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ABSTRACT

The main objective of this research study is to gain a mineralogical and geochemical
understanding of the potential of the source rocks of the Ecca Group to predict the success of
hydraulic fracturing in the study area. A total of 12 samples were collected from the Prince
Albert, Whitehill and Collingham Formations along the R67 provincial route between
Grahamstown and Fort Beaufort in the Eastern Cape Province of South Africa. These samples
were subjected to petrographic, mineralogical and geochemical analyses using petrographic
microscopy, x-ray diffraction, x-ray fluorescence and inductively coupled plasma mass
spectrometry.

The main mineral constituents of the Lower Ecca Group in the study area are quartz (65.6
wt.%), illite (12.19 wt.%), smectite (0.99 wt.%), chlorite (1.19 wt.%), calcite (12.19 wt.%) and
dolomite (1.19 wt.%). The Prince Albert and Whitehill Formations contain a high amount of
quartz, some carbonates and the least amount of clay, while the Collingham Formation contains
a high amount of quartz, some clay and the least amount of carbonate. The mineralogical
composition of the Lower Ecca Group compares favourably with gas-producing shales such as
the Barnett Shale of the Fort Worth Basin in the United States. The Lower Ecca Group has
high quartz (68.6 wt.%) content relative to the Barnett Shale (43 wt.%). The concentration of
clay minerals in the Lower Ecca Group (4.8 wt.%) is generally lower than in the Barnett Shale
(31 wt.%). Dolomite is the dominant carbonate mineral in the Barnett Shale, while calcite
predominates in the Lower Ecca Group. In essence, the Lower Ecca Group of the Main Karoo
Basin contains a high brittle mineral and low ductile mineral content relative to the Barnett
Shale.

The petrographic analysis reveals that the mudstones and shales from the study area have been
altered mainly due to carbonate and quartz cementations. Post-depositional diagenesis, such as
the precipitation of calcite cements, occurs mainly in the Prince Albert Formation. The
petrographic analysis shows that quartz and calcite cements are the most abundant, occurring
mainly as fracture filling, pore-space filling and grain and matrix replacement. The deformation
in the study area is largely linked to the Cape Fold Belt and assisted by dissolution. Large-ion
lithophile elements (Rb, Ba, Sr, Th and U), high field strength elements (Zr, Hf, Y and Nb) and

transition trace elements (Sc, V, Cr, Co, Pb, Ni and Zn) in the mudstones and shales of the



study area are generally depleted compared to the upper continental crust. The concentrations
of Cu, Ni, Zn and V are depleted in the Lower Ecca Group relative to the Barnett and Marcellus
Shales in the United States. The concentration of major elements in the current study is
generally higher than in the Barnett Shale, while the SiO> content averages 63 wt.% in the study
area-higher than in the Barnett Shale (15.16 wt.%).

The Whitehill Formation of the Main Karoo Basin and the Barnett Shale of the Fort Worth
Basin share the following similarities: they are composed of black carbonaceous shales, high
brittle mineral constituents and high total organic content accommodated by an anoxic
depositional environment. Based on this research study, the Prince Albert, Whitehill and
Collingham Formations possess more brittle mineral content (quartz and carbonate) than
ductile mineral content (clay). An increase in brittle minerals generally suggests that the
formations are conducive to hydraulic fracturing. The overall mineralogy promotes natural
fractures and the generation of induced network fractures. The Collingham Formation may
enable a good seal and trap shale gas from migrating out of the shale below due to the high
clay content (9.1 wt.%) compared to the Prince Albert (3.69 wt.%) and Whitehill Formations
(8.75 wt.%). The performance of hydraulic fracturing would be successful if these formations
were to be developed. Diagenetic transformations (cementation) may cause loss of porosity,
permeability reductions and reservoir quality degradation, increasing the requirement for
hydraulic fracturing and additional stimulation methods to enhance shale gas recovery and flow

capacity.
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CHAPTER 1: INTRODUCTION

1.1  Background

South Africa is faced with the challenge of meeting the future energy demands of an expanding
economy (Burton et al., 2018; Von Ketelhodt and Woécke, 2008). Another challenge is the fact
that the country is highly carbon-intensive (Burton et al., 2018). Concerns have been expressed
over the country’s unsustainable dependency on coal. These concerns have also been prompted
by the risks associated with the greenhouse gas emissions that drive global climate change
(Niemack, 2009).

South Africa must acquire alternative sources of energy, such as shale gas, that are less carbon-
intensive than coal (Niemack, 2009). Although coal and petroleum have traditionally been the
important resources required to generate energy, natural gas is now attracting more interest in
the energy sector. The main reason is that natural gas offers an efficient and greener source of
energy (Wanniarachchi et al., 2015).

However, the extremely low permeability of the host rock (shale) is a major difficulty in shale
gas development. In general, shales contain a large clay content that assists to absorb and store
gas (Rogen and Fabricius, 2002; Ross and Bustin, 2009). A large amount of clay minerals in
shales makes the shale unfavourable for hydraulic fracturing purposes due to the enhancement
of the ductility of the formation. Thus, the reduction in the brittleness of the shale leads to a

poor response to the fracking process (Zhang et al., 2017a).

Ye et al. (2020) also documented that an excessive quartz or carbonate content hinders fracture
development in shales. Shale is defined as a hard mudrock and is composed of variable
proportions of quartz silt with a grain size of less than 0.032 mm and clay crystals generally
less than 0.004 mm (Merriman et al., 2003). Gas-shale is a formation of organic-rich shale,
formed from deposits of mud, silt, clay and organic matter (Broderick et al., 2011). The basic
requirements for shale gas development include an understanding of mineralogy, organic
richness, brittleness, maturation, thickness, gas in place, permeability and pore pressure
(Chopraet al., 2014).



The mineralogy of shale is one major determining parameter of how efficiently the induced
fractures will stimulate shale to release gas (Chopra et al., 2014). Furthermore, the
characterisation of shale gas reservoirs depends on the depositional environment, i.e., marine
or non-marine (continental) shale. Marine shale has a lower clay content and is composed of
brittle minerals (such as quartz, feldspar and carbonates) which respond better to fracking

during hydraulic stimulation.

On the other hand, non-marine shales tend to be high in clay content and are ductile and less
responsive to hydraulic stimulation. In this manner, the brittleness in marine shale is generally
higher than in non-marine shale and produces cracks more easily (Chopra et al., 2014). These
findings were also supported by Deng et al. (2018); they indicated that the mineralogical
composition of continental shale can considerably affect the brittleness of shale gas formation.

Generally, the brittle index (BI) of continental shales is lower than that of marine shales.

A study undertaken by Ye et al. (2020) highlighted that a quartz content of greater than 70%
decreases rock brittleness, while quartz content between 20% and 70% shows good brittleness.
The key parameters that control the hydraulic fracturing process include shales containing high
quartz content as well as carbonates. Therefore, shale must contain over 30% quartz, some
carbonates and preferably a brittle rock material. The mineralogy and petrography of the shale
can be determined by using techniques such as thin section microscopy, supplemented by
scanning electron microscopy (SEM) (Xue et al., 2015).

For the past few decades, the discovery of shale gas has resulted in a sharp increase in the
number of researchers in this field (Wang & Li, 2017). However, in terms of the Karoo Basin,
recent studies have focused on the geothermal history and petrophysical characteristics of shale
units at specific points within the basin (De Kock et al., 2017). The Karoo Basin has been
singled out as an area with great potential for shale gas and current resource estimates of 390
trillion cubic feet (Tcf) are speculatively based on properties such as carbonaceous shale
thickness, area, depth, thermal maturity and, most of all, the total organic carbon content (De
Kock et al., 2017). Attempts have been made to correlate the trace element geochemistry of
shales with their mineralogy to distinguish the depositional environment of shales (Hofmeyr,
1971). In addition to the properties listed above, it is of considerable importance to investigate

and understand the mineralogy and geochemistry of the host rock, hence this study.



In recent years, several studies focusing particularly on the lower formations of the Ecca Group
have been undertaken. This includes the study by Geel et al. (2013) that emphasised the
petrography and geochemistry of the Lower Ecca Group. The study results indicated that
marine shales are enriched in V and Cr, while the fresh-water shales are enriched in Cu. These
researchers further suggested that the deposition of these rocks took place in stratified water
bodies in oxygen-deficient conditions. According to Hofmeyr (1971), elements such as V, Cr

and Cu are reliable indicators of the shale depositional environment.

Another study by Danchin (1970) focusing on the geochemistry of the black shales of the Ecca
Group indicates that the rock units have high calcite, illite and apatite content. The high
concentrations of calcite and apatite provided evidence that the sediments were deposited in an
alkaline-water (pH > 7.8) environment (Danchin, 1970). A study by Maake (2018) about the
mineralogy and geochemistry of the shales of the Lower Ecca Group (the Prince Albert,
Whitehill and Collingham Formations) indicates that shales are characterised by discontinuous
parallel laminae while dolomite and calcite are the dominant carbonate minerals. Calcite occurs
mainly as pore-filling cement and grain replacement. The lithology of the Whitehill Formation
consists of calcite veins, pyrite, quartz and micaceous minerals thought to be associated with

organic-rich sediments.

In this study, the mineralogical and geochemical data obtained by various techniques, such as
fieldwork, petrographic microscopy, x-ray diffraction (XRD), x-ray fluorescence (XRF) and
inductively coupled plasma mass spectrometry (ICP-MS), were used to assess whether

hydraulic fracturing in the study area is feasible or not.

1.2 Economic potential of the shale formations in the Ecca Group

The Karoo Basin of South Africa formed as a successor basin to the early Palaeozoic Cape
Basin along the southwestern margin of Gondwana (Geel et al., 2015). This sequence of
predominantly sedimentary rocks preserves a world-class assemblage of fossils, spanning a
time range from the Late Carboniferous to the Early Jurassic periods (Rubidge & Hancox,
2002). The Karoo Supergroup is stratigraphically divided into several groups defined by their
age and sedimentological characteristics: Dwyka, Ecca, Beaufort, Stormberg and Drakensberg

(Johnson et al., 2006). The study area is located within the Ecca Group which is divided into



the Prince Albert, Whitehill, Collingham, Ripon, Fort Brown and Waterford Formations
(Catuneanu et al., 2005).

Although the Permian black shales of the Karoo Basin have been classified as potential
unconventional gas resources, the Whitehill Formation of the southern basin is the main target
for future shale gas exploration and production (Costin et al., 2019; Geel et al., 2021). The
Whitehill Formation is the most favourable formation for gas exploitation due to high organic
richness, porosity resulting from the decomposition of organic matter and mineral induced
brittleness (Geel et al., 2015). The formation has a high total organic content (TOC) of ~5 wt.%
(Geel et al., 2021). The high TOC content in the Whitehill Formation indicates organic matter
preservation, suggesting anoxic conditions (Geel & Bordy, 2021). The characteristics of the
Whitehill Formation as a suitable shale gas host compare favourably with gas-producing fields
in the United States (Geel et al., 2015). The Prince Albert and Collingham Formations have an
average TOC content of 0.181 wt.% and 1.44 wt.%, respectively (Geel & Bordy, 2021; Geel
etal., 2021).

1.3 Shale gas and hydraulic fracturing

Hydraulic fracturing is the process of enhancing the extraction and flow from unconventional
reservoirs through the generation of a fracture network (Gehne & Benson, 2019). The
development of a fracture network is crucial in the development of the shale formation.
Hydraulic fracture propagation depends on geologic and engineering factors controlling the

fracture and extending into the network in the shale reservoir (Ren et al., 2014).

Several geologic factors control hydraulic fracturing in shales: rock mineral composition
(higher brittle mineral content), rock mechanics properties (stronger elastic characteristic),
horizontal stress field (smaller horizontal differential stress) and distribution of natural
fractures (better developed natural fractures). These factors cause better extension and
propagation of hydraulic fractures in the network. The engineering conditions of the fracturing
process require higher treating net pressure, lower fluid viscosity and a larger fracturing scale
(Ren et al., 2014). The present study focuses on the distribution of mineral composition as one
of the geologic factors that affect hydraulic fracture propagation in shales.



In terms of mineralogical composition, the brittleness of shale is estimated based on the
mineralogical composition of the rock. Quartz and some other minerals are considered brittle
minerals, while clay is considered a plastic/ductile mineral (Xia et al., 2019). The presence of
clay in a reservoir may destroy its porosity and permeability. Illitic cement may cause a
negative effect on permeability, while smectitic clays swell in the presence of water. The
smectitic reservoirs are very susceptible to deformation if drilled with conventional water-

based mud; oil-based mud is used instead (Deshpande, 2008).

Different mineral compositions also control the brittleness of shale and further influence
reservoir reconstruction. The general requirement for brittle mineral content in shale is that it
must be higher than 30% to obtain a good fracturing effect (Zhang, Shi & Li, 2018). The
existence of brittle mineral content plays an important role in rock brittleness prediction.
Usually, quartz > dolomite > calcite > clay improves the brittleness for hydraulic fracturing in
an unconventional reservoir (Mohamed et al., 2019). Brittleness is the key factor that affects

the fracture network of shale reservoirs during hydraulic fracturing.

