic reflectors associated
with Units D and E, sediment supply appears to have been imbal-
anced (Fig. 3), with abundant supply to the north and sediment
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Table 2
Sediment accumulation rates within the Jc-B1 and Jc-C1 wells offshore Durban.

Je-B1 Je-BI - Je-C1 Je-C1 -
. o = Time Period ~ Average Sediment Average Sediment T
Unit Facies  Surface (Myr) ey A ion o A lation This Study
Thickness (m)  Rate (m/Myr) Thickness (m)  Rate (m/Myr)
F4
F3 5.3 50 9.4 60 113
F
F2
F1
S6
E3
85 230 27.1 180 212
E E2
El
S5
D3 10.1 240 23.8 50 5.0
Sda
D
D2 10 380 38.0 50 5.0
D1
S4
C5 221 1000 452 700 31.7
3C
C4 10 210 21.0 250 25.0
C 3B
C3 17.6 0.0 0.0
Cc2 10 300 30.0 450 45.0
Cl 10 0.0 0.0
S3
B2 7.6 50 6.6 550 724
B
B1
S2
A2 19.1 400 20.9 150 7.9
A _—
Al 16.4 450 274 200 122
S1
BASEMENT

starvation of the shelf in the southern portions of the basin (Figs. 2
and 5).

Partridge and Maud (1987) and Burke and Gunnell (2008) sug-
gest that Miocene uplift during the post African Surface I cycle
caused erosional rejuvenation with active deltaic and deep marine
fan deposition along the east African margin through the lower to
mid-Miocene. Seismic reflection analysis from the current study
suggests that mid-Miocene sedimentation occurred predominantly
on the slope, with zones of sediment bypass and erosion dominant
within the shelfal region of the basin (Fig. 3). Although Burke and
Gunnell (2008) suggest that deep water slope fans would have
been deposited during this lowstand event, Goodlad (1986) and
Wiles et al. (2013) propose that flow initiation, winnowing and
reworking by North Atlantic Deep Water (NADW) since the early
Miocene may have led to removal of such features in the deep basin
(Figs. 1, 7 and 9). These sedimentation patterns appear similar to
systems defined by Palermo et al. (2014) for the Eocene deep water
fan system of the Coral Sequence in Mozambique.

5.2. Sedimentation rates

Detailed analyses of sedimentation rates for various regions of
the southeast African continental margin have been undertaken
(Martin, 1987; McCormick et al., 1992; Walford et al., 2005; Said
et al., 2015; Uenzelmann-Neben and Clift, 2015). Although many
studies deal primarily with recent sedimentation, Walford et al.
(2005) and Said et al. (2015) depict sedimentation in
Mozambique from the early Cretaceous (Fig. 9). Results from these
studies are largely similar to results obtained here, with peak
sedimentation rates (Fig. 9; Table 1 and 2) coinciding with periods
of epeirogenic uplift in southeast Africa (Partridge and Maud, 1987).
Similar to the rates defined by Said et al. (2015) for the southern
Mozambique Basin, sedimentation within the Durban Basin reflects
a ~20 m/Myr increase across the S4 erosional reflector (Fig. 9).
Sedimentation rates, although high, declined marginally through
the late Oligocene and early Miocene. An increase of ~4 m/Myr
occurred across the mid-Miocene S5 erosional surface (Table 1),
suggests increased denudation within the southeast African hin-
terland during this period (cf. Partridge and Maud, 1987; Burke and
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and Walford et al. (2005) respectively.

Gunnell, 2008). We therefore propose that, within the Durban Ba-
sin, increased sedimentation rates within the Neogene occur
following erosional episodes in the early-Oligocene, and mid-
Miocene.

5.3. Incipient shelf development

Neogene sedimentation within the Durban Basin is dominated
by the basinward advance of the Tugela Cone delta during normal-
regressive sea level lowstands (Hicks and Green, 2016). The mod-
erate amplitude, aggradational to progradational offlapping seismic
reflectors of Facies C5 (Unit C) in the northern basin (Fig. 3),
represent initial progradation of the Tugela Cone delta (sensu
Santra et al., 2013). An initial Eocene pulse of lowstand sedimen-
tation (McMillian and Dale, 2000) led to the formation of the
incipient shelf edge, from which the contemporary shelf has pro-
graded. This sedimentation pattern is analogous to the lower-
Eocene Coral Sequence of the Mamba gas field, Mozambique,
which is interpreted as a lowstand deepwater fan deposit overlying
a channelized basal erosive unconformity (Palermo et al., 2014).

Deposition of Unit D, subsequent to the early Oligocene “S4”
hiatus event (McMillian and Dale, 2000; Hicks and Green, 2016), is
correlated with a late Oligocene to early Miocene, asymmetrical,
mixed siliciclastic-carbonate sediment wedge. Intercalated car-
bonate (low terrigenous sediment input) and siliciclastic (high
terrigenous sediment input) sediments (Figs. 2, 3 and 6) were
possibly fed by occasional discharge from the palaeo-Tugela River
(siliciclastic input). The southern basin however, is defined by a
shallow ramp margin and wide continental rise, the succession of
which is carbonate-dominated (e.g. Jc-C1 borehole), with a ~100 m
thick succession of coquina observed (Muntingh, 1983; Hicks and
Green, 2016). We propose that this variability in sedimentation is

related to oceanic current circulation controlled sedimentation
patterns within the Durban Basin as defined by Green (2009) and
Wiles et al. (2014).

In northern KwaZulu-Natal and Mozambique, lower Miocene
lagoonal to shallow marine coquina and sandy limestone of the
Uloa (Roberts et al., 2006) and Temane Formations (Flores, 1973)
crop out as isolated outliers. Cooper et al. (2013) suggest that,
within the vicinity of Lake St Lucia, the Uloa Formation represents a
multiple stack of normal regressive shoreline deposits. Du Toit and
Leith (1974) correlated the Uloa Formation with a ~140 m thick
coquina identified in the Jc-A1 borehole, and with the identification
of early Miocene coquina in all wells within the Durban Basin, we
further propose that Unit D represents the lateral equivalent of the
Temane Formation and the offshore equivalent of the Uloa For-
mation. The unit likely represents a mixed siliciclastic-carbonate
wedge deposited during normal regressive, late highstand to low-
stand conditions similar to that described by Catuneanu et al.
(2011).

In both northern KwaZulu-Natal (King, 1969) and Mozambique
(Flores, 1973; Forster, 1975), the early Miocene succession is trun-
cated by a mid-Miocene erosional surface, overlain by glauconitic
sandstones or calcarenites of late Miocene to early Pliocene age
(King, 1953, 1969; Frankel 1966, 1969). We therefore propose that
the erosional episode (Surface S5) which incises Unit D within the
Durban Basin (Figs. 2 and 3) is correlative with this erosional sur-
face. This surface marks the termination of the calcarenite succes-
sion in borehole Jc-B1, overlain by late Miocene to early Pliocene
glauconitic sandstones (Unstead et al., 1983). A similar succession
has been identified on the west coast of South Africa (Wigley and
Compton, 2006) where a transition from carbonate-dominant to
glauconitic sandstone assemblages is identified across a mid-
Miocene erosional surface (Weigelt and Uenzelmann-Neben,
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2004; Kuhlmann et al., 2010). The identification and correlation of
such erosional surfaces around southern Africa suggests that
sediment bypass and submarine erosion was dominant throughout
the southern African continental shelves during this period.

5.4. Development and architecture of submarine canyon systems

The stratigraphy of the Durban Basin is interspersed by regional
unconformity surfaces representative of sequence boundaries
(Martin, 1984; Goodlad, 1986; Hicks and Green, 2016). Wiles et al.
(2013) identified three erosional surfaces (S4—S6 of this study)
related to episodes of uplift and associated marine regression,
manifested as a series of incision events within the palaeo-Tugela
Canyon (central incision: Figs. 7 and 8). Wiles et al. (2013) were
however unable to correlate these regionally across the palaeo-
shelf and slope. Like Wiles et al. (2013), we propose the incisions
of surface S5 in our dataset represent a series of palaeo-canyons
that have incised the upper slope and outer shelf of the Durban
Basin. We further consider that the S5 erosional surface identified
in this study correlates with the Miocene sequence boundary and
incision episode proposed by Wiles et al. (2013).

New shelf-wide analyses of seismic and well data presented in
this study clearly define three canyon systems that are morpho-
logically similar to systems that incise continental margins else-
where (e.g. Pratson et al., 1994; Wigley and Compton, 2006; Covault
et al,, 2011; Harris and Whiteway, 2011; Jobe et al., 2011). Cross-
slope incision relief profiles of the S5 erosional surface are com-
parable with a series of buried, U and V shaped, Miocene palaeo-
canyon systems on the New Jersey continental shelf (Miller et al.,
1987; Fulthorpe et al.,, 2000). Two canyon morphologies are
evident within the Durban Basin; the classically-described Type I
canyons (Shepard, 1981; Pratson et al., 1994; Green and Uken,
2008; Lastras et al., 2009, 2011; Pattier et al., 2015) with erosional
morphologies and a coarse-grained fill; and Type Il canyons (Hagen
et al.,, 1994; Zhu et al., 2009; Jobe et al., 2011; Soulet et al., 2016),
defined by aggradation and mud-dominated fills.

We suggest that the northern and central incisions represent
“Type I” canyons which indent the shelf edge (Fig. 6) and are similar
to the canyons defined by Pratson et al. (1994) and Fulthorpe et al.
(2000). These systems have linear trajectories with concave longi-
tudinal profiles comparable with systems along erosional or
immature continental margins (Covault et al., 2011). Covault et al.
(2011) associate these profiles with steep continental slopes, nar-
row shelves and short hinterland river systems analogous with the
east coast of South Africa. Although no boreholes intersect the
canyon systems within the Durban Basin, high amplitude, wavy,
onlapping seismic reflection architecture (shown as annotated re-
flectors in Figs. 2, 7 and 8) suggests deposition of coarse-grained
canyon fill through either debris flow (Shanmugam, 2000), high
energy erosive turbidity currents (Jobe et al., 2011) or mass wasting
(Harris and Whiteway, 2011). Gerber et al. (2009) demonstrated
that similar linear canyon systems within the narrow Catalan
margin formed through erosion by coarse-grained sediment gravity
flows on steep slopes terminating in basin floor fan system lobes.
The Durban Basin however, is unique as although basin floor fan
systems would likely have developed, Wiles et al. (2013) suggest
that bottom current winnowing and reworking led to removal/non-
deposition of these features.

The southern incision we consider representative of a “Type II”
canyon (Fig. 6), exhibiting a sinuous to meandering path, similar to
the canyon systems defined by Hagen et al. (1994). We consider the
aggradational, smooth, U-shaped seismic reflection architecture
and diffuse reflector zones (Fig. 2) to be related to the low energy
deposition of (possibly) mud-dominant channel-fill lithologies
(Figs. 2 and 8 — grey shade). Jobe et al. (2011) infer similar processes

at play in canyons they identified. The southward thinning of the
“high-supply” Units D and E into the southern basin suggest the
formation of a sinuous Type Il canyon in a sediment-starved
portion of the margin.

The southern canyon system exhibits a slightly concave longi-
tudinal profile, similar to profiles defined by Covault et al. (2011) for
mud-rich systems. Although these systems are commonly associ-
ated with supply-dominated passive margins (Covault et al., 2011),
we propose that the southern canyon in this study is associated
with sediment starvation and limited shelf development with
incision likely a response to slumping and slope failure (e.g. Harris
and Whiteway, 2011). Hagen et al. (1994) propose that the sinuosity
of submarine canyons is a function of slope gradient, with Harris
and Whiteway (2011) and O'Grady et al. (2000) suggesting that
higher sinuosity canyons occur on gentle, subdued continental
margins. Here it appears that the southern canyon fed sediment to
a low-gradient continental rise (Fig. 6), similar to mud-rich canyon
systems (e.g. McGregor and Bennett, 1979).

For the Durban Basin, we suggest that erosional processes
caused instability of the shelf-edge wedge, providing the driving
force for canyon inception similar to that defined by Green (2011b)
for the northern KwaZulu-Natal continental shelf. Green (2009)
however indicates that contemporary and palaeo-shelf develop-
ment along the KwaZulu-Natal continental margin is a result of a
complex interaction between and submarine canyon topography
and strong geostrophic ocean current systems (Fig. 9).

5.5. Ocean current control on sedimentation and hiatus
development

Heezen et al. (1966) were the first to propose that geostrophic
bottom currents are principal processes that shape continental
margins worldwide. Palermo et al. (2014) suggest that, within the
deepwater Mamba gas field Mozambique, deposition and sediment
winnowing of channelized sand bodies was largely affected by
bottom current flow perpendicular to channelized, high volume,
sand-rich turbidites. Bottom flow processes are likely related to the
equatorward flowing North Atlantic Deep Water (cf. Van Aken et al.,
2004), which prompted the dispersion of the turbulent fine-
grained suspension cloud in asymmetric drift successions with
mud-free facies preserved in the channel system. Similarly within
the Natal Valley, circulation is dominated by bottom current cir-
culation of the equatorward flowing North Atlantic Deep Water
(Wiles et al., 2014), whilst upper ocean flow is controlled by the
polewards flowing Agulhas Current (Fig. 9) (Preu et al., 2011; Wiles
et al,, 2013).

South of the study area in the Transkei Basin (Fig. 1), Niemi et al.
(2000) and Schliiter and Uenzelmann-Neben (2007, 2008); pro-
posed that mid-Miocene sequence boundary initiation was the
result of a shift in Antarctic Bottom Water (AABW) (Fig. 9) which
coincided with global cooling (Zachos et al., 2001). Deep water
cooling, an increase in global oceanic 3'80 concentrations and ice-
growth events within the east Antarctic ice sheet during the mid-
Miocene climatic transition (Shackleton and Kennett, 1975;
Flower and Kennett, 1994; Miller et al., 2005) were associated
with eustatic sea-level change in the Southern Ocean (Shevenell
et al., 2004). We therefore propose that changes in global oceanic
conditions across the mid-Miocene climatic transition account, in
part, for S5 sequence boundary development in the Durban Basin.