Ductile shale, on the other hand, will seal natural gas and fracture cracks. Ductile shale enables
a good seal, traps the hydrocarbons from migrating out of the shale below and creates a good
fracture barrier for a reservoir. Brittle shale is more prone to natural fracture and easily forms
a complex network through hydraulic fracturing (Rickman et al., 2008; Wang et al., 2017; Xia
et al., 2019). To achieve commercial development value, the accumulated thickness of a shale
reservoir must reach at least 15 m and the buried depth must be < 4000 m (Zhang et al., 2018).

Figure 1.1 shows hydraulic induced and natural fractures in shale.
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Figure 1.1: (a) Shows hydraulic induced fractures; (b) indicates the existence
characteristics of absorbed gas and free gas in a shale gas reservoir (Zhang, Chen &
Zhao, 2019)

The higher content of brittle minerals such as quartz and calcite can result in the formation of
natural fractures. During fracturing and stimulation, complex induced fractures (Figure 1.1)
can be formed more easily and achieve the extension and connection of fracture networks
(Jiang et al., 2016). Brittle rocks may facilitate hydraulic fracturing due to low fracture closure
rates. However, recent investigations in the Lower Ecca Group suggest that brittle rocks may
demonstrate the poor ability of the rock to develop a complex fracture network during hydraulic
fracturing due to a high Young’s modulus and fracture toughness (Geel & Bordy, 2021).

The Lower Ecca Group has high maturity and that influences diagenetic mineral precipitation,
impacting an overall brittleness. According to geochemical results by Geel et al. (2021), the
Prince Albert and Collingham Formations are the strongest and most brittle due to their high
proportion and intermediate mineral fractions. The brittleness of the Lower Ecca Group
suggests easy fracking. However, the irregular spatial distribution of fracture zones, veining
and carbonate horizons may enhance or diminish the quality of hydraulic fracturing (Geel et
al., 2021).

According to Gale et al. (2007), when natural fractures are encountered during hydraulic
fracturing, they are opened up to fluids and provide a network connected to the wellbore. The

length and width of the fractures generated by hydraulic fracturing are the most important



factors for gas production from the reservoir. The extension of the hydraulic fractures is

significantly influenced by the brittleness of the reservoir (Xia et al., 2019).

Brittle shale can be easily treated because there are more natural fractures and the fractures can
be connected after the hydraulic fracturing (Rickman et al., 2008; Xia et al., 2019). In high
brittleness shales, the proppant may provide a high-conductivity flow path for hydrocarbons to
migrate to the wellbore; in more ductile shales, the fracture becomes more like conventional

bi-wing fracture geometry (Rickman et al., 2008).

1.4 Problem statement

More than a decade ago, Dondo and Nhleko (2008) indicated that the Karoo Basin hosts a
potential shale gas resource that has not been adequately explored with advanced technology
such as hydraulic fracturing. Fast-forward to the present and it turns out that the current
resource estimates are not sufficient to define and identify a region within the Karoo Basin
with high gas content and high brittleness — a ‘sweet spot’ (De Kock et al., 2017).

As shale gas plays become more important, a better understanding and more knowledge
become vital to supporting future exploration and exploitation (Abouelresh et al., 2017). Thus,
a systematic approach should be considered to minimise and eliminate these uncertainties. This
research will provide geological data with improved accuracy to support future exploration and

exploitation of shale gas using hydraulic fracturing processes.

1.5  Aims and objectives of the research

1.5.1 General aim

The economic feasibility of hydraulic fracturing to enhance the recovery of shale gas in the
Karoo Basin has not been widely studied and reported. This research aims to gain a

mineralogical and geochemical understanding of the source rock to predict the success of

hydraulic fracturing and to guide the development of shale gas in the study area.



1.5.2 Specific objectives

The study has three specific objectives:

e To determine the mineralogical signatures of the source rock using the XRD technique
and petrographic microscope;

e To determine the geochemical signatures of the source rock for major and trace
elements using XRF and inductively coupled plasma mass spectrometry (ICP-MS),
respectively; and

e To systematically assess and predict if the mineral composition of the source is

conducive for hydraulic fracturing.

1.6 Location of the study area

This research project focuses mainly on the lower geological formations of the Ecca Group of
the Karoo Basin. The Ecca Group was selected for this project because it comprises the Prince
Albert and Whitehill Formations which have been identified for shale gas development. Cole
and Mosavel (2016) categorised these two formations as shale gas ‘sweet spots’. It has been
reported that the Whitehill Formation provides the best target for shale gas development since
it has similar TOC content to several gas-producing shales in the United States. Furthermore,
the maturity levels of shales within the Whitehill Formation are conducive to the production of
dry gas (Cole & Mosavel, 2016).

The study area is located between Grahamstown and Fort Beaufort along the R67 provincial
route in the Eastern Cape Province of South Africa (Figure 1.2). The study area was selected
mainly because the rocks of the Lower Ecca Group are well exposed along the R67 route due
to road cuttings and are easily accessible. Secondly, the orientation of the rock beds and the

Ecca stratigraphic succession can be easily identified and mapped.
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CHAPTER 2: GEOLOGICAL SETTING

2.1 Main Karoo Basin

According to Johnson et al. (1996), the Karoo Supergroup (Karoo Basin) in southern Africa
occurs in the extensive Main Karoo and Kalahari Basins, as well as several other smaller basins
(Figure 2.1). The basin has an areal extent of approximately 550 000 km? (Cadle et al., 1993)
and comprises about 5 500 m of deep marine and fluvial deposits (Flint et al., 2011). The
beginning of the Karoo depositional sequence is generally placed in the Late Carboniferous
period (300 Ma). This was after a major inversion tectonic event along the southern margin of

the supercontinent that led to the assemblage of Pangea (Catuneanu et al., 2005).

L5008 20°5
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ﬁ Falkland [ Karoo subcrop
Southern Highlands Islands 0 km 500

2(]‘;]3 BGTE CCE .

Figure 2.1: Shows the location of the Main Karoo and Kalahari Basins and other smaller

basins in southern Africa (Catuneanu et al., 2005; Isbell et al., 2008)

The age of the Karoo Supergroup ranges from the Late Carboniferous to the Early Jurassic
(Flintetal., 2011; Rubidge & Hancox, 2002). This period (300-280 Ma) was marked by large-
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scale episodes of subsidence, producing a series of interconnected marine basins (Flint et al.,
2011). The sedimentary rocks of the Karoo Supergroup contain a world-class assemblage of
fossil vertebrates (Rubidge & Hancox, 2002). These fossil vertebrates of the Karoo Supergroup
include fish, amphibians and a great diversity of reptiles (Damiani & Rubidge, 2003).

The following main geodynamic events are recognised in the deposition of the Karoo
Supergroup: the deposition of the sediments and uplift of the Cape Fold Belt (CFB), the
breakup of the ancient supercontinent (Gondwana) and the intrusion of Karoo dolerite and
basalt (Woodford, Chevallier & Botha, 2003). The shifts in tectonic and climatic conditions
from the southern margins of Africa during Karoo time also caused the litho-stratigraphic
character of the Karoo sequence to change significantly across the African continent
(Catuneanu et al., 2005).

Lithologically, the Supergroup is split into five main groups: Dwyka, Ecca, Beaufort,
Stormberg and Drakensberg (Cadle et al., 1993; Catuneanu et al., 2005; Johnson et al., 1996;
Figure 2.2). These groups are defined according to their sedimentological characteristics
(Catuneanu et al., 2005) and they represent sediments deposited in glacial, marine,
fluviodeltaic, fluviolacustrine and dry-wet desert environments, respectively (Cadle et al.,
1993).

11
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Figure 2.2: Lithostratigraphy of the Karoo Supergroup (Johnson et al., 1997; Woodford et al., 2003)
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2.2  Stratigraphy

The stratigraphy of the Karoo Supergroup (Table 2.1) is divided into five groups based on

differences in lithostratigraphy as indicated: Dwyka (Westphalian to Early Permian), Ecca

(Permian), Beaufort (Permian-Triassic), Stormberg and Drakensberg (Adeniyi et al., 2018;

Fildani et al., 2009).

Table 2.1: Lithostratigraphy of the Karoo Supergroup in the Eastern Cape Province

compiled by the Council of Geoscience, South Africa (modified from Mepaiyeda et al.,

2020)
5 z
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DRAKENSBERG Drakensberg Basalt, Pyroclastic
Basalts Deposits
STORMBERG Clarens Sandstone
Elliot Mudstone, Sandstone
Molteno Sandstone, Khaki
Shale
BEAUFORT TARKASTAD  Burgersdorp Mudstone,
Sandstone, Shale
Katberg Sandstone,
Mudstone, Shale
Balfour Palingkloof Mudstone,
Sandstone, Shale
Elandsberg Sandstone, Siltstone
Barberskrans Sandstone, Khaki
Shale
Daggaboersnek  Shale, Sandstone,
Siltstone
Oudeberg Sandstone, Khaki
Shale
Middleton Shale, Sandstone,
Mudstone
Koonap Sandstone, Mudstone
ECCA Waterford Sandstone, Shale
Fort Brown Shale, Sandstone
Ripon Sandstone, Shale
Collingham Shale, Yellow
Claystone
Whitehill Black Shale, Chert
Prince Albert Khaki Shale
DWYKA Dwyka Diamictite, Tillite,
Glacial Beds Shale
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2.2.1 Dwyka Group (glacial)

The glaciogenic Dwyka Group (glacial deposits) is a succession of diamictites (Figure 2.3) and
glacio-fluvial deposits with a thickness of up to 800 m (Flint et al., 2011). This group represents
the first depositional sequence in the Main Karoo Basin and was formed during the
Carboniferous-Permian glaciation of southern Gondwana (Belica et al., 2017; Lanci et al.,
2013; Wheeler, 2015). It marked the beginning of Karoo Basin sedimentation at approximately
300-310 Ma (Flint et al., 2011). The diamictite of the Dwyka Group is superseded by the
horizontally stratified Permian Ecca Group (Lanci et al., 2013; VVon Brunn, 1996).

Figure 2.3: Dwyka diamictite with clasts of different sizes, shapes and sources (photo by

Mervine)

2.2.2 Ecca Group (marine)

The Ecca Group sequence was deposited between the Late Carboniferous Dwyka Group and
the Late Permian-Middle Triassic Beaufort Group (Catuneanu et al., 2005). The group was
mainly deposited in a large body of water and consisted of approximately 2 000 m of sediments.
The Ecca Group sediments comprise rhythmites, mudstones, sandstones and shales (Johnson,
1976). The rocks of the Lower Ecca Group are composed of interbedded mudstones and
sandstones that represent turbidite deposits accumulated within a shallow inland sea (Johnson
et al., 2006). In the southwestern Karoo Basin, the Ecca Group is an approximately 1 300 m
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thick succession of predominantly siliciclastic sediments capped by the fluvial Beaufort Group
(Flint et al., 2011).

The Ecca Group is subdivided into six formations (Table 2.2), in ascending order, the Prince
Albert, Whitehill, Collingham, Ripon, Fort Brown and Waterford Formations (Johnson et al.,
2006). These formations reflect the lateral variation in the lithologic characteristics of the Ecca
succession (Johnson et al., 1997). This study focuses on the Lower Ecca Group formations —
the Prince Albert, Whitehill and Collingham Formations.

Table 2.2: Lithostratigraphy of the Ecca Group in the Eastern Province of South Africa
(modified after Johnson et al., 2006)

Group Formation Lithology Ages

Ecca Waterford Sandstone, mudstone 258-251 Ma
Fort Brown Sandstone, shale 262-258 Ma
Ripon Sandstone, shale 267-262 Ma
Collingham Shale, claystone, tuff, siltstones, sandstones ~ 274-279 Ma
Whitehill Black carbonaceous shale, chert 275 Ma
Prince Albert Khaki shale, siltstones 280-275 Ma

The Lower Ecca Group comprises shale and chert shale beds with scattered ashes (Prince
Albert Formation), black carbonaceous shales with pelagic organisms (Whitehill Formation)
and interbedded mudstone and fine-grained sandstone succession with abundant intercalated
ashes (Collingham Formation; Fildani et al., 2009; Hodgson et al., 2006). The consolidated
thickness of the Prince Albert, Whitehill and Collingham Formations is approximately 1 300
m of the total thickness of the Ecca Group (Flint et al., 2011).

2.2.2.1 Prince Albert Formation
The Lower Permian Prince Albert Formation forms the lowermost unit within the Permian
Ecca Group in the central and southwestern parts of the Main Karoo Basin (Mosavel & Cole,

2019). In the Main Karoo Basin, the Prince Albert Formation, which overlies the Dwyka

Group, consists mainly of mudrocks (Johnson et al., 1996; Johnson et al., 1997) and has a
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maximum thickness of 180 m (Danchin, 1970; Flint et al., 2011). The Prince Albert Formation
is overlain by approximately 30 m of black carbonaceous claystone of the Whitehill Formation.
This formation is mainly composed of claystone and cherty claystone beds with intertidal and
supratidal carbonates (Flint et al., 2011) and dark grey to greyish-black and dark greenish-grey
mudstone with subordinate sandstone in places (Mosavel & Cole, 2019). Nyathi (2014)
subdivided the stratigraphy of the Prince Albert Formation in the study area into two members

— lower and upper — comprising clay lithology (Table 2.3).