Sequence boundary development during the mid-Miocene cli-
matic transition is not restricted to southeast Africa. Weigelt and
Uenzelmann-Neben (2004) identified a mid-Miocene erosional
surface that they correlated with the onset of modern deep oceanic
current circulation patterns on the west coast of southern Africa.
Liu et al. (2011) identified age correlative surfaces along the
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western Australian margin. Further evidence for global shifts in
eustatic sea levels are identified by John et al. (2011) on the east
Australian margin, where a marked shift in foraminifera concen-
trations, as well as a positive shift in oceanic 3'0 concentrations
correspond with a major sequence boundary at ~13.9Ma. We
therefore postulate that, as the timing of this global oceanic event is
coincident with epeirogenic uplift in southern Africa, variations in
oceanic circulation across the mid-Miocene climate transition may
account for a Miocene unconformity identified in the Durban Basin.

In accordance with Siesser and Dingle (1981) and Kuhlmann
et al. (2010), we thus suggest that Cenozoic epeirogenesis
(Partridge and Maud, 1987) combined with global changes in
eustatic sea level (Haq et al., 1987, 1988; Miller et al., 2005; Miller,
2009 and John et al., 2011) and changes in global oceanic conditions
(Shevenell et al., 2004; Holbourn et al., 2007) have had a profound
effect on local sea level around southern Africa. These processes
have shaped the stratigraphic architecture of the continental
shelves through episodes of erosion and sediment bypass or marine
deposition. We propose that these events lead to submarine canyon
incision and the formation of a pronounced offshore erosional
surface (S5).

6. Conclusions

New evidence from the offshore Durban Basin, east southern
African continental margin, supports sequence stratigraphic
models of submarine canyon incision and sequence boundary
development during sea level lowstands (Van Wagoner et al., 1988;
Fulthorpe et al., 2000). We show for the first time, a mid-Miocene
seismic reflection surface defining an erosional unconformity that
can be correlated across the entire southern African continental
shelf and slope. The formation of the S5 surface and its associated
submarine canyons is here inferred to relate to a mid-Miocene
period of combined epeirogenic uplift and eustatic sea-level fall
within the eastern portion of southern Africa.

Within the Durban Basin, the mid-Miocene sequence boundary
truncates and incises a mixed carbonate-siliciclastic sediment
wedge in the northern region of the basin. To the south however,
the basin was marked by a shallow ramp margin with a wide
palaeo-continental rise. The inheritance of these geomorphological
features later influenced subsequent erosion morphologies due to
the antecedent control exerted by the two different gradients.

Antecedent control and localised variability in depositional re-
gimes led to the formation of two genetically variable canyon
systems within the mid-Miocene palaeo-slope. Type I linear can-
yons (central and northern) are correlated with high sediment
influx of likely coarse-grained material with downslope eroding
gravity flows and turbidites causing scouring of the underlying
substrate. The southern, Type II, canyon system has developed on a
relatively sediment-starved, shallow angle slope in relation to its
counterparts, dominated by mud-rich infill. The sinuous nature of
the southern canyon appears to be related to subdued slope gra-
dients in this region of the basin.

The association of canyon incision with a regionally developed,
shelf/slope confined unconformity surface can be explained by
changes in relative sea-level as a result of global eustatic sea-level
fall, combined with epeirogenic uplift of south-eastern Africa dur-
ing the mid-Miocene. It is likely that the mid-Miocene event
identified here is further related to rapid enlargement of the middle
Miocene Antarctic ice sheets at ~13Ma, and changes in deep oceanic
current circulation patterns. The combination of these processes
have had profound effects on the stratigraphic architecture of the
offshore southern African basins in the form of erosion, sediment
bypassing and slope sedimentation.
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ARTICLE INFO ABSTRACT

Keywords: Within offshore frontier sedimentary basins, legacy data are important tools in basin-scale exploration for po-
South Africa tential CO, storage. We utilise single-channel 2D seismic reflection and well data obtained from the offshore
Offshore

Durban Basin, east coast South Africa, to provide new evidence of reservoir/seal pairs in saline aquifers that may
represent potential storage sites for CO, injection. Multiple, previously undefined and regionally pervasive
stratigraphic traps have been mapped through a detailed seismo-sedimentary analysis. These include shelf-
bound shallow-marine-sheet and deltaic sandstone packages of Turonian and Maastrichtian age respectively.
Coeval with these laterally extensive shelf packages, multiple basin floor fan systems have been identified on the
palaeo-slope. We further correlate these systems with analogous hydrocarbon-bearing sequences throughout a
large region of the south-east African continental shelf. Using conservative assumptions, we propose that
~ 327 Mt CO;, could potentially be stored in two laterally extensive shelf sand sequences, with a further potential

Sedimentary basins
Geological CO, storage
Durban basin

for ~464 Mt CO, storage in basin floor fan systems in the distal basin.

1. Introduction

Geological storage of anthropogenic CO, via Carbon Capture and
Storage (CCS) technologies represents a crucial component to the mi-
tigation of global climate change. For the geological storage of CO, to
be optimised, suitable strata and reservoir conditions need to be iden-
tified. Whilst a wealth of knowledge exists for CCS projects associated
with hydrocarbon provinces (IPCC, 2005; US DOE, 2008; Wiirdemann
et al., 2010; Underschultz et al., 2011; Hutcheon et al., 2016), saline
aquifer storage, specifically in under-explored frontier basins, is com-
monly hampered by a lack of physical data needed to define CO, sto-
rage reservoirs and their storage capacity due to limited exploration
activities (Wilkinson et al., 2013).

South Africa, like many countries worldwide, is heavily reliant on
fossil fuels for energy supply, with about 90% of primary energy de-
rived from either coal, oil or gas (Engelbrecht et al., 2004). A country-
scale analysis of the geological storage potential of CO5 was undertaken
by Viljoen et al. (2010) and culminated in an atlas of CO, storage po-
tential (Cloete, 2010). During their technical review, Viljoen et al.
(2010) identified potential storage capacity in multiple onshore and
offshore Mesozoic sedimentary basins (Fig. 1). On the eastern seaboard
of South Africa, a theoretical storage capacity of 42,000 Mt CO, was
assigned to the combined offshore Durban and Zululand Basins (Fig. 1)

(Viljoen et al., 2010). Although a low confidence ranking of “1” was
given to the Durban Basin based upon data density and sub-surface
heterogeneities (Cloete, 2010), it was selected for study due to the
following factors:

1. its proximity to potential CO, transport pipelines from major CO,
sources

2. large storage potential as defined by Viljoen et al. (2010)

3. geological storage potential within stratigraphic and structural set-
tings.

The ~10,000 km? Durban Basin that borders the Zululand Basin to
the north (Fig. 1), represents a poorly explored frontier basin (Singh
and McLachlan, 2003). Hydrocarbon exploration is limited to low re-
solution single-channel seismic reflection data sets (Du Toit and Leith,
1974; Dingle et al., 1978; Martin, 1984; Goodlad, 1986) and four
wildcat wells that focused upon potential structural plays beneath the
continental shelf.

This paper aims to provide the first effective assessment of the CO,
storage potential (CSLF, 2005; Bradshaw et al., 2007; Bachu, 2015) of
sandstone packages within the Durban Basin, through analysis of re-
gional seismic and well log data. Interpretations of the sedimentary
architecture of potential stratigraphic traps are discussed. It should be
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depicted within the shaded polygon. Note the relative position of the Jc-series boreholes drilled on the continental shelf to that of the deep water Tugela Cone. The CO, storage estimates

of Mesozoic basins defined by Viljoen et al. (2010) are shown.

noted that this paper makes no attempt to define factors relating to CCS
regulation, public perception, or economic viability.

2. Regional and geological setting

The Durban Basin is a sheared rift basin (Broad et al., 2006; Hicks
and Green, 2016) that developed between the coastline and the 2500 m
isobath, from Port Shepstone in the south to Richards Bay in the north
(Fig. 1). The continental margin of this region is unique, dominated by
an extremely narrow (~2-12km) sheared margin (Martin, 1984;
Martin and Flemming, 1986; Green and Garlick, 2011), resulting from
periods of alternating sediment starvation or abundant sediment supply
(Green, 2011a; Hicks and Green, 2016). Offshore Durban, the shelf
broadens to ~ 45 km, defining the spatial extent of the Tugela Cone
(Fig. 1), a submarine delta that has prograded into the basin since
Eocene times (Hicks and Green, 2016).

The sedimentology and evolution of the basin was recently dis-
cussed by Hicks and Green (2016) who highlighted several phases of
margin growth that were defined by six main seismo-sedimentary units
(A-F) as shown in Table 1. The depositional history of the basin-fill is
complex and comprises syn-rift, ramp margin, and progradational shelf
margin sediments (Table 1; Fig. 2) that were deposited predominantly
during periods of sea-level lowstand (Hicks and Green, 2016).

3. Methods
3.1. Data collection and processing

The Durban Basin is traversed by 2761 km of legacy, reprocessed,
migrated stack 2D seismic reflection profiles (Fig. 1) obtained from

74

eleven exploration programmes over a period spanning the 1970’s to
1990’s. For this study two thousand kilometres of pre-migrated and
stacked single-channel 2D seismic spanning an area of 15000 km?
across the continental shelf, and slope were obtained from the Petro-
leum Agency of South Africa (PASA) in SEGY format. Well log and
downhole geophysical data were obtained for the four Jc-series ex-
ploration wells that were drilled on the continental shelf offshore be-
tween 1970 and 2000 (Fig. 1).

3.2. Data interpretation

SEGY data and LAS log data were interpreted in IHS Global Inc.
Kingdom Advanced V2015.0. Digital well shoot/velocity data from the
Jc-D1 well were obtained from PASA in order to define two-way time vs
measured depth (m) so as to tie the well data to the seismic data. The
seismic stratigraphic interpretations are based upon the currently ac-
cepted seismic and sequence stratigraphic frameworks for passive
margins defined by Catuneanu et al. (2009) and Catuneanu et al.
(2011).

3.3. Estimation of processing parameters

No core, porosity permeability or water saturation data are avail-
able for any wells within the basin and therefore values from analogous
formations within the southern African east and west coasts are utilised
for volumetric calculations. Data from analogous successions in Ghana
(Dailly et al., 2013) are utilised for basin floor fan reservoir systems,
whilst data from the onshore Zululand (Gerrard, 1972) and Mo-
zambique Basins (Coster et al., 1989; Solomon et al., 2014) are utilised
for the shelf sand reservoirs. As limited data are available for the basin,
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Fig. 2. General overview of the seismic stratigraphy of the Durban Basin (modified after Hicks and Green, 2016).

50% net thicknesses of reservoirs are utilised for this study. CO, density
values are calculated based upon depths of individual formation tops
defined from seismic profiles, combined with a pore fluid pressure of
8.6 ppg and a geothermal gradient of 2.67 °C/100 m as considered for
borehole Jc-C1 (Muntingh, 1983). The online calculator (www.energy.
psu.edu/tools/CO2-EOS), employing the equation of state calculations
of Span and Wagner (1996), is used to derive the CO, density calcu-
lations.

3.4. Effective storage capacity estimations

The effective storage capacity of individual reservoir units is as-
sessed using calculations based upon currently accepted storage capa-
city estimations as defined by numerous authors (IPCC, 2005; Bachu
et al., 2007; Bachu, 2008; US DOE, 2008; Goodman et al., 2011; Bachu,
2015). Here the United States Department of Energy (US DOE) meth-
odology (Goodman et al., 2011) is used, whereby the effective storage
capacity in a saline formation, Mc¢q_, is given by:

Mcoz =A X h X 0 X pcoz X E

Where A is the area (m?), h is the net thickness of the reservoir (m), g is
the average porosity (%), pcoz is the average CO- density, evaluated at
pressures and temperatures that represent storage conditions antici-
pated for individual deep saline aquifers. E is a storage efficiency factor
that reflects the total pore volume filled with CO,. Efficiency factors at a
formation scale have been defined by the IEAGHG (2009) and by
Goodman et al. (2011) for different lithologies over P10, P50 and P90
probabilities. For this work the formation-scale values defined by
Goodman et al. (2011) are used. We base our work on an upper depth
cut-off of 800 m below the seafloor as per the criteria for supercritical
CO,, storage defined by the IPCC (2005).

Although the Efficiency factor (E) adjusts total gross thickness to net
gross thickness, total area to net area, and total porosity to effective
porosity (cf. Cook, 2012), the “net” thicknesses shown in Table 2 are
based on 50% of the maximum thickness measured for an individual
reservoir. This was done in order to account for 1) lateral thickness
variations and wedge-out up- and down-dip in the case of basin floor
fan deposits, and 2) variation in thickness of the shelf sediment wedges
due to erosional surfaces and package thinning/pinching into the deep
basin.
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4. Results

Within the Durban Basin, six seismic units (A-F) are delineated.
These are defined by seismic bounding surfaces, reflector and unit
impedance, and internal-reflector characteristics (Table 1; Fig. 2). Unit
A represents a syn-rift sedimentary succession (not discussed further
but discussed in detail by Hicks and Green, 2016) whilst the overlying
units (B-F) were deposited during passive margin construction. In-
dividual units are separated by regionally pervasive, high amplitude,
erosional seismic reflectors (Fig. 2). Units are commonly characterised
by multiple seismic facies defined by specific seismic characteristics and
architectures (Fig. 2).

On the basis of depth below seafloor, sedimentology, seismic ar-
chitecture and reservoir properties, sedimentary units within four facies
are identified as having CO, storage potential with well-defined re-
servoir-seal pairs. These include facies B1 and the basal zone of facies
B2 (of unit B), and facies C1 and C2 within unit C (Table 1).