Table 2.3: Stratigraphic subdivision of the Prince Albert Formation (modified after
Nyathi, 2014)
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2 e Folded and well-laminated dark grey shale.
e The colour of the shale is reddish-brown
due to weathering of iron-bearing minerals.
o e Lenticular siltstone beds are found
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'E - intercalated within the shales.
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5 £ £
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well-laminated dark grey shale.
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bottom of the Prince Albert Formation.
e The shale is strongly crumbled due to fine
grain size and purer clay mineral content.
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o
g Dwyka Group diamictite and is also
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@) ) 'g c = Formation.
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Visser (1992) on the other hand, subdivided the Prince Albert lithostratigraphy into five units
based on the lithological description in ascending order (Figure 2.4);
e Mudstone-shale facies with minor claystone breccia, wacke and chert; chert pinches
out southward, while dolomitic limestone content increases northward.
e Chert shale facies are composed of reddish markers and abundant pyrite.
e Greenish-grey shale-chert facies are made up of phosphorite in the south; dolomitic
limestone content increases northwards and chert pinches out towards the north.
e Olive-grey micaceous shale facies consist of phosphorite in the south.
e Dark grey shale-phosphorite facies consist of carbonaceous and dolomitic limestone,

pyrite and tuffaceous beds.

@ Mudstone-shale facies: minor claystone breccia, ® Greenish-grey shale-chert facies: phosphorite in the
wacke and chert; chert pinches out southward; south; dolomitic limestone content increases
dolomitic limestone content increases northward northwards; chert pinches out towards the north

MERWEVILLE

@ Olive-grey micaceous shale facies: phospho-
rite in the south

® Dark-grey shale-phosphorite facies: 103

carbonaceous and dolomitic limestone;
pyrite; tuffaceous beds

®) Chert-shale facies: reddish marker;
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Figure 2.4: Five lithofacies of the Prince Albert Formation along the southern basin

margin (Visser, 1992)

2.2.2.2 Whitehill Formation

The Whitehill Formation is contained in the lower part of the Permian Ecca Group which forms
part of the Late Carboniferous-Early Jurassic Karoo Supergroup. The formation is made up of
diagenetic carbonate, chert and phosphate concretions which vary from spherical and
ellipsoidal to tube-like bodies within the shales (Smithard et al., 2015). The Whitehill

Formation is 21 m thick and is regarded as a marker horizon consisting of carbonaceous shale.
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Folding and faulting are major sedimentary structures of the Whitehill Formation (Kingsley,
1981).

The transitioning between the Prince Albert and Whitehill Formations involves a thin upward-
coarsening sequence grading from carbonaceous mudrock into silty shale (Johnson et al.,
1997). The mudrocks/black carbonaceous shales of the Whitehill Formation weather white due
to the diagenetic alteration of the sulphur (pyrite) content of the sulphates (Smithard et al.,
2015), making it a useful marker during field mapping as it is easily distinguishable from the

underlying and overlying shale units (Johnson et al., 1996; Johnson et al., 1997; Visser, 1992).

Lithologically, the formation can be subdivided into deep-water facies characterised by chert
and carbonate concretions and shallow water facies characterised by numerous silty horizons
and subordinate carbonate beds; chert is noticeably absent (Visser, 1992). Based on the
lithologic characteristics, the Whitehill Formation can be divided into lower and upper

members composed of clay and silt (Table 2.4; Nyathi, 2014).

Table 2.4: Stratigraphic subdivision of the Whitehill Formation (modified after Nyathi,
2014)

GROUP
FORMATION
MEMBER

N UNIT NO
THICKNESS (m)
SEDIMENTARY
STRUCTURES

LITHOLOGY

e The Upper Whitehill Member is
separated from the lower part by a
normal fault line.

e  Grey well-laminated shale and thin-
bedded fine to silt grained mudstone are
the constituent rocks.

e Minor chert layers are also found and are
very short and thin compared to those at
the bottom of the formation.

e Minor chert and the weak grey colour of
the rocks are evidence of very little

organic matter at the time of the

\Whitehill Formation

Thin Bedding

deposition of terrigenous sediments.

10.1

IEcca Group
lUpper Member
JLamination
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SEDIMENTARY

GROUP
FORMATION
MEMBER
THICKNESS (m)
STRUCTURES
LITHOLOGY

P~ UNIT NO
CLAY
SILT

e  The Lower Whitehill Member has
laminated black shales intercalated with
thin-bedded black shale layers.

o  The Member is contacted with the Upper
Prince Albert Formation with a
disconformable erosional surface but
conformably contacted with the Upper
Whitehill Member.

e The black shale is weathering off to give
a greyish whitish colour staining the
rocks.

e The chert layers reflect precipitation
from a chemical or biochemical process

in a deep-water marine environment.

[Lower Member

JLamination
Thin Bedding

15.1

2.2.2.3 Collingham Formation

According to Flint et al. (2011), the Collingham Formation is composed of dark carbonaceous
claystone interbedded with thin-bedded siliciclastic turbidites with a high concentration of ash
beds. The formation comprises a rhythmic alternation of thin ultra-tabular beds (average 5 cm)
of hard, dark grey, siliceous mudrock and very thin beds (average 2 cm) of softer yellowish
tuff (Johnson et al., 1997; Kingsley, 1981). The thickness of the Collingham Formation is
between 30 m and 70 m (Johnson et al., 1997; Flint et al., 2011). The sedimentary structures
observed include laminations, cross-laminations, thin-medium bedding and ripple laminations
(Table 2.5; Nyathi, 2014).
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Table 2.5: Stratigraphic subdivision of the Collingham Formation (modified after Nyathi,

2014)
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2 Cross Dark-black rhythmite.
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Well-laminated claystone alternating
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Ripple in colour; however, the claystone layers
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classic flysch or turbidite deposits.
The characteristics of the grain size,
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a deeper marine depositional
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2.2.2.4 Ripon Formation

The Ripon Formation is generally 600—700 m thick. It consists of poorly sorted, fine to very
fine-grained lithofeldspathic sandstone alternating with dark grey clastic rhythmite and
mudrock (Woodford et al., 2003). The Ripon Formation is subdivided into three members:
Pluto’s Vale (alternation of sandstone and shale), Wonderfontein (mainly shale) and
Trumpeters (alternation of sandstone and shale, mainly shale). The Pluto’s Vale Member is the
lowest stratigraphic member of the Ripon Formation and overlies the Collingham Formation
(Kingsley, 1981; Walters & Tucker, 2020). This formation contains dark grey, fine to very
fine-grained feldspathic sandstones interbedded with rhythmites along with mudrocks
(Johnson, 1976). The sedimentary structures include graded bedding, convolute lamination,
bouma sequence, groove cast and slumping (Kingsley, 1981).

The presence of clay clasts in the sand, load cast structures and convolute lamination indicate
that the deposition rate of the turbidites was fast (Kingsley, 1981). The formation consists of
poorly sorted medium to fine-grained sandstone, alternating with siltstones and shales and
occurring at a depth between 1 000 and > 3 500 m in the southern part of the Karoo Basin. The
Ripon Formation contains siltstone and three distinct sandstone lithologies: very fine-grained

sandstones, fine-grained sandstones and medium-grained sandstones (Campbell et al., 2016).

2.2.2.5 Fort Brown Formation

The initial stage of sedimentation of the Fort Brown Formation was characterised by slow mud
deposition but, subsequently, a fast regression occurred and a typical coarsening-upward
sequence was formed (Kingsley, 1981). Individual laminae and beds in the Fort Brown
Formation are either poorly laminated or massive in the lower part of this formation and well-
laminated and graded in the upper part. This formation is 670 m thick. The Fort Brown
Formation consists of rhythmite and mudrock with minor sandstone intercalations and displays

an overall coarsening-upward tendency (Woodford et al., 2003).

2.2.2.6 Waterford Formation

The Waterford Formation (Upper Ecca) conformably overlies the Fort Brown Formation. This

formation varies from 150 m to 580 m in thickness and is more arenaceous than the underlying
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formation. The lithofacies of the Waterford Formation are mostly arenaceous (Rubidge et al.,
2000). Dominant lithologies include fine greyish to khaki, massive lithofeldspathic sandstones
or wackes and dark grey mudrock (Figure 2.5). The lithologies show well-developed wave-
rippled bedding planes and extensive evidence of soft-sediment deformation including
spectacular ball-and-pillow load structures and chaotic slump facies. The delta-top sediments
of the Waterford Formation can be distinguished from the conformably overlying Lower
Beaufort Group fluvial succession based on sedimentological characteristics. The
sedimentological characteristics include, among others, the predominance of upward-

coarsening, sandstone-dominated packages, thin-bedded rhythmites, common large-scale wave

ripples, ball-and-pillow and chaotically slumped horizons (Almond, 2016).
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Figure 2.5: Thin-bedded wave-ripple wackes in the Waterford Formation (Almond, 2016)
2.2.3 Beaufort Group

The Beaufort Group is subdivided into the Adelaide and Tarkastad subgroups (Van der Walt
et al., 2010). The subgroups are distinguished by a greater sandstone-to-mudstone ratio
(Rutherford et al., 2015). The fluvio-lacustrine sedimentary rocks of the Beaufort Group were
deposited within the Main Karoo Basin of South Africa between the Middle Permian and the
Early Triassic (Day & Rubidge, 2014). The upper sedimentary units of the Beaufort Group
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(Tarkastad Subgroup) include predominantly thick sandstones of approximately > 10 m beds
of the Katberg Formation (Lanci et al., 2013). The coarser-grained rocks are found near the
CFB, while mudstone, shale and fine-grained sandstones dominate the central and northern
part of the basin (Woodford et al., 2003). The rocks of the Beaufort Group of the Karoo
Supergroup cover approximately 60% of the surface of South Africa and comprise an
approximately 3 000 m thick succession of sedimentary rocks that are richly fossiliferous (Van
der Walt et al., 2010).

2.2.4 Stormberg Group

The Stormberg Group is subdivided into three main formations, in ascending order: the
Molteno, Elliot and Clarens Formations. The thickness of the Molteno Formation varies from
less than 10 m to over 100 m. This formation is characterised by light coloured sandstones
which consist of moderately to poorly sorted and sub-rounded to subangular grain shapes. The
contact between the Molteno Formation and the underlying Beaufort Group is sharp, while the
upper contact with the Elliot is gradational (Eriksson, 1984).

The youngest unit of the Stormberg Group, the Lower Jurassic Clarens Formation is
characterised by the presence of white, cream or pink fine-grained sandstone and silty
sandstone beds. The Clarens Formation is the uppermost sedimentary rock unit in the Karoo
Supergroup and has thickly bedded sandstones with a variable thickness ranging from 10 m to
300 m (Bordy & Head, 2018). The age of the Elliot Formation in the Main Karoo Basin ranges
from Late Triassic to Early Jurassic. The sandstones are mainly fine to medium-grained. The
Elliot Formation shows no lateral transitions into either the underlying Molteno or overlying
Clarens Formations (Bordy & Eriksson, 2015).

2.3 Depositional environments

Depositional environments vary geographically in the Karoo Basin (Table 2.6) and range from
marine to lacustrine for the Dwyka to Lower Ecca Groups of southern Africa (Herbert &
Compton, 2007). The Karoo Basin of South Africa represents about 100 million years of
sedimentation, from ca. 280 Ma to ca. 180 Ma. The deposition of Karoo sedimentary rocks

occurred during the Late Carboniferous period across Gondwana and continued until the
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beginning of the breakup of this supercontinent during the Middle Jurassic period (ca. 183 Ma;

Geel et al., 2013).

Table 2.6: Geologic age and depositional environments of the Karoo Supergroup

(Adeniyi, 2016)
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The order of deposition of the sedimentary mega-succession Karoo Supergroup is as follows:
the Dwyka Group (Westphalian to Early Permian), containing glaciogenic deposits; the Ecca
Group (Permian), a siliciclastic sedimentary succession; and the Beaufort Group (Permo-
Triassic), containing fluvial deposits (Fildani et al., 2009; Flint et al., 2011; Hodgson, 2006;
Johnson et al., 2006). The lower part of the Karoo Sequence (Dwyka, Ecca and Beaufort
Formations) was deposited during the Permian and Early Triassic. The upper part of the
sequence, the Stormberg (Molteno, Elliot and Clarens Formations) and the Drakensberg
groups, was separated from the lower Karoo by a lacuna that occupied the entire Middle
Triassic (Veevers, et al., 1994).