4.1. Sedimentology of reservoir-seal pairs

4.1.1. Unit B

Unit B overlies unit A along an erosional, high amplitude seismic
reflector “S2” (Figs. 2 and 3). Unit B, comprises two facies, B1 and B2
(Fig. 3), and is developed on a shallowly dipping proto-margin (Fig. 2).
Facies B1 is laterally discontinuous, characterised by mounded, high
amplitude seismic reflectors (Fig. 3). The positions of the mounds
(Reservoirs A-E) relative to the contemporary shoreline are shown in
Fig. 4. The seismic architecture of facies Bl is defined by prograda-
tional, seaward-dipping reflectors which downlap the underlying re-
flector S2 (Fig. 5). The mound architecture varies between sheet
mounds as in Reservoir C, (Fig. 5) and stacked mounds such as in Re-
servoir A (Fig. 6). Stacked mounds exhibit a progradational internal
clinoform architecture separated by sheet-like High Amplitude Reflec-
tion Packages (HARPs) (Figs. 6 and 7). In coast-perpendicular section,
the upper mound retrogrades over the lower fan with successive updip
migration of the internal clinoforms (Fig. 6). These clinoforms onlap
successively landwards onto the underlying surface S2 (Fig. 6). Along
strike, the mounds exhibit erosional internal architectures separating
bright, high amplitude reflectors from diffuse, low amplitude zones
(Fig. 7).

Although mounded structures of facies B1 are not intersected by the
boreholes, a 28 m thick, coarsening upward, medium- to coarse-grained
sandstone unit is intersected in Jc-B1l, 3.8 km updip of a mounded
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gSl18 85 8 8838 ternal reflectors including incision fills, HARPs, and inter-leveed bright
el e ©° e eese-s to diffuse wavy reflectors is developed (Fig. 8).
“ Facies C2 is confined to the proximal basin where it is defined by a
5 G wedge of predominantly progradational seismic reflectors that downlap
- ‘g the underlying surface S3 (Fig. 2). Facies C2 is intersected in three wells
g = B (Jc-Al, Je-B1 and Jc-C1) where it comprises an interbedded succession
o . . . .
__§ g E of sandstone and claystone defined as Reservoir I (Figs. 3 and 4). This
é" g E ® § 28 g § E § g facies attains a thickness of ~87 m in Jc-C1 (Fig. 4). Sandstones are
= fine- to coarse-grained, and well sorted with individual sandstone
g thicknesses varying from 5 to 20m.
jD; e Facies C3 is resolved seaward of facies C2, in the distal basin, where
§° % & it overlies either facies C1 or reflector S3 (Fig. 2). The facies is defined
TE g § by aggradational to progradational internal reflectors. The gamma ray
S E8l8 839 3 23239 and lithological logs suggest siltstone and claystone deposits, with
| =& 2 e g 8s sugg y! P
— N o (3 Bar} o
£ subordinate sandstones lenses capping upward-coarsening cycles
£l o (Fig. 4). Facies C4 comprises low impedance, sub-parallel to parallel,
2| E8E aggradational to weakly retrogradational reflectors which overlie facies
g =8 C2 and C3 along a marked high amplitude reflector surface “3B” that
S|ag€|qd o8 B TRISR . : . ; :
5| 25|08 ¥ S ITNIMD defines the base of the most prominent onlap (Fig. 2). In this facies, the
i Aa | N ® N o T o F . . . . . :
8 corresponding lithostratigraphy is dominated by marine claystone and
£ siltstone with the facies capped by a moderate to high gamma ray
£ E signature claystone in Jc-C1 (Fig. 4).
oo} 2 »n . . 3 . . .
PR Facies C5 is confined to the proximal basin, only intersected by the
_‘g" % E o @ 5 . 2834 5 Jec-C1 borehole, where it caps unit C as a prograding wedge. This wedge
A|lZF|® =+ F Ao d- o oversteps facies C4 seaward along a downlap surface“3C” (Fig. 7). This
2 " facies comprises an overall coarsening upward succession of claystone
8 E to medium-grained sandstones (Figs. 2 and 4). The succession is trun-
E = cated by a major regional erosional reflector (S4) that incises facies C5
Q = . . . . . . .
E | s~ O~ o N ® o in the proximal basin and facies C4 in the distal basin.
g | = g 83 8 In¥&&
T | = 4.2. Storage capacity of saline formations
1Z] v
£ :
9|3 E s o S o ° % The areal extent, depth, gross and net thickness of individual
:. <€ 45 R2 2 &BKRIA | mounded features and sandstone reservoirs are presented in Table 2,
g < E whilst their spatial distributions are shown in Fig. 4. As none of the
= . . .
2 . B8 § FEESE ) above described mounded features were intersected by boreholes, their
% . 8 & 58 5 §858¢8 5 . maximum thicknesses are instead defined from TWTT-depth conver-
38 < i o . . :
gl se . TEL OEEETEE 4008 T sions based upon the Jc-D1 well shot/velocity data. The thicknesses of
5 E g 358% £ EEEER = © 20 T % individual reservoirs are defined from seismic analyses and or borehole
9 - ~ . . . . I T .
2| . «,lg c<|> % RYEC) intersections with the net thickness utilised for storage potential cal-
g 5 o o % » G é Z\ _E culations. CO, densities for individual reservoirs are provided in
g £ © S B & 8@@3'82' Table 2
= EEE - . .
? g ‘g‘ 5 2a ; B As previously mentioned, overall storage resource estimates are
P S § gz E § & § defined by the following equation (Goodman et al., 2011).
= :w; x - DU m mAUm< S = K % E g
O T=S<hz< Mcoz = A X h X g X pcoz X E
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Fig. 3. Seismic stratigraphy of Reservoirs B, F and I with intersections within Jc-B1 shown. Position of Reservoir B shown as polygon in inset.

The storage capacity estimates for individual mounded features
identified in facies B1 and C1; as well as the shelf sands identified in
facies B2 and C2 are summarised in Table 3.

5. Discussion
5.1. Reservoirs

Although CO, storage is commonly focused on laterally extensive
saline aquifers formed by either shallow marine sand-rich shelf systems
(Galloway, 2002) or fluvial braid-plain sandstone deposition (Noy
et al,, 2012; Leetaru and Freiburg, 2014), deep-water hydrocarbon-
bearing reservoir systems are commonly associated with stacked basin
floor fan systems similar to those described by Carman and Young
(1981) in the North Sea, and Dailly et al. (2013) offshore Ghana. Such
systems have become targets for potential CO, storage, as outlined by
Gibson-Poole (2009) and Borissova et al. (2013) for basin floor fan
systems in Australia. Reservoir packages within the Durban Basin are
confined to units B and C with multiple targets identified in basin floor
fan systems as well as laterally extensive shallow marine shelf, and
deltaic sands.

5.1.1. Cenomanian-Turonian reservoirs — Domo Formation equivalents
5.1.1.1. Distal Basin reservoir systems. Reservoir systems A-E within
facies B1 occur as a series of progradational, mounded features ()
similar in geometry to the basin floor fan systems defined by Bouma
(2000) and Shanmugam (2016). Internal clinoform orientations suggest
interaction between progradational sheet sand (Fig. 5) and erosional
channel and channel-levee structures (Figs. 6 and 7) as discussed by
Shanmugam et al. (1995), Mayall et al. (2006), and Shanmugam
(2016). It is likely these deposits formed by off-shelf sediment forcing
of high-density turbidite currents (Lowe, 1982; Heller and Dickinson,
1985; Catuneanu et al., 2011) or sandy debris flows (Shanmugam,
2016). We therefore propose that Reservoirs A-E comprise basin floor
fan systems deposited during late forced regression and early normal
regression, related to global and local sea-level fall during the late
Cenomanian and early Turonian (Dingle et al., 1983; Haq et al., 1987,
1988; Miller et al., 2005; Miller, 2009).