The stratigraphic column of the Karoo Supergroup (Table 2.6) shows that the glacial diamictite
and shale of the Dwyka Group were deposited during the Late Carboniferous and Early
Permian. The overlying Ecca Group, which is characterised by marine and deltaic shale,
mudstone and sandstone, was deposited during the Permian (Loock et al., 1994). The bottom
upward Ecca Group succession indicates that the depositional environments gradually changed
from the deep marine water environment (Prince Albert, Whitehill and Collingham
Formations) to the deltaic environment (Ripon Formation) and then to the lacustrine
environment (Fort Brown Formation). This means that the sedimentary basin was gradually
filling up with sediments and the water depth of the basin was gradually shallowing (Nyathi,
2014).

According to Geel and Bordy (2021), the deposition of the lower Prince Albert Formation
fluctuated between marine and fresh-water conditions due to repeated episodes of meltwater
influx in the western part of the Main Karoo Basin. The Rb/K ratios indicate that the
depositional environments of the Whitehill and Collingham Formations were predominantly
marine. The V/Cr ratios indicate anoxic to dysoxic conditions for the Prince Albert Formation
and dysoxic to oxic conditions for the Whitehill and Collingham Formations. The depositional
environment in the eastern Main Karoo Basin suggests that salinity conditions fluctuated and

were not fully marine.

2.3.1 Prince Albert Formation

The Prince Albert Formation forms the lowermost unit within the Permian Ecca Group in the

central and southwestern part of the Main Karoo Basin. The sedimentation of the Prince Albert
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Formation is associated with a major transgressive event following the final melting of the
Dwyka Group ice sheets (Mosavel & Cole, 2019). The presence of pyrite indicates that the
depositional environments changed from brackish in the Prince Albert to marine in the
Whitehill Formation and marine to brackish in the Collingham Formation (Nolte et al., 2019).

The presence of thinly bedded shale, mudstone, claystone breccia, silty rhythmite and fine-
grained wacke in the Prince Albert Formation suggests deposition by sediment gravity flow
and subordinate suspension setting (Visser, 1992). The Prince Albert Formation mudrocks
reflect the suspension setting of mud deposited in a marine environment (Johnson et al., 1997).
The rocks of the Prince Albert Formation contain almost no clastic input, yet they were
deposited in relatively shallow water. This indicates the absence of a clastic source area and
supports the absence of the CFB during this time (Flint et al., 2011).

2.3.2  Whitehill Formation

The thinly laminated Whitehill shales are formed by the slow suspension settling of mud,
whereas the interbedded siltstone and sandstone were deposited by tractional bottom currents
in a shallow environment as shown by cross-bedding and ripple lamination (Visser, 1992). The
marine Whitehill Formation is characterised by black, laminated, carbonaceous shales
deposited largely from suspension setting under anoxic bottom conditions (Flint et al., 2011,

Johnson et al., 1997) and was deposited as black organic muds (Visser, 1992).

Black et al. (2016) proposed that, after the deposition in an intertidal marine/terrestrial
environment, the formation — as part of the lower Karoo Supergroup — underwent shallow to
intermediate burial, resulting in the formation of illite/smectite, accompanied by the dissolution
of grains. This was followed by the deeper burial of sediments, where compaction resulted in
rock types of average density (2.06-2.67 g/cm?®). Based on the Rb/K ratios, the depositional
environment for the Whitehill Formation in the western Main Karoo Basin suggests fully
marine conditions (Geel & Bordy, 2021).

2.3.3 Collingham Formation

Facies of the Collingham Formation indicate relatively quiet conditions during the deposition

of the greater part of the formation (Viljoen, 1994). The great lateral extent and fine-grained
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character of individual beds reflect deposition from suspension in relatively deep water
(Johnson et al., 1997). During the Collingham Formation deposition, sediments likely
originated from nearby regions dominated by the Cape Supergroup and Cape Granite Suite
(Geel & Bordy, 2021).

2.4 Shale mineralogy

Mineralogically, shales and mudstones contain minerals and other detrital minerals such as
quartz, feldspar and other organic matter (Bennett et al., 1991). Some mudstones contain a high
proportion of carbonate minerals, such as calcite or siderite, while some black shales contain a
high proportion of organic matter (Merriman et al., 2003). The mineral composition of the Ecca
Group includes quartz (monocrystalline quartz and polycrystalline quartz), feldspar (albite,

microcline and orthoclase), micas (muscovite and biotite) and lithics (Baiyegunhi et al., 2019).

Shale is a combination of clay minerals — illite, kaolinite and chlorite, non-clay minerals — silica
(quartz), and carbonate minerals — calcite or dolomite (Butt, 2012; Rodriguez et al., 2014).
Illite is the most abundant clay mineral in shale (Butt, 2012). Shale often contains smaller
amounts of other carbonates, pyrite and feldspars (Rodriguez et al., 2014). Shales may contain
trace minerals and elements such as barite, celestine, siderite, arsenic, barium, molybdenum,
uranium, vanadium and zinc (Rodriguez et al., 2014). These are the average percentages of
different minerals in shale: clay (58%), quartz (28%), feldspar (6%), carbonates (5%) and iron
oxide (2%; Pettijohn, 1975). The mineralogy of shale plays a significant role in how the
formation can be fractured (Ratcliffe & Scmimdt, 2012).

Shale is a sedimentary rock, composed mainly of clay-sized mineral grains. Shale is also called
mudrock and is formed from the compaction of at least 50% silt and clay-size particles. The
characteristics of shale, mudstone, siltstone and slate may vary depending on their geological
age and the extent to which they have been buried and altered by tectonic events (Butt, 2012).
Shales tend to occur in geologically older rocks. They lack plasticity and have a well-developed
slaty cleavage (Merriman et al., 2003). The mudstone and shale have been compacted and

hardened by burial in thick sedimentary deposits (Merriman et al., 2003).

The mineral composition of shales dictates their chemical properties and is regarded as the

main factor that determines their physical properties, especially relating to their stability and

27



cementing quality during the hydraulic fracturing process (Gasinski, 2017; Haddad et al.,
2017). In most cases, inadequate cementing is due to the presence of swelling clay layers
(Karpinski & Szkodo, 2015). The type and amount of clay minerals determine the physical
(i.e., permeability, fracability, wettability) and chemical properties of shale rocks (Dargahi, et
al., 2013). In case the stimulation is accomplished by using fresh water, the clay content within
the formation may swell and expand, which reduces the flow path areas against the fluid
production (Haddad et al., 2017).

The understanding of the mineralogy of gas-bearing shale is crucial when planning a well
drilling, stimulation and completion programme and also assists in locating a potential gas
reservoir (Nicolas & Bamburak, 2009). The knowledge of the mineral composition of shales
plays a significant role in identifying optimal proppants, fracture fluids and pumping schedules
(Gasinski, 2017). The presence and abundance of quartz and swelling clay minerals do not only
indicate a unit’s potential as an economic gas reservoir but also provide important information

for planning a drilling programme (Nicolas & Bamburak, 2009).

It is also significant to understand the relationship between clay mineralogy and the physical
parameters (permeability, fracability, wettability) required to develop a shale gas reservoir. The
higher the number of clay minerals present, the lower the rock brittleness; a lower clay
abundance is usually associated with improved reservoir permeability (Dargahi et al., 2013).
The higher the quartz content, the better the rock will respond to hydraulic fracturing due to
the brittle material. Similarly, the less swelling clay there is in the target zone, the less chance

there is of formation damage during drilling (Zhang et al., 2013).

2.4.1 Prince Albert Formation

Mineralogically, the Prince Albert Formation consists predominantly of illite, kaolinite and
halloysite (Ferreira, 2014). XRD analyses indicate that the Prince Albert Formation consists of
quartz (52%), illite (21%), muscovite (23%), chlorite (4%) and pyrite (0.2%). The gradational
contact between the Dwyka Group and the Prince Albert Formation has a mineralogical
composition of quartz (53%), illite (21%), anorthite (8%), muscovite (15%), chlorite (3%) and
pyrite (0.2%; Geel et al., 2015).
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2.4.2 Whitehill Formation

The Whitehill Formation shales comprise mostly clays such as illite (Geel et al., 2013),
smectite (in the form of montmorillonite), muscovite and quartz (Ferreira, 2014; Geel et al.,
2015) and contain both framboidal and euhedral pyrite grains (Geel et al., 2013). The formation
consists mostly of black shales that are occasionally interlayered with grey, fine-grained
siltstone layers (Geel et al., 2015). The Whitehill Formation is a white weathering black shale
with dolomite concretions at the base of the formation (Geel et al., 2013). The shales weather
white due to an oxidation reaction among their pyrite, dolomite and calcite content to form
gypsum growth in veins. Pyrite within shales also creates oxidation staining and the weathered
shales vary in surface colouration from white to grey and pink (Geel et al., 2015). The XRD
analyses undertaken on the Whitehill Formation showed the following minerals: quartz (32%),
calcite (6%), albite (7%) and dolomite (9%; Geel et al., 2015).

2.4.3 Collingham Formation

The clay minerals of the Collingham Formation consist mainly of illite and kaolinite (Ferreira,
2014). Under the light microscope, the boundaries between clay minerals and tuffs can be
observed. The SEM analysis revealed that framboidal pyrite occurs close to contact with the
Whitehill Formation (Geel et al., 2015). The Collingham Formation mineral composition is as
follows: quartz (62%), calcite (2%), albite (10%), muscovite (10%), chlorite (8%), biotite (3%),
illite (13%) and pyrite (0.3%; Geel et al., 2015).

2.5  Geochemistry of shales

One of the objectives of this study is to determine the geochemical signatures of the source
rock for major and trace elements to assess the characteristics of the shales from the study area.
The geochemical technique is an important tool in the exploration of natural gas. One of the
important features of shale gas production is the ‘fracability’ of the formations being drilled.
The fracability of these formations is controlled by the organic and inorganic composition of
the sediments (Ractliffe & Schmidt, 2012). The mineralogical and chemical characteristics of
shale are controlled by the properties of the parent rock and the depositional environment
(Okeke & Okogbue, 2011).
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Geochemistry is divided into organic (carbon-bearing) and inorganic subdisciplines (Olatunde,
2011). According to Ratcliffe and Schmidt (2011), organic geochemistry techniques can be
powerful tools to locate ore bodies and identify unique organic signatures such as the source,
age, thermal maturity, depositional environment and degree of biodegradation of organic
matter contained in sedimentary rocks (Olatunde, 2016). Inorganic geochemical techniques
provide the mineralogical composition of shale, relative and absolute ages of mineral growth
and dissolution, the presence and migration of fluids and temperatures at which minerals grew
or dissolved (Finlay & Martin, 2013).

Elements such as Y, Zr, Nb, Hf, Ta, Th and U are associated with heavy minerals, such as
zircon, which are resistant to weathering (Nyakairu & Koeberl, 2001). Selected trace elements
such as La, Ce, Nd, Y, Th, Zr, Hf, Nb, Sc, Co and Ti are immobile sedimentary processes
(Bhatia & Crook, 1986). Ni and V are highly concentrated in the organic material of marine
shales, while Pb, Zn, Cu and Sn are most abundant in fresh-water shales. The concentrations
of B, Li and Rb are high in marine shales (Degens et al., 1957), while the non-marine shales
are high in Ga (Degens et al., 1957; Tourtelot, 1964).

The average elemental composition of Ba, Th, Zr, La, Ce, Nd, Sm, Th, Tm, Yb, V and Cr is
higher in immature shales compared to mature and post-mature shales. Post-mature shales have
elevated concentrations of U, Sr and Co and higher inorganic carbonate content which may
increase Sr content in the shales (Abanda & Hannigan, 2006). Black shales are often rich in

organic matter and trace elements such as Co, Cr, Cu, Mo, Ni, V, Mn and Zn (El-Anwar, 2017).

2.5.1 Organic geochemistry

Organic geochemical data indicate that the average TOC content of shale in the Prince Albert
Formation is 0.37 wt.%, in the Whitehill Formation ~5 wt.% and the Collingham Formation
0.62 wt.% (Geel et al., 2015; Geel et al., 2021). Gas reservoirs are considered to have resource
potential when TOC values in shales are generally above 2%. The Prince Albert and
Collingham Formations do not qualify as a source rock for natural gas because TOC values are
< 1% (Black et al., 2016).

TOC average values are 4.5% in the Whitehill Formation, making it the prime focus for

potential shale gas prospects (Geel et al., 2013). The TOC of shale varies between 0.11 and
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2.32 wt.% with an average of 0.52 wt.%. The TOC analysis shows high values in the
carbonaceous shales of the Whitehill Formation. The values obtained in the Prince Albert
Formation are significantly lower than that of those in the Whitehill Formation, while the
Collingham Formation shows the lowest values, which could be an indication of the oxidation
of organic matter in the outcrop. In addition to oxidation, a decrease in TOC values may also

be a result of thermal maturation (Ferreira, 2014).

2.5.2 Inorganic geochemistry

Inorganic geochemical characteristics within the Lower Ecca Group indicate that SiO2/Al203
ratios are highest in the Prince Albert Formation and lowest in the Whitehill Formation. CaO
and MgO peaks, which correspond with the occurrence of carbonate rock, occur in the
Whitehill Formation (Geel et al., 2015). The chemical analyses show that the Collingham
Formation is silica-rich and very low in organic carbon. These two properties suggest that the
Collingham Formation is more brittle and easily fractured than the underlying carbon-rich
Whitehill Formation (Black et al., 2016).

Geochemical signatures in the southern Karoo indicate that the black shales are variably
enriched with SiO: relative to Al,O3 and CaO, indicating detrital sources. Elements such as
CaO and P20s have a negative correlation with Al>O3 suggesting that they are from a biogenic
source. Increasing Zr and Hf abundance up the stratigraphic succession suggests an increase in
felsic content with time (Andersson et al., 2004). The geochemical study of sandstones and
shales from the Ecca Group indicates that their trace element data are generally comparable
with the trace element data of upper continental crust (UCC) and Post-Archean Australian
Shale (PAAS). The concentration of high field strength elements (HFSE) such as Hf, Zr and
SiO> are higher in sandstones than in shales (Baiyegunhi, 2015; Baiyegunhi et al., 2017b). The
source provenance ratios suggest that the sediments are from felsic source rock (Maake, 2018).

2.6 Previous studies on Ecca Group mineralogy and geochemistry

The geochemical analysis of the sandstones and shales from the Ecca Group in the Eastern
Cape Province indicates a high concentration of SiO,. The concentrations of Al>Os3, CaO and
Fe2O3 are moderately high, while the concentrations of TiO2, MnO, MgO, Na.0O, K>0 and

P.Os are generally low. The sandstones in the area are higher in SiO2 content when compared
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to the shales. Generally, shales have higher Ce, Cu, Ga, La, Nb, Nd, Rb, Sc, Sr, Th and Y
content than sandstones. The sandstones are higher in Hf and Zr than the shales. It is suggested
that the high Sr content in shales indicates that Sr may be associated with calcite minerals.

Mineralogically, the shales are dominated by kaolinite (Baiyegunhi et al., 2017a).

The lithology of the Lower Ecca formations of the Jansenville area indicates calcite veins,
pyrite, quartz and micaceous minerals. This, however, indicates different diagenetic processes
from the Prince Albert to the Collingham Formations in relation to pyrite and carbonates. The
big grains of pyrite and carbonate concretions and calcite veins observed within the Whitehill
Formation are thought to be associated with organic-rich sediments. The carbonates consist of
dolomite and calcite. Calcite occurs mainly as a cement in pores and grain replacement and
calcite veins are common in the Whitehill Formation. The shales consist of discontinuous,
wavy and straight parallel laminae. These shales exhibit different degrees of trace element
enrichment relative to global average shale, the approximate order being Pb >V > Zn > Cr >
Cu > Co > Ni (Maake, 2018).

Mineralogically, the clay minerals of the Prince Albert, Whitehill and Collingham Formations
consist mainly of illite, kaolinite and smectite derived from a combination of the weathering of
feldspars and pyroclastics as well as the alteration of other clay minerals. The clays of the
Whitehill Formation consist mainly of smectite and muscovite. The clay minerals of the

Collingham Formation consist mainly of illite and kaolinite (Ferreira, 2014).

The carbonaceous shales of the Whitehill Formation show high TOC values, while these values
are significantly lower in the Prince Albert Formation. The Collingham Formation has the
lowest TOC values and could be an indication of the oxidation of organic matter.
Sedimentological investigation reveals that the upper Prince Albert Formation is dominated by
shale with thin beds of carbonate and the Whitehill Formation consists mainly of carbonaceous
shale with relatively more resistant shale beds (Ferreira, 2014).

The study indicates that the petrology of the Ecca Group is mainly alterrigenous rocks with an
absence of conglomerates. The study also indicates that there are no carbonate rocks in the
Ecca Group. Mineralogically, feldspar, quartz and micas occur as major minerals in the rocks.
Clay minerals include kaolinite, smectite, illite and sericite. Accessory minerals include

hematite, rutile and zircon (Nyathi, 2014).
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CHAPTER 3: METHODOLOGY AND INSTRUMENTATION

This chapter presents the research methodology and data collection techniques — desktop study,
fieldwork and laboratory work. The first stage of the methodology involved analysing the
existing data by reviewing the literature; field and laboratory work complemented the literature
analysis. This chapter introduces the four analytical methods used for this study. These include
petrographic microscopy, XRD, XRF and ICP-MS.

3.1  Desktop study

A desktop study involves a preliminary investigation and involves collating available relevant
data such as that from previous studies on the Karoo Supergroup and additional work that has

been carried out in the study area for correlation purposes.

3.2 Fieldwork

Fieldwork was carried out during the dry season, July to August 2019. This involved a visual
inspection of the rocks before sample collection. Rock texture, fabric, colour, variations in
grain size and lithology were carefully observed and the data were recorded. Samples were
collected from the three formations in the Lower Ecca Group. Different sedimentary features
were described, measured and photographed. The equipment included a camera, geological
hammer, field book, hand lens, clinorule, tape measure, sample bags, maps and global
positioning system (GPS).

Sampling was somewhat random and some sequences received more attention than others. The
main criteria used to select the sampling point is the colour of the rock (dark), which often
indicates an increased amount of organic carbon. Lavelle (2014) indicates that the colourations

of shales differ based on the minerals present and the carbon content of the rock.

Twelve samples were selected to represent the Lower Ecca Group from the three formations
along the R67 route between Grahamstown and Fort Beaufort in the Eastern Cape Province.
Samples 1 to 4 were taken from the Prince Albert Formation. Samples 5 to 8 represent the

Whitehill Formation, while samples 9 to 12 were taken from the Collingham Formation. A
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geological map covering Grahamstown (Sheet No: 3326), at a scale of 1:250 000, was
predominantly used to locate the three lower formations of the Ecca Group. Additionally, a
base map was used to provide fundamental/geographic information of the study area. The white
band (Whitehill Formation) was used as a marker horizon because it is distinguishable from

other formations. The sampling coordinates range between 26° 37’ 38.5” E and 33°12'8.2" S.

3.3  Laboratory analysis

The mineralogical and geochemical analyses for this study were obtained using XRD,
petrographic microscopy, XRF and ICP-MS. The preparation and analyses of the samples were
carried out in the laboratories of the University of the Witwatersrand in Johannesburg and at
XRD Analytical Consulting located in Pretoria. The laboratory work was organised into four
main parts: sample preparation, analysing mineral composition, interpretation of petrographic

properties and geochemical analysis of major and trace elements.

3.3.1 Sample preparation

Sample preparation involves crushing and milling the samples according to geochemical
sample preparation procedures. Before crushing and milling the samples, the surfaces of the
jaw crusher (Figure 3.1) were cleaned with a wire brush, toilet towel and acetone. A vacuum
was used to remove the excess paper towel. A dry sample weighing no more than 250 g was
crushed. Jaw crushed samples were milled (powdered) by placing the sample in a milling
machine. The milling machine was decontaminated by placing a scoop of cleaning quartz in it
and milling for 30 seconds. The milled samples were split and used for XRD, XRF and ICP-
MS analyses. The sample preparation process was carried out in the laboratories of the School
of Geosciences at the University of the Witwatersrand in Johannesburg.
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Figure 3.1: Schematic illustration of a jaw crusher (Johansson, 2019)

3.3.2 Petrographic microscope

The preparation of thin sections was carried out in the Thin Section Preparation Laboratory of
the School of Geosciences at the University of the Witwatersrand in Johannesburg. The optical
microscope was provided by the University of the Witwatersrand and examination of the thin
sections was performed in the Microscopy Teaching Laboratory of the School of Geosciences.
Twelve petrographic thin sections were prepared and examined under plane polarised light and
cross polarised light to provide detailed descriptions of the samples.

To produce a thin section from the rock sample, an area to be cut was marked. The samples
were cut perpendicular to the bedding. The rock sample was cut into a smaller rectangular
shape and glued onto a glass microscope slide (Figure 3.2). The photomicrographs were

captured using a camera integrated with a stereo microscope (Figure 3.3).
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Step 1. Selecting an Step 2. Cutting rock to a tablet Step 3. Grindingthe tablet
appropriate rock specimen. ~26 mm wide x4 6mm long x  to remove any saw or wire
5 mm thick. cutter marks

Step 4. Epoxythe rock tablet’s Step 5. Grindingtop surfaceto Step 6. Viewing the thin
ground surfaceto a glassslide  a ~30 um thickness, polishing  section underreflected and
to a 0.1 um roughness. transmitted light

Figure 3.2: Thin sections preparation procedure (Paulsen et al., 2013)

Figure 3.3: Petrographic microscope attached with camera for photomicrography (Photo
by the Author)
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Scholle and Ulmer-Scholle (2003) emphasised that many minerals commonly found in shale
can be identified in thin sections either by reflected light or by transmitted light (polarised or
cross polarised) using a petrographic microscope. Clays are found in the matrix of shale
samples and appear as very fine-grained crystals with low interference colours. Quartz usually
appears as a flat, light to medium grey mineral with rounded edges that display undulatory

extinction (Rodriguez et al., 2014).

3.3.3 X-ray diffraction

XRD is the principal tool used to identify and characterise clay and non-clay minerals in shales.
Each crystalline phase has a unique powder diffraction pattern which makes it possible to
distinguish between compounds. The samples were run on a Malvern Panalytical Aeris
diffractometer. This diffractometer is equipped with a pixel x-ray detector and fixed receiving
slits with Fe filtered Co-Ka radiation (Figure 3.4). The phases were identified using X’Pert
High Score Plus software. The mineral abundance in the samples or relative phase amounts
(weight %) were quantified using the Rietveld method. The XRD tests were performed in the

laboratories of XRD Analytical and Consulting in Pretoria.

—+— | ©

X Ray Source Collimeter
Screen X-Ray Diffraction pattern

Figure 3.4: Schematic diagram of X-ray diffraction pattern (Butt, 2012)

Using whole-rock geochemical data, relative rock brittleness value can be defined. However,
the calculations of mineralogy and brittleness are not as accurate as when direct measurements
techniques such as XRD are used (Ratcliffe & Schmidt, 2012). X-ray powder diffraction is the
best available technique for the identification and quantification of all minerals present in clay-
rich rocks (Srodon et al., 2001). Rock samples of around 50 g are required for most of the
analyses (Mowzer, 2012). The application of XRD covered the identification of minerals,
characterisation of crystalline materials and identification of fine-grained minerals such as

clays and mixed layer clays that are difficult to determine optically (Brady et al., 1995).
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3.3.4 X-ray fluorescence

The analysis of the major elements in the studied samples was carried out using an XRF
spectrometer (panalytical; Figure 3.5). The analysis was performed in the Earth Laboratory
located within the Bernard Price Building of the University of the Witwatersrand in
Johannesburg. XRF analysis provides high precision and accuracy, relative ease of use and fast
sample preparation. The rock samples were ground into a fine powder before analysis to
achieve greater homogeneity in the sample. The powder sample was ignited to about 1000 °C
for at least an hour to eliminate the volatile components (Tamponi, Bertoli, Innocenti & Leoni,

2003) and loss on ignition was measured for the studied samples.
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Figure 3.5: X-ray fluorescence spectroscopy instrumentation (Michaud, 2015)

XRF is well recognised as an accurate (Tamponi et al., 2003) and rapid technique and is much
less costly for major element determinations on rocks samples (Spencer & Weedmark, 2015;
Tamponi et al., 2003). An XRF analytical procedure yields high precision and accuracy which
can be considered acceptable for petrological and geochemical purposes (Tamponi et al.,
2003). The major rock-forming elements acquired through XRF methods are excellent for
identifying rock formations and sub-units in the subsurface which can be correlated from well
to well (Spencer & Weedmark, 2015).
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3.3.5 Inductively coupled plasma mass spectrometry

The concentrations of the trace elements in the studied samples were analysed by Perkin-Elmer

Elan DRC-e ICP-MS instrumentation (quadrupole; Figures 3.6 and 3.7). The procedure was

performed in the Earth Laboratory located within the Bernard Price Building of the University

of the Witwatersrand in Johannesburg. The procedure involves four stages: sample

introduction, ICP torch, interface and mass spectrometry. The samples are fully decomposed

into constituent elements and those elements are transformed into ions. Care was taken to

ensure that sample preparation did not add contaminants to the specimen. These procedures

were also highlighted by Kogel and Lewis (2001).
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Figure 3.6: Major instrumentation components of the ICP-MS system (Brennan, Dulude
& Thomas, 2015)
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CHAPTER 4: DATA PRESENTATION

This chapter presents the data collected from the field and through laboratory experiments. The
research data are divided into five parts — fieldwork, petrographic, mineralogical (XRD), major
element (XRF) and trace element (ICP-MS) data.