Unlike classic submarine canyon-associated fan systems (e.g.
Normark, 1970; Bouma et al., 1985; Posamentier and Allen, 1999;
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Shanmugam, 2016), the Durban Basin at first comprised a ramp margin
with no associated single-point canyon feeder system (Hicks and Green,
2016). Heller and Dickinson (1985), Stow and Mayall (2000) and
Porebski and Steel (2003) suggest that, in ramp margin settings where
multiple shelf sediment sources are available, proximal fan systems
develop with no defined canyon feeder systems. In direct comparison
with the fan systems identified in this study, Castelino et al. (2015)
indicate a similar lack of shelf indenting, feeder canyons for submarine
fan systems of the distal Domo Formation within the Turonian-age
Zambezi Delta of the Mozambique Basin (Fig. 9). We therefore propose
that similar depositional regimes must have been active and spanned
the sum of the Durban and Mozambique Basins during this period.

5.1.1.2. Proximal Basin reservoir systems. In the proximal Durban Basin,
a laterally extensive sandstone package (Reservoir F) of Turonian age
(Leith, 1971; Unstead et al., 1983; McMillian, 2003; Hicks and Green,
2016) is identified in Je-Al, Jc-B1 and Je-C1 (Figs. 3 and 4). McMillian
(2003) suggests that a comparable unit from onshore, in the adjacent
Zululand Basin (Fig. 1), represents a Cenomanian-Turonian forced
regressive shoreline deposit equivalent to the proximal Domo
Formation sandstones in southern Mozambique (Fig. 9). Coster et al.
(1989) and Salman and Abdula (1995) postulated that the Domo
Formation developed as a proximal inner shelf, sheet sandstone with
coeval distal submarine fan deposition on the upper palaeo-slope
(Fig. 9). Coster et al. (1989) further propose that the widespread
Domo Formation represents a major target for hydrocarbon exploration
within the basin. We therefore consider that, within the Durban Basin,
unit B represents the coeval deposition of proximal, forced regressive,
shelf sheet sands (Reservoir F), with distal accumulation of deep water,
slope and basin floor fan systems (Reservoirs A-E) in a ramp margin
setting. These conditions are identical to age-equivalent depositional
environments described by Coster et al. (1989) and Castelino et al.
(2015) in Mozambique. This suggests a regional connectivity in
response to local sea-level variability around this region of south-
eastern Africa; along-strike deposition of a series of coeval deep-water
sandy turbidite fan systems, offshore of the major river systems, was
active during this period.

5.1.2. Campanian reservoir systems — lower Grudja formation equivalents
5.1.2.1. Distal Basin reservoir systems. The Reservoirs G-H and I of unit
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C were deposited during forced regressive and lowstand conditions in respectively, and are considered coeval (cf. Hicks and Green, 2016).

the late Cretaceous (McMillian, 2003; Hicks and Green, 2016). Facies Reservoirs G and H formed as submarine slope and basin floor fans,
Cl and C2 were deposited on the palaeo-slope and shelf edge with Reservoir H in the southern basin (Figs. 4 and 8) the largest of
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Fig. 5. The seismic architecture of a progradational sheet mound basin floor fan, Reservoir C.

these. Within Reservoir H, the internal architecture of the middle fan
along the slope edge, comprises two channel-levee systems with coarse-
grained debris flows deposits (Fig. 8) (sensu Shanmugam et al., 1995)
and high density turbidite flows similar to those discussed by Bouma
(2000). These are separated by an unchannelised HARP unit. The lower
fan (Fig. 8) exhibits shingled stacking of sheet sand lobes in keeping
with those described by Bouma (2000). Intervening distributary
turbidite channels and associated levees (e.g. Mayall et al., 2006)
occur within the lower fan. Similar submarine fan lobes of late
Cretaceous age have been identified in the distal slope offshore
Mozambique (Castelino et al., 2015).

5.1.2.2. Proximal Basin reservoir systems. In the inner shelf, Reservoir [
of facies C2 represents a truncated, forced regressive shelf-edge delta
(e.g. Hunt and Tucker, 1992). A similar depositional model for sand-
rich, multiple source, ramp margins (c.f. Reading and Richards, 1994) is
envisaged, whereby the delta front progrades to the shelf edge
supplying sediment directly to the upper slope from multiple point
sources. These margins commonly exhibit, aggradational, to
progradational sequences derived from multiple channel switching
(Stow et al., 1996). Coster et al. (1989) and Walford et al. (2005)
propose a similar depositional environment for the age-equivalent,
hydrocarbon-bearing (Mashaba and Altermann, 2015), lower Grudja
Formation in Mozambique, which comprises proximal deltaic and distal
basin floor fan sediments (Fig. 10). Coster et al. (1989) suggest that the
lower Grudja Formation represents excellent reservoirs, having been
deposited as beach and chenier barrier sands. Here depositional cycles
occur as a stack of upward coarsening packages with net reservoir
thicknesses of 16 m and porosities between 15 and 30% (Coster et al.,
1989).

Hicks and Green (2016), following observations of Green (2011b),
propose that facies C2 is identified along much of the KwaZulu-Natal
margin northwards towards Mozambique. We therefore suggest that the
reservoir systems (G-I) within the Durban Basin are coeval with the
lower Grudja Formation in Mozambique (Coster et al., 1989) and were
deposited through proximal deltaic, and distal submarine fan deposi-
tion during relative sea-level fall during the late Campanian and early
Maastrichtian.

5.2. Seals

Seals within the Durban Basin occur as prominent marine claystone
successions at varying intervals.

5.2.1. Turonian to Coniacian seal systems

Basin floor fan Reservoirs (A-E) and sheet sands of Reservoir F are
overlain by thick (> 100 m) successions of deep marine claystones in
Jec-Al and Je-B1 (Figs. 3 and 4). Hicks and Green (2016) propose that
these claystones developed during late lowstand and early transgression
within the basin.

5.2.2. Campanian seal systems

The basin floor fan Reservoirs (G-H) and Reservoir I deltaic sand-
stones of Facies C1 are further overlain by deep marine claystones and
siltstone packages of facies C4 (Hicks and Green, 2016). Intersected by
boreholes Jc-Al, Jc-B1 and Je-Cl1, this succession represents a trans-
gressive systems tract capped by a maximum flooding surface (Hicks
and Green, 2016).