4.1 Fieldwork data

Table 4.1 summarises the data collected from the study area. In summary, the outcrop at the
study area comprises mudstones and shales of the Ecca Group which is part of the Karoo
Supergroup. The mudstones and shales of the study area are fine-grained, consisting of a
mixture of clay and silt-sized particles. The colour of the lithostratigraphic units varies from
grey to black in organic-rich beds and reddish-brown as a result of iron staining. The
sedimentary structures seen in the outcrop and hand specimens (samples) include folds,
particularly in the Prince Albert Formation, bedding and tuff beds. A detailed description of
the lithology of the Prince Albert, Whitehill and Collingham Formations is included under
4.1.1,41.2and 4.1.3.
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Table 4.1: Summary of the lithological description in the study area

Basin Evolution; depositional

D
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Basin Evolution; depositional

% = o Environment and Age (Baiyegunhi,
- % % é % § 2 Diagnostic Description qé 2015; Branch et al., 2007; Geel et al.,
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26° 62' 63" E Well-laminated Tabular-bedded shales Turbidite influx
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Alternating beds of hard-grey ~281-270 Ma
= siliceous shales and yellowish tuff
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£ g = Horizontal beds with an
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4.1.1 Prince Albert Formation lithologic description

The stratigraphic sequence is described from the oldest (Prince Albert) to the youngest
(Collingham Formation). The lithostratigraphic units of the study area include the three Lower
Ecca Group formations — the Prince Albert, Whitehill and Collingham Formations — underlain
by the Dwyka Group and overlain by the sandstones of the Ripon Formation. These
stratigraphic units comprise mudstones, carbonaceous shales and thin beds of siliceous
mudrocks alternating with clayey material.

The Prince Albert Formation outcrop coordinates range between 26° 62’ 73" E and 33° 21’ 62"
S and its thickness is about 100 m when exposed along the road cutting in the study area. The
Prince Albert lithostratigraphic unit consists of fine-grained mudstones comprising clay and
silt-sized particles. These mudstones are grey in colour, laminated, thinly bedded at the base
and brownish at the top. The colours of the beds vary widely from light grey to red. The red

colour is the result of iron staining (Figure 4.1). The thinly bedded mudstones are composed

of beds with an average thickness of 2 mm.

Figure 4.1: Shows mudstone foliation and red stain (due to high iron content) at the
Prince Albert Formation (elevation 466 m; 26° 62' 73" E; 33° 21’ 62" S)
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The Prince Albert Formation in the study area is divided into two units: lower grey mudstones
and upper brownish mudstones. These mudstones are organic carbon impoverished relative to
the overlying Whitehill Formation. The Prince Albert Formation shows a gradational contact
with the overlying dark grey carbonaceous shale facies. These mudstones are generally folded
at the outcrop due to deformation and the folded bedding is moderately inclined. These

mudstones are also fractured on a macro scale.

4.1.2 Whitehill Formation lithologic description

The Whitehill Formation of the Lower Ecca Group in the study area consists of fine-grained,
dark grey to black shales comprising clay and silt-sized particles and breaks along the parallel
bedding laminae. The formation is well-laminated and consists of carbonaceous-rich shales of
the Early Permian age. At the base, the formation is thinly laminated and composed of firm
dark grey rocks. Towards the top, the formation is characterised by a tuffaceous horizon with
a distinctive white colour located in proximity to the overlying Collingham Formation (Figure
4.2). The actual colour is dark grey to black but turns white due to weathering. At the base, the

formation is thinly laminated and composed of firm dark grey shales. The individual beds vary

from 1 mm to 5 mm in thickness and the beds are horizontally laminated.

Figure 4.2: Shows tuffaceous zone within the Whitehill Formation (elevation 483 m; 26°
62' 73" E; 33° 21’ 62" S)
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The Whitehill Formation outcrop coordinates range between 26° 62’ 73” E and 33° 21’ 62" S
and the formation has a thickness of approximately 22 m. The carbonaceous dark grey to black
shales rest on the underlying non-carbonaceous mudstones of the Prince Albert Formation and
are overlain by dark grey shales alternating with softer yellow beds. The carbonaceous shales
comprise chert lenses and show the gradational lithological transition between the Prince
Albert and Whitehill Formations.

4.1.3 Collingham Formation lithologic description

The Collingham Formation is tabular-bedded (flat-lying) and composed of fine-grained
particles (mainly clay and silt-sized particles) which were deposited in the Late Permian age.
The Collingham Formation in the study area is an interbedded lithostratigraphic unit with fine-
grained beds, composed of alternating beds of hard dark grey siliceous shales and yellowish

tuff beds (Figure 4.3) with an approximate thickness of 2 cm and 9.5 cm, respectively.

g

Collingham Formation
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Figure 4.3: Shows shale and tuff interbeds of Collingham Formation (elevation 487 m;
26° 62’ 63" E; 33°21' 55" S)

The Collingham Formation overlies the carbonaceous shales of the Whitehill Formation and
underlies the Ripon Formation at the outcrop. The Collingham Formation outcrop coordinates
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range between 26° 62’ 63” E and 33° 21' 55” S and the formation has a thickness of about 50

m.

4.2  Petrographic data

As clays and shales are extremely fine-grained for examination using microscopy, the
petrographic analysis was supplemented by XRD analysis. Twelve unpolished thin sections
(Figures 4.4, 4.5 and 4.6) were prepared using samples collected from the study area.
Petrographic analysis was used to determine the mineral composition, textural variations
(including grain size, shape and arrangement) and types of cementation. These observations

were made to provide clues to the provenance of the sediments.

The grain size was measured under a petrographic microscope through thin section
measurement (image analysis) on a millimetre (mm) scale. The petrographic data were
obtained by petrographic microscopy analysis carried out in the laboratories of the School of
Geosciences at the University of the Witwatersrand in Johannesburg. Petrographic studies were
conducted under plane and reflected light on the prepared thin sections of rock samples varying
from mudstones to shales. Four samples representative of the thin sections of each of the Prince
Albert, Whitehill and Collingham Formations were studied. Tables 4.2 to 4.4 compare the field
lithologic description data to the petrographic data.

4.2.1 Petrography of the Prince Albert Formation

The Prince Albert mudstones depict the following features as observed under microscopy
(Figure 4.4):

(A) The thin section photomicrograph viewed under plane polarised light shows fine to medium
grain size (0.1- 0.3 mm), moderately sorted and rounded to well-rounded grain shape. The
mudstone contains small to large calcite grains. Apart from these features, calcite is the
main cement replacing the original matrix and grains identified in the sample. The thin
section also depicts smaller fractures filled with hematite cement (red stain). Air bubbles
in the thin section may be a result of an error during preparation.

(B) The thin section photomicrograph viewed under plane polarised light shows moderately

sorted grains, fine to medium in grain size and with a well-rounded grain shape. Calcite
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grains are rounded to sub-rounded in shape. Calcite remains the dominant cementation in
the sample together with hematite stained grains and hematite pellets.

(C) This thin section is stained reddish-brown due to iron and was viewed under plane polarised
light. The mineral grains are moderately sorted and moderately packed. The overall shape
of the grains is rounded to well-rounded. The sample is dominated by moderate to large
calcite grains in a fine rock matrix. Hematite pellets also form part of the mudstone sample.

(D) The thin section comprises well-sorted grains with rounded calcite grains when viewed
under plane polarised light. As observed in other Prince Albert mudstone samples, the thin
section is composed of medium to large calcite grains in a fine to medium-grained matrix.
Calcite precipitation together with reddish-brown stained grains (thick band) were also

observed under the microscope.
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Figure 4.4: Thin section photomicrographs of the Prince Albert Formation viewed under

plane polarised light
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Table 4.2: Comparison of the lithologic description data to the petrographic data in the

Prince Albert Formation

Formation Lithologic Description Petrographic Description
Prince Albert | The Prince Albert mudstones Prince Albert petrographic
lithologic characteristics are as characteristics are as follows:
follows:
e Clay and silt-sized particles
e Fine-grained texture. (0.1-0.3 mm).
e Clay and silt-sized particles. e Moderately sorted and
e Well-laminated. moderately packed.
e Thinly bedded (red and light grey | ¢ Rounded to well-rounded grain
layers). shape.
e The red colour is the result of e Thin sections are stained
iron staining. reddish-brown due to iron.
e The mudstones are grey in e Contain small to large calcite
colour. grains.
e Mudstones are folded due to e Calcite grains are rounded to
deformation. sub-rounded in shape.
e Mudstones are commonly e Calcite is the main cementing
developed in the form of thin agent.
laminae. e Fractures are filled with
e Grey at the base and brown at the hematite cement (red stain).
top. e Hematite stained grains and
hematite pellets are present.

4.2.2 Petrography of the Whitehill Formation

The Whitehill Formation petrographic analysis indicates the following (Figure 4.5):

(A) The shales contain well-sorted, rounded detrital silt grains (0.03 mm) viewed under cross
polarised light. The rock is resplendent with low angle laminations of organic-rich (dark)
and hematite stained grains. The organic-rich laminae alternate with organic poor laminae
and the shales also contain hematite pellets.

(B) The photomicrograph was viewed under a plane polarised light and shows sorted to well-
sorted shale particles with scattered hematite pellets of less than 1 mm at this magnification.
The rock sample is represented by medium to course silt grains (0.03—0.05 mm) and thick
iron-stained laminae alternating with light coloured laminae. The mineral grains lie parallel

to the laminations. The sample is thinly laminated between thick lamination.
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(C) The degree of sorting under plane polarised light is moderate to well-sorted. The grains are
rounded and represented by medium to coarse detrital silt. Hematite is the most occurring
cementing agent in the shales together with hematite pellets. The hematite pellets change
from well-rounded to subangular in shape. The shales show fine discontinuous parallel
laminations.

(D) The shales under plane polarised light are moderately sorted and include grain sizes from
silt to sand. The overall shape of the particles varies widely from well-rounded to sub-
rounded. Hematite stained laminae alternate with lighter-coloured laminae of granular
sample materials. The thin section also shows large, scattered quartz grains ranging from
sub-rounded to angular. The sample is predominantly composed of hematite pellets. The

fractures are filled with quartz cement.
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Figure 4.5: Thin section photomicrographs of the Whitehill Formation viewed under

plane and cross polarised light
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Table 4.3: Comparison of the lithologic description data to the petrographic data in the
Whitehill Formation

Formation

Lithologic Description

Petrographic Description

Whitehill

Whitehill shales lithologic
characteristics are as follows:

e Carbonaceous dark grey to
black shales with chert lenses.

e Gradational lithological
transition with underlying
mudstones.

e Organic-rich.

e Tuffaceous zone with a
distinctive white colour at the
top of the formation.

e At the base, the formation is
thinly laminated and composed
of firm dark grey shales.

Whitehill petrographic characteristics
are as follows:

e The organic-rich laminae alternate
with organic poor laminae and the
shale also contains hematite
pellets.

e Moderate to well-sorted, rounded
detrital silt grains (0.03 mm) to
course silt grains (0.05 mm).

e The grains are rounded in shape.

e Low angle laminations (organic-
rich).

e Hematite stained laminae alternate
with lighter-coloured laminae of
granular rock materials.

e Sorted to well-sorted particles.

e Thick iron-stained laminae
alternating with light coloured
laminae.

e The mineral grains lie parallel to
the laminations.

e The shales are thinly laminated
between thick lamination.

e Hematite is the most occurring
cementing agent.

e The hematite pellets change from
well-rounded to subangular in
shape.

e The shales show fine
discontinuous parallel
laminations.

4.2.3 Petrography of the Collingham Formation

The Collingham Formation petrographic samples depict the following features under the

microscope (Figure 4.6):
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(A) The petrographic investigations were viewed under cross polarised light and show that the
grains are moderately sorted, rounded to well-rounded in shape and with fine to medium-
grained rock material (silt) in which hematite pellets are embedded.

(B) The sample is moderately sorted and composed of calcite particles and relict laminations;
the grains are rounded under plane polarised light.

(C) The photomicrograph was viewed under polarised light and shows that the mudstone grains
are moderate to well-sorted with a medium to coarse-grained texture. The sample is
composed of small to medium calcite grains and hematite pellets. Calcite is the main cement
viewed in the sample.

(D) The sample is composed of moderately sorted rock particles with fine to medium-grained
texture under cross polarised light. The shales are thinly laminated (brown-reddish laminae);
particles vary from sub-rounded to very angular. Quartz cement fills the horizontal fracture

parallel to the grains.

¥

Cross Polarized Light ¥

R

53



Quartz Cement Filling Fracture
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Figure 4.6: Thin section photomicrographs of the Collingham Formation in the Karoo

Basin viewed under plane and cross polarised light

Table 4.4: Comparison of the lithologic description data to the petrographic data in the

Collingham Formation

Formation | Lithologic Description Petrographic Description
Collingham | Collingham shale lithologic Collingham shale petrographic
characteristics are as follows: characteristics are as follows:
e Interlayered horizontal beds. e Moderately to well-sorted grains,
e Rhythmically bedded grey rounded to well-rounded in shape.
coloured shales (hard) and e Fine to coarse-grained texture.
yellow coloured tuff (soft). e Composed of calcite particles and
e Approximate thickness of 2 mm relict laminations.
and 9.5 cm, respectively. e Small to medium calcite grains
and hematite pellets.
e Calcite is the main cementing
agent.
e Quartz precipitates.
e Thinly laminated (brown-reddish
laminae).