5.3. Storage capacity estimate

Initial storage estimates for the offshore basins of the east coast of
South Africa (Viljoen et al., 2010) identified a theoretical CO, storage
capacity of 42,000 Mt (Table 4) based upon a net sandstone thickness of
60 m, over an area of ~81,000 km?, spanning the Durban and Zululand
basins. For their assessment, Viljoen et al. (2010) used a CO, density of
580 kg m 3, with an average porosity of 15% and an efficiency factor
of 0.1. This was based on calculations adapted from the US Department
of Energy (US DOE, 2008). However, Broad et al. (2006) indicated that
the Durban Basin has a total extent of only ~ 10,000 km? to the 2500 m
isobath, thereby leading Hicks et al. (2014) to propose a theoretical
storage capacity of ~5200 Mt within the Durban Basin using Viljoen
et al. (2010)’s criteria. Table 4 highlights a review of the identified
potential storage reservoirs (this study) and previous data for the basin
(Viljoen et al., 2010; Hicks et al., 2014) utilising the 0.1 E-factor of
Viljoen et al. (2010). These can be compared with currently accepted E
values defined by Goodman et al. (2011) which are now employed for
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Fig. 6. Seismic architecture of Reservoir A. Note the progradational architecture of the internal reflectors, with individual fan structures separated by laterally extensive HARP’s.
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Fig. 8. Seismic architecture of Reservoir H showing the complex internal reflector configurations that comprise channel-levee units in the middle fan and stacked sheet sands in the lower

fan. Note how individual fan structures are separated by laterally extensive HARP’s.

this study (Table 3).

When using the 0.1 E-factor of Viljoen et al. (2010), a close re-
lationship is observed between the ~5000 Mt theoretical storage ca-
pacity for the regional basin evaluation of Hicks et al. (2014) when
compared with a combined storage capacity of ~5357 Mt as defined by
volumetrics obtained in this study (Table 4). However, the initial esti-
mates of Hicks et al. (2014) defined only laterally extensive, shelf-
bound saline aquifers, which here account for ~2727 Mt storage at an
E-factor of 0.1 (Table 4).

Although the estimates shown in Table 4 correlate well with the
initial estimates of Viljoen et al. (2010) and Hicks et al. (2014), a more
cautious approach (Goodman et al., 2011; Li et al., 2015) is deemed
necessary for effective CO, storage capacity calculations. Therefore, the
calculated results of this study, outlined in Table 3, suggest a total CO,
storage capacity of 643 Mt at a P10 probability level (1286 Mt at P50;
2196 Mt at P90). These P10 estimates can be further subdivided into
327 Mt in deltaic and shelf confined sheet sands in Reservoirs F and I;
and 464 Mt in basin floor fan systems.
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Although no capacity estimates have been undertaken for analogous
basin floor fan deposits along the east African shelf, the potential basin
floor fan reservoir systems identified in this study are comparable with
storage capacity estimates compiled for fan systems within the Jubilee
oilfield, offshore Ghana (Dailly et al., 2013). In the Jubilee field, hy-
drocarbon plays occur in a 90 m thick, stacked succession of Turonian-
age basin floor fan sandstones, with individual play sands up to 35 m
thick with porosities of ~20% (Dailly et al., 2013). Field statistics
(Dailly et al., 2013) suggest that the play has an area of ~110 km? and
net thickness of 40-90m, comparable with dimensions defined for the
facies B1 reservoirs in the Durban Basin. A determination of the effec-
tive CO, storage capacity of the Jubilee Field undertaken during this
study, at P10 probability (Goodman et al., 2011), suggests a total sto-
rage capacity of 16 Mt CO,, akin to the 10-36 Mt capacities defined for
individual basin floor fan reservoirs in the Durban Basin (Table 3). As
shown in analogous hydrocarbon-bearing systems within the Jubilee
Field, basin floor fan systems characterize well-defined stratigraphic
traps. We therefore suggest that, dependent upon their sedimentology
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Table 3
CO,, storage capacity estimates of the Durban Basin (E factors of Goodman et al., 2011).
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Reservoir Facies Reservoir Areal Areal Extent Nett Thickness Porosity CO, Density CO,, Storage CO,, Storage CO,, Storage
Description Extent (m?) (m) (kgm™3) Capacity (Mt CO,) Capacity (Mt CO,) Capacity (Mt CO2)

(km?) (P10) (P50) (P90)

I c2 Shelf Sand 1500 1.5E + 09 50 0.30 663 179.01 358.02 611.62

H C1 Basin-floor Fan 730 730000000 161 0.15 695 147.03 294.06 502.35

G C1 Basin-floor Fan 10 10000000 123.5 0.15 679 1.51 3.02 5.16

F B2 Shelf Sand 1500 1.5E + 09 40 0.30 687 148.39 296.78 507.01

E Bl Basin-floor Fan 280 280000000 180 0.2 681 82.37 164.75 281.44

D Bl Basin-floor Fan 38 38000000 156 0.2 685 9.75 19.49 33.30

C Bl Basin-floor Fan 93 93000000 234 0.2 692 36.14 72.28 123.49

B Bl Basin-floor Fan 50 50000000 125 0.2 686 10.29 20.58 35.16

A Bl Basin-floor Fan 120 120000000 142.5 0.2 691 28.36 56.72 96.89

Subtotal Shelf Sand Reservoirs 327.40 654.80 1118.62

Subtotal Basin Floor Fans 463.84 927.68 1584.79

Total 642.85 1285.70 2196.41

CO,, Storage Capacities for analogous systems

Jubilee Field Ghana Basin-floor Fan 110 110000000 90 0.2 695 16.51 33.03 56.42

CO,, Storage Capacity—MCO, = A X h X ¢ X pCO, X E.
Efficiency Factor (P10)—0.012 (Goodman et al., 2011).
Efficiency Factor (P50)—0.024 (Goodman et al., 2011).
Efficiency Factor (P90)—0.041 (Goodman et al., 2011).

and net-gross ratios, basin floor fan systems within the Durban Basin
represent viable targets for CO, storage.

Laterally extensive inner shelf, sheet sands and deltaic sandstones
are confined to Reservoirs F and I respectively. Conservative (P10)
storage capacity estimates for individual reservoirs (148 Mt Reservoir F;
179 Mt Reservoir I) are comparable with minimum estimates of 170 Mt
CO,, for regions of the Rotliegend sandstone in the North Sea (Wilkinson
et al., 2013), as well as effective CO, storage capacities (160 Mt CO,)
identified for the Fushan sag within the Beibuwan Basin offshore China
(Li et al., 2015).

Within the Mozambique Basin, the base data utilised by Solomon
et al. (2014) for their basin-scale assessment, suggested a low-end,
theoretical storage of 579 Mt CO, for sandstones of the Turonian-age
Domo Formation, of which 163 Mt CO, of storage potential is available
in southern Mozambique. Similar low-end storage capacity estimates
(E = 0.04) of 228 Mt CO, (Chabangu et al., 2014) were indicated for
the Cenomanian-Turonian sandstones of the analogous lower St Lucia
Formation in the onshore Zululand Basin in northern KwaZulu-Natal.
Estimates defined for the Zululand and southern Mozambique Basins
respectively, compare well with the 148 Mt (P10) capacity defined here
for the equivalent Turonian-age sandstone Reservoir F in facies B2.