4.3  Mineralogical data

Twelve samples were examined by the XRD technique to determine the clay and non-clay
mineral content present in the mudstones and shales from the study area. The results (Table
4.5) show that the Prince Albert, Whitehill and Collingham Formations have different
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mineralogical compositions, consisting of quartz, illite, smectite, chlorite, calcite and dolomite
as the main mineral content. Quartz is the most abundant mineral in all three formations, while

clay and non-clay minerals are the second most abundant phases.
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Table 4.5: Qualitative and quantitative XRD laboratory test results of the three formations reported in weight% (wt.%0)

Formation  Sample Quartz Calcite Dolomite Illite Chlorite Plagioclase Jarosite  Diopside Halite Smectite Geothite
Prince 01 32 51.3 2.5 112 O 0 0 0 0.1 0 2.8
Albert 02 69.1 0.3 0 178 O 0.8 0.1 0.1 1.2 8.5 2.2
03 51.8 23.3 11 8 4.9 0 0.1 0 1.8 3.4 5.5
04 41.5 29.5 5.4 159 0.6 0,1 0 0 3.7 0 3.4
Whitehill 05 90 0 0 9.1 0.3 0.1 0 0 0.5 0 0
06 89.2 0 0 8.9 0.3 0 14 0 0.1 0 0
07 91.7 0 0 75 02 0.2 0 0 0.4 0 0
08 48.4 41.6 5.3 32 0 0.7 0 0.7 0 0 0
Collingham 09 82.1 0 0 135 0.2 4.2 0 0 0 0 0
10 78.2 0.1 0 151 0.3 6.3 0 0 0 0 0
11 71.7 0.1 0 227 04 5 0 0 0 0 0
12 77.6 0.1 0 135 7.1 1.6 0,1 0 0 0 0
Average 68.60 12.19 1.19 122 1.19 1.58 0.14 0.06 0.65 0.99 1.15

0 = not detected above the detection limit of 0.5-3 weight%
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4.3.1 Prince Albert Formation

In the Prince Albert Formation of the Karoo Basin, shales have a quartz content of 32-69.1
wt.% with an average of 48.6 wt.%. This includes calcite (26.1 wt.%), illite (13.22 wt.%),
smectite (2.97 wt.%), dolomite (2.25 wt.%) and chlorite (1.37 wt.%; Table 4.5). The quartz
content is lowest in the Prince Albert Formation compared to the Whitehill and Collingham
Formations. The mudstones from the Prince Albert Formation contain a large amount of quartz,
secondarily carbonate and the least amount of clay minerals (Figure 4.7). Illite is the dominant
clay mineral with comparatively small amounts of chlorite and smectite. Calcite is the

dominant carbonate mineral with a comparatively small amount of dolomite.
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Figure 4.7: (a) A ternary plot showing the mineral composition as a percentage of three
major components (i.e., quartz, clay and carbonate); (b) pie chart depicting the
percentage distribution of quartz, clay and carbonate minerals in mudstones across the

Prince Albert Formation
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4.3.2 Whitehill Formation

In the Whitehill Formation, shales have the highest quartz content ranging from 48.4-92 wt.%
with an average of 79.82 wt.%. The calcite, illite and dolomite content averages 10.4 wt.%,
7.17 wt.% and 1.32 wt.%, respectively, with no presence of smectite. The shale samples from
the Whitehill Formation contain a large amount of quartz, secondarily carbonate and the least

amount of clay minerals (Figure 4.8).
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Figure 4.8: (a) A ternary plot showing mineral composition as a percentage of three major
components (i.e., quartz, clay and carbonate); (b) pie chart depicting the percentage
distribution of quartz, clay and carbonate minerals in shales across the Whitehill

Formation
4.3.3 Collingham Formation

The Collingham Formation samples have the second-highest percentage of quartz ranging from
71.7 wt.% to 82.1 wt.% with an average of 77.4 wt.%. The illite, chlorite and calcite content
averages 16.2 wt.%, 2.00 wt.%, 0.07 wt.%, respectively, with no presence of dolomite and
smectite. The Collingham Formation contains a large amount of quartz, secondarily of clay

and the least amount of carbonate minerals (Figure 4.9). Unlike in the Prince Albert and
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Whitehill Formations, the Collingham Formation has a higher number of clay minerals than

carbonate.
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Figure 4.9: (a) A ternary plot showing the mineral composition as a percentage of three
major components (i.e., quartz, clay and carbonate); (b) pie chart depicting the
percentage distribution of quartz, clay and carbonate minerals in shales across the

Collingham Formation
X-ray diffraction versus petrography

XRD and petrological analyses indicate that the mudstones and shales from the study area are
chiefly composed of quartz and carbonate minerals, mainly calcite. Quartz generally
constitutes more than 48 wt.% in the Prince Albert Formation and > 70 wt.% in the Whitehill
and Collingham Formations. The average proportion of other minerals such as calcite,
dolomite, illite, smectite and chlorite is usually less than 30 wt.%. The comparison of the
mineralogical and petrographic characteristics of the shales and mudstones from the three
formations is as follows: minerals that have been identified by the petrographic microscopy
and XRD include calcite and quartz. The petrographic data indicate that calcite and quartz
remain the dominant cementation, while the XRD data (mineralogical data) indicate that calcite
is the highest constituent in the mudstones of the Prince Albert Formation.
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4.4  Major element data

The geochemical analysis for this study involves the rock chemistry of major and trace
elements carried out using traditional non-portable XRF and ICP-MS, respectively. The main
objective of the XRF major element data is to better define chemical variations throughout the
formations of the Lower Ecca Group. The XRF data for each element were reported in wt.%,
while the ICP-MS data were reported in parts per million (ppm) because of the very small
concentration of the element present. The following section presents the abundance and
distribution of major elements in the study area. The summary statistics for whole-rock data
from the 12 samples are given in Figures 4.10 to 4.12 and Table 4.6. The XRF provides for 12
major oxides including SiO2, Al>03, Fe203, MnO, MgO, Ca0, Na20, K20, TiO, P20s, Cr.03
and NiO.

441 Prince Albert Formation

The ternary plots using major oxides determined by XRF and mineralogical data determined
by XRD (Figure 4.10) show a similar distribution pattern of mineral composition and major
oxides in the mudstones of the Prince Albert Formation. The ternary plots depict that the
mudstones are rich in quartz and secondarily carbonate minerals. According to the XRD ternary
plot, the mudstones in the Prince Albert Formation have higher concentrations of quartz than
clay and carbonate, while the ternary plot of major elements (SiO2, Al.O3, CaO) indicate that

the mudstones are enriched in SiO- relative to Al.O3 and CaO.
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Figure 4.10: (a) A ternary plot of the major oxides (XRF) showing the Prince Albert
mudstones rich in SiO2 relative to Al203 and CaO; (b) a ternary plot showing mineral
composition (XRD) as a percentage of three major components (i.e., quartz, clay = illite
+ chlorite + smectite and carbonate = calcite + dolomite) in mudstones across the Prince

Albert Formation

4.4.2 Whitehill Formation

The ternary plots using major oxides determined by XRF and mineralogical data determined
by XRD (Figure 4.11) show a similar distribution pattern of mineral composition and major

oxides in the shales of the Whitehill Formation. The ternary plots of major elements (SiO»,
Al>03, Ca0) show that the Whitehill Formation is richer in SiO2 than Al.O3 and CaO.
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Figure 4.11: (a) A ternary plot of the major oxides (XRF) showing Whitehill shales rich
in SiO2, relative to Al203and CaO. (b) a ternary plot showing the mineral composition
(XRD) as a percentage of three major components (i.e., quartz, clay = illite + chlorite +

smectite and carbonate = calcite + dolomite) across shales in the Whitehill Formation

4.4.3 Collingham Formation

The ternary plots using major oxides determined by XRF and mineralogical data determined
by XRD (Figure 4.12) show a similar distribution pattern of mineral composition and major
oxides in the shales of the Collingham Formation. Unlike in the Prince Albert and Whitehill
Formations, the ternary plots indicate that the Collingham Formation is enriched in quartz and
secondarily clay minerals. The shales in the Collingham Formation have higher concentrations

of quartz than clay and carbonate minerals.
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Figure 4.12: (a) A ternary plot of the major oxides (XRF) showing Collingham shales rich
in SiOz relative to Al2Osand CaO. (b) a ternary plot showing mineral composition (XRD)
as a percentage of three major components (i.e., quartz, clay = illite + chlorite + smectite
and carbonate = calcite + dolomite) across shales in the Collingham Formation
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Table 4.6: Major element concentrations of the studied samples reported in weight%

Formation wt.% SiO; AlbO3  Fe:03  MnO MgO Ca0O Na20 K20 TiO2 P20s Cr203  NiIO
Prince PO1 26.6 8.29 4.06 0.01 2.75 2845  0.18 0.94 0.31 0.19 0.01 0.00
Albert P02 61.05 1221 1235 0.01 1.30 2.12 1.07 1.83 0.61 0.47 0.01 0.00
(Mudstones) P03 3157 9.28 10.22  0.02 3.49 19.81  0.79 0.82 0.29 0.33 0.02 0.00
P04 32.04 9.01 4.84 0,.01 4.31 21.10  1.07 0.76 0.36 0.23 0.01 0.00
Whitehill W05 87.62  6.25 0.37 0.00 0.43 0.12 0.37 1.54 0.44 0.12 0.01 0.00
(Shales) W06 85.75  6.33 0.89 0.00 0.42 0.11 0.17 1.63 0.36 0.07 0.01 0.00
W07 8755 5.88 0.30 0.00 0.42 0.07 0.29 1.43 0.37 0.07 0.00 0.00
W08 5149 7.68 1.29 0.00 2.10 16.67  0.15 1.65 0.45 0.11 0.00 0.00
Collingham C09 78.67 1149 257 0.00 0.51 0.12 0.32 2.30 0.46 0.08 0.01 0.00
(Shales) C10 7539 1245  3.40 0.07 0.90 0.21 0.60 2.71 0.39 0.10 0.01 0.00
Cl1 70.71 1480 3.90 0.07 1.05 0.22 0.54 3.27 0.42 0.09 0.01 0.00
C12 70.33 12,69  7.80 0.07 1.72 0.40 0.30 2.15 0..28 0.08 0.01 0.00
Average 63.19 9.70 4.33 0.02 1.62 7.45 0.49 1.75 0.40 0.16 0.01 0.00
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45 Trace element data

This section presents the abundance and distribution of trace elements in the samples. The
distribution of trace element analysis in the mudstones and shales of the Lower Ecca Group

normalised to UCC values are shown in Figure 4.13 and the results are reported in Table 4.7.
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Figure 4.13: UCC normalised trace element concentrations of mudstones and shales of
the Prince Albert, Whitehill and Collingham Formations (arranged in LILE, HFSE and
TTE)

The trace element distribution varies significantly across the studied samples. On average,
elemental content data show that the most abundant trace elements in the studied samples are
Ti (2011.02 ppm), P (677.07 ppm), Ba (494.00 ppm), Sr (275.06 ppm), Rb (86.35 ppm) and
Ce (79.29 ppm). Ti records the highest concentrations in all studied samples with an average
ranging from 1873.54 ppm to 2246.44 ppm. The concentrations of elements such as Cu, Pb,
Zn, Ga, V, La, Nd, Th and Y are relatively low, average < 50 ppm. Other elements show very

low concentrations with averages below 10 ppm. The Prince Albert mudstones have the highest
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concentrations of Ti, Pb, P, Sr, V, Cr, Co, Cu, Sh, Sm and Eu compared to shales from the

Whitehill and Collingham Formations.

45.1 Prince Albert Formation

Large-ion lithophile elements (LILE; Rb, Ba, Sr, Th and U), compared to UCC, are mostly
depleted in the Prince Albert mudstones except for Sr (Table 4.7). High field strength elements
(HFSE; Zr, Hf, Y and Nb), compared to UCC, are depleted. UCC normalised concentrations
of HSFE in the Prince Albert mudstones indicate that Zr is the most depleted trace element.
Transition trace elements (TTE; Sc, V, Cr, Co, Pb, Ni and Zn), compared to UCC, are mostly
depleted, while Pb is enriched in the mudstones of the Prince Albert Formation.

45.2 Whitehill Formation

LILE (Rb, Ba, Sr, Th and U), compared to UCC, are mostly depleted in the shales of the
Whitehill Formation. The UCC normalised concentrations of LILE show that Th and U are
enriched in the Whitehill shales. Ba is the most depleted trace element when compared to UCC
normalised concentrations. HSFE (Zr, Hf, Y and Nb), compared to UCC, are mostly depleted.
Zr is enriched in the shales of the Whitehill Formation. TTE (Sc, V, Cr, Co, Pb, Ni and Zn),
compared to UCC, are highly depleted in the Whitehill Formation.

4.5.3 Collingham Formation

LILE (Rb, Ba, Sr, Th and U), compared to UCC, show that Ba and Sr are depleted, while Rb,
Th and U are enriched in the shales of the Collingham Formation. HSFE (Zr, Hf, Y and Nb),
compared to UCC, are mostly depleted in the shales of the Collingham Formation except for
Y. TTE (Sc, V, Cr, Co, Pb, Ni and Zn), compared to UCC, are mostly depleted, while Zn is
enriched in the Collingham Formation.
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Table 4.7: Trace element composition in ppm (arranged in LILE, HFSE and TTE groups). (UCC values from Rudnick & Gao, 2003)

Element Elements Prince Albert Formation Whitehill Formation Collingham Formation UCC
Group Mudstones (ppm) Shales (ppm) Shales (ppm) (ppm)
01 02 03 04 05 06 07 08 09 10 11 12 UCC
LILE Rb 66.4 1041 559 685 752 76 69.9 924 100 1125 132.3 83 84
Ba 460.8 675.7 533 560.3 358.1 376.3 314 380.8 5239 5529 679.3 513 624
Sr 609.6 568 616.3 536.7 2349 886 80.6 393 59.2 37.8 40.8 35.3 320
Th 7.5 14.3 7.8 8.7 111 125 116 127 12.6 11.5 145 15.9 10.5
U 3.0 4.1 3.3 2.9 3.9 4.8 4 6.1 7.8 6.1 7.2 5.7 2.7
HFSE Zr 57.1 108.2 58.4 629 1126 1739 1117 129 137.6 130.4 155.6 105.9 193
Hf 1.6 3.3 1.7 1.8 4 55 3.5 3.1 3.8 3.8 4.8 3.7 53
Y 154 21.2 19.8 135 131 154 115 225 23.2 23.1 24 14.8 21
Nb 6.2 11.6 5.6 7.2 6.3 7 7 10.9 14.2 9.4 12.9 9.9 12
TTE Sc 8.9 14,3 10.6 8 8.1 5.6 5.2 10 8 8.2 8.3 3.5 14
\Y/ 53.8 916 62.6 614 471 271 31 43.4 50.5 57.9 50.4 20.1 97
Cr 26.1 421 29.8 294 216 102 13 18.9 23.2 20.7 19.6 4.9 92
Co 4.3 2 1.8 1.7 0.2 0.1 0.2 0.9 1.1 4.9 4.1 3.6 17.3
Pb 189 61.1 38.6 224 332 256 22 34 26.6 17.8 23.2 10.7 17
Ni 8.2 9.7 10.7 7.7 1.2 1 1.1 5 5.6 9.8 10.9 10.2 47
Zn 29.9 38.7 50.3 202 6.4 4.5 5.6 18.8 97.3 72.1 123.6 89.3 67
*LILE = Large-ion Lithophile Elements *HFSE = High Field Strength Elements *TTE = Transition Trace Elements
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CHAPTER 5: DATA ANALYSIS AND INTERPRETATION

Chapter 5 discusses the research data — fieldwork, petrographic, mineralogical (XRD), major
element (XRF) and trace element (ICP-MS) data. This chapter also aims to compare the
lithology, petrology, mineralogy and geochemistry of the formations in the United States (i.e.,
the Barnett and Marcellus Shales) and in South Africa (i.e., Ecca Group). Several previous
works conducted in the Barnett and Marcellus Shales have been reported by many researchers
(e.g., Abouelresh, 2014; Abouelresh & Slatt, 2012; Bowker, 2007; Bruner & Smosna, 2011,
Chen, 2012; Colwell, 2014; Ding et al., 2012; Gale, et al., 2007; Han et al., 2015; Hupp &
Donovan, 2018; Jarvie et al., 2001; Loucks & Ruppel, 2007; Milliken et al., 2012; Montgomery
et al., 2005; Perez, 2010; Pollastro et al., 2007; Soeder, 2010; Tian, 2010; Tian & Ayers, 2010;
Vermylen, 2011; Werne et al., 2002).

Barnett Shale is an organic and silica-rich black mudstone of the middle to late Mississippian
age (Vermylen, 2011). It is the most productive, world-class unconventional gas play in the
United States (Montgomery et al., 2005; Tian, 2010) due to its brittle mineral composition
(Tian, 2010), among other characteristics. The Fort Worth Basin was formed during the
Palaeozoic period mainly during the Mississippian and Pennsylvanian ages. However, Barnett
is entirely Mississippian (Bowker, 2007). Marcellus Shale, on the other hand, is organic-rich
and contains a significant amount of natural gas. It is located in the Appalachian Basin in the
northeastern United States (Soeder, 2010).

This study was also compared to the previous mineralogical and geochemical investigations in
the Ecca Group (e.g., Baiyegunhi, 2015; Ferreira, 2014; Geel et al., 2015; Nyathi, 2014).

5.1  Fieldwork data analysis

To fulfil the basic requirements for shale gas generation, the following must be considered:
high organic carbon content, thickness and depth (Liu et al., 2017; Zhang et al., 2018). Black
carbonaceous shales are chiefly located in the Whitehill Formation which can be regarded as a
favourable area selection for shale gas development because of its enriched organic carbon
content. The thickness of the Prince Albert, Whitehill and Collingham Formations at the study

area is above 15 m and meets one of the prerequisites to determine whether the shale reservoir
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has any value for commercial development. According to Zhang et al. (2018), the accumulated
thickness of the shale reservoir must reach at least 15 m to contain enough resources and the
depth of shale must be < 4000 m to achieve commercial development value. According to
previous investigations in the Main Karoo Basin, the average thickness of the Prince Albert
Formation is approximately 200 m (Mosavel & Cole, 2019) and the Whitehill Formation 50m
to 70 m (Branch, Ritter, Weckmann, Sachsenhofer & Schilling, 2007) while the thickness of
the Collingham Formation is approximately 70 m (Nxantsiya, 2017).

The foliations, laminations and hematite stained layers observed in the field are in agreement
and correlate very well with the petrographic analysis. The thin-bedded laminations and fine-
grained particles suggest deposition under weak hydrodynamic conditions and suspension
setting as indicated by Zhao et al. (2017). Bedding and laminae observed in the outcrop at the
study area may significantly improve the horizontal seepage capability of the shale reservoir

and enhance shale gas output as suggested by Zou et al. (2017).

The laminae indicate vertical changes in texture and composition, while planes exhibit
weaknesses that influence the efficiency of hydraulic fracturing. However, a high laminae
density is not beneficial for the formation of vertical artificial cracks during hydraulic
fracturing (Wang et al., 2019). The Barnett Shale is composed of a mixture of laminated
siliceous and argillaceous mudstones, while shale is dominated by fine-grained sediment and
flat-lying thin laminae that range up to 0.15 mm (Loucks & Ruppel, 2007).

5.2  Petrographic data analysis

The primary diagenetic cement observed in the studied samples includes carbonate (calcite),
quartz and iron (hematite). These cements occur mainly as fracture filling and also as rock
matrix and grain replacement. Apart from the cementation, the petrographic investigations
indicate that the shales and mudstones are made up of organic-rich bands and low angle
laminations. The laminations and lenticular bedding indicate the suspension deposition of the
sediments (Zhao et al., 2017). Hematite stained grains and hematite pellets are prevalent in the
studied shales and mudstones. According to Baiyegunhi et al. (2017a), a high concentration of
iron-bearing minerals (such as hematite) in the rocks could be due to a source of iron in the

Prince Albert, Whitehill and Collingham Formations.
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The petrographic observations also show that the physical characteristics of the studied shales
and mudstones have been altered mainly due to cementation. The original grains were partly
replaced by calcite and quartz cemented material. Post-depositional diagenesis, such as the
precipitation of calcite cements, has been observed mainly in the Prince Albert Formation. This
suggests that the sediments have gone through a recrystallisation process, resulting in the
formation of new mineral grains replacing the original grains. The carbonate mineral cements
(calcite) mainly occur in the Prince Albert and Collingham Formations, while the Whitehill
Formation is characterised by quartz cements mainly filling the natural fractures. The
mudstones are fine to medium in grain size, moderately to well-sorted and mainly rounded in
grain shape. Sediment distribution includes thin and thick laminations and interbedded layers

which correspond with field observations.

In summary, the sediments were partially affected by diagenetic alteration due to cement filling
the pore spaces during diagenesis. According to Geel et al. (2021), quartz and calcite veins are
common throughout the Lower Ecca Group and the diagenetic precipitation of iron-rich
carbonates such as calcite was a result of the high maturity of the source rock (Geel & Bordy,
2021). Quartz cement is the main factor influencing reservoir quality in siliciclastic sandstones
(Molenaar et al., 2007).

Investigations indicate that diagenetic alteration due to cementation may reduce the porosity
and permeability of the rock (Baiyegunhi et al., 2017a; Flewelling & Sharma, 2014; Lin et al.,
2017; Wagen, 2000) and low permeability of the source rocks may degrade reservoir quality
(Akinlua et al., 2016). The lower formations of the Ecca Group have low permeability. The
low porosity and low permeability make these formations unfavourable for shale gas
production in the absence of hydraulic fracturing operations (Baiyegunhi et al., 2017a) and
may increase the requirement of an additional method to enhance recovery and flow capacity
(Wang, 2017; Wang et al., 2014).

Fagereng (2012) documented that folding in the CFB was largely accomplished by brittle
process assisted by dissolution. The folded rocks include, among others, the Ecca Group of the
Karoo Supergroup and folds are common in the mudstone-dominated Prince Albert Formation.
Fractures are common within folded and more competent (generally quartz-rich) layers in

mudstone sequences.
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The rocks of the Ecca Group in the study area were deformed either by brittle process or
solution transfer (Fagereng, 2012). However, according to Baiyegunhi et al. (2017Db), partial
dissolution of silicate grains and recrystallisation of fine minerals were accommodated by the
compaction of the Ecca Group sediments during burial diagenesis. This resulted in high
temperatures and an increase in overburden pressure causing the dissolution of the silicate
materials. The cracks and fractures in the mudrocks of the Ecca Group are evidence of their

compaction during their progressive burial.

According to Geel et al. (2021), the Lower Ecca Group is highly fractured, particularly in the
regions of thrust faulting and the fractures are filled with quartz or calcite precipitates. The
fault planes are accommodated by the displacement of the Whitehill Formation during CFB
formation. The high maturity of the Lower Ecca Group influences diagenetic mineral

precipitation, causing an impact on the overall brittleness.

Field and petrographic observations within the Lower Ecca Group in this area recognise
various structures (fractures and folds). This study recognises suggestions made by previous
studies (Fagereng, 2012; Geel et al., 2021) linking the deformation of the Lower Ecca Group
units largely with CFB deformation assisted by dissolution (Baiyegunhi et al., 2017b).
However, other prime target areas for shale gas outside the CFB may likely experience
diagenetic mineral precipitation accommodated by dissolution. This is as a result of the
compaction of the sediments as suggested by Baiyegunhi et al. (2017b) and also as a result of

the high maturity of the Lower Ecca Group (Geel et al., 2021).

Comparison of the Barnett Shale with the current study

Petrographic observations indicate that the Barnett Shale is composed of layers of thin beds
with laminae of organic-rich skeletal siliceous mudstone in between (Loucks & Ruppel, 2007)
and calcite-dominated skeletal fragments are common (Han, Mahlstedt & Horsfield, 2015).
The Lower Ecca Group of the Main Karoo Basin, particularly the Whitehill Formation, is
composed of organic-rich laminae with organic poor laminae in between. Quartz and clay
minerals mostly chlorite, calcite, pyrite, dolomite and phosphatic grains (Abouelresh, 2014)

have been observed under petrographic microscopy.
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Most of the natural fractures observed in the Barnett Shale are filled with calcite (principal),
quartz and chlorite cements (Gale et al., 2017; Milliken et al., 2012; Montgomery et al., 2005)
and are highly clustered (Gale et al., 2007). Original sedimentary signatures in the Barnett
Shale have been altered due to progressive burial and diagenesis (Han et., 2015). The Ecca
Group mudstones and shales have also been altered due to deformation and progressive burial.
Sediment alteration in the Barnett Shale includes mechanical and chemical modifications and
calcite particles were locally dolomitised and replaced by silt-sized dolomite rhombs (Han et
al., 2015). The Barnett and Lower Ecca Group Formations share features in that most of the
fractures are filled with quartz and calcite cements and the sediments have been altered due to

burial diagenesis.

Comparison of previous investigations with the current study

The petrographic observations of previous investigations (Baiyegunhi, 2015) in the study area
are principally in agreement with the observations of the current study outlined above. The
previous investigations in the Ecca Group indicate that the mudstones of the Prince Albert
Formation are folded and characterised by minor detrital grains of quartz, feldspar and
muscovite. The formation of hematite around the mineral grains could be due to the relatively

low content of hornblende. The intragranular micropores are mostly filled with quartz cement.

The Whitehill Formation, on the other hand, consists of micro-quartz cement, hematite cement,
quartz overgrowths, carbonaceous fragments and detrital quartz grains. Calcite is the most
abundant and main cement mineral identified in the Collingham Formation. A recent study
undertaken by Geel and Bordy (2021) documented that fractures in the Lower Ecca Group are
filled with either quartz or calcite precipitates. The petrographic investigation also indicates
that the Lower Ecca Group shales are distinctly laminated and demonstrate soft-sediment

deformation structure, particularly in the Collingham Formation.

5.3 Mineralogical data analysis

In summary, the following findings regarding the mineralogical composition of the studied
mudstones and shales were made: the mudstones and shales are mainly composed