A similar scenario occurs within reservoirs of the Maastrichtian-age,
lower Grudja Formation in Mozambique. These occur in the context of
the palaeo-Limpopo delta (Fig. 10). Solomon et al. (2014) indicate a
low-end capacity of 1129 Mt CO, of which 369 Mt occurs within
southern Mozambique. These values represent double the capacity
when compared with the P10 estimate of 179 Mt CO,, for Reservoir I in
this study. Reservoir I however, is analogous with hydrocarbon-bearing
sediments of the lower Grudja Formation in Mozambique, and we
therefore suggest that, based upon these correlations, the laterally ex-
tensive sandstone Reservoirs F and I represent primary potential targets
for CO, storage in the Durban Basin.

5.4. Quantifying uncertainties and confidence of analogous data

In the case of the Durban Basin as with similar frontier basins
(Green et al., 2014), uncertainties are high due to a dearth of core data.
However, the use of analogous data is common practice worldwide with
hydrocarbon discoveries in French Guiana utilising only seismic,
gravity and magnetic data, coupled with analogous data from equa-
torial African discoveries (Green et al., 2014). The quantification of risk
and uncertainties of reservoir conditions are commonly conducted
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using simplifications and conservatisms built into reservoir simulation
models (Kahnt et al., 2015). In any given project a realistic degree of
uncertainty must be accepted. Ringrose and Simone, (2009) suggest
that at least 50% uncertainty can be defined in early project stages but
this does not commonly reduce below 10% even in a mature project.

Within this study, data from analogous successions give re-
presentative estimations of the potential reservoir conditions within the
Durban Basin. This can be defined through largely consistent values
obtained by various authors for the Domo and Grudja Formations in
Mozambique (Table 5). However, the potential for variations in facies
between the known analogues and the Durban Basin cannot be dis-
counted. Furthermore core data do not exist for the basin floor fans
systems mapped within the Durban Basin, thereby leading to a large
uncertainty in the injectivity potential for these reservoirs.

A major risk associated with injecting large quantities of CO, into a
subsurface reservoir is pressure build-up (Oruganti and Bryant, 2009).
Cavanagh and Wildgust (2011) suggest that over-pressurization may
lead to poor injectivity, caprock failure, CO, leakage, and brine dis-
placement via uncontrolled migration with such impacts having major
consequences upon the technical and economic viability of a project.
Natural overpressure is commonly associated with thick shale/mud-
stone sequences in deepwater hydrocarbon systems, and may lead to a
reduction in injectivity potential within a specific reservoir (Green
et al., 2014). Green et al. (2014) however, suggest that feeder channels
associated with basin floor fan systems act as pressure release conduits,
allowing depressurization of the fan system to create a mobile aquifer
similar to fan systems in the North Sea. Cavanagh and Wildgust (2011)
suggest that, in general, concerns regarding pressurization and brine
displacement in existing CCS projects are largely model-driven due to a
scarcity of data, with pressure prediction models relying on hypothe-
tical ranges and conceptual constraints for likely scenarios. Although
reservoir conditions data are lacking for the Durban Basin, a zone of
overpressure was noted in Jc-B1 within basement lithologies below the
Cretaceous and Cenozoic reservoir plays (GGS, 1983). In all other wells,
no overpressure was identified suggesting the possibility of open sys-
tems that may allow for good injectivity. This however, will need fur-
ther modelling for both open and closed systems to define likely sce-
narios.

We therefore propose that, although data are only at a regional scale
in the Durban Basin, volumetric calculations based upon detailed
seismo-stratigraphic interpretations coupled with reservoir property
data from analogous successions still provide new evidence of
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Fig. 9. Turonian (Domo Formation) reservoir devel-
opment and depositional environment for the
Durban, Zululand and Mozambique Basins, modified
after Coster et al. (1989).
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reservoir/seal pairs in saline aquifers. These may represent potential
storage sites for CO, injection. The lack of overpressures in the Jc-series
wells suggests potential injectivity for CO, storage within the mapped
basin floor fans systems, as well as laterally extensive shallow marine
shelf sands.

6. Conclusions

This study provides a basin-scale, effective CO, storage capacity
estimation for individual sedimentological units within the Durban
Basin, east coast of South Africa. Potential saline aquifer formations
deeper than 800 m below seafloor are targeted, with basin floor fan and
deltaic to inner shelf sedimentary units identified. Sedimentation
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occurred predominantly under forced and normal regressive conditions
on a shallow ramp margin prior to, and during, the incipient pro-
gradation of the Tugela Cone submarine delta.

Storage capacity estimates are undertaken based upon P10, P50,
and P90 probability levels, with specific efficiency data obtained from
Goodman et al. (2011). The initial assessment suggests a conservative
total CO, storage capacity of 643 Mt at a P10 probability level (1286 Mt
at P50; 2196 Mt at P90). This can be subdivided into 327 Mt in deltaic
and shelf confined sheet sands in Reservoirs F and I; and 464 Mt in
basin floor fan systems. Estimated capacities for saline formations are
comparable with estimates for neighbouring sedimentary basins and
others worldwide.
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Fig. 10. Maastrichtian (Lower Grudja Formation)
reservoir development and depositional environment
for the Durban, Zululand and Mozambique Basins,
modified after Coster et al. (1989).
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Table 4
CO,, storage capacity estimates of the Durban Basin (E factors of Viljoen et al., 2010).

International Journal of Greenhouse Gas Control 64 (2017) 73-86

Reservoir Facies Reservoir Description Areal Extent Areal Extent (m?) Net Thickness (m) Porosity CO, Density CO,, Storage Capacity (Mt)
(km?) (kg m~2) (0.1E)

I Cc2 Shelf Sand 1500 1.5E + 09 50 0.30 663 1491.75

H C1 Basin-floor Fan 730 730000000 161 0.15 695 1225.25

G C1 Basin-floor Fan 10 10000000 123.5 0.15 679 12.58

F B2 Shelf Sand 1500 1.5E + 09 40 0.30 687 1236.60

E Bl Basin-floor Fan 280 280000000 180 0.2 681 686.45

D Bl Basin-floor Fan 38 38000000 156 0.2 685 81.21

C Bl Basin-floor Fan 93 93000000 234 0.2 692 301.19

B B1 Basin-floor Fan 50 50000000 125 0.2 686 85.75

A Bl Basin-floor Fan 120 120000000 142.5 0.2 691 236.32

Total 5357.10

DBN/Zululand Saline Aquifer 81000 8.1E + 10 60 0.15 580 42282.00

Durban Basin Saline Aquifer 10000 1E + 10 60 0.15 580 5220.00

CO,, Storage Capacity—MCO, = A X h X ¢ X pCO, X E.
Efficiency Factor of Viljoen et al. (2010)—0.1.

Table 5

Average reservoir characteristics from known analogous systems in Mozambique and Zululand with available data shown.

Reservoir Sand Thickness (m) Porosity% Permeability (mD) Data Source
Grudja 30-45 20-30 Nairn et al. (1991)
Grudja 16 15-30 Coster et al. (1989)
Grudja 15-35 Solomon et al. (2014)
Domo Sand 40-45 20-25 Nairn et al. (1991)
Domo Sand 40 28 Coster et al. (1989)
Domo Sand 7.5-25 Solomon et al. (2014)
Domo Sand 15-35 20-229 mD Chabangu et al. (2014)
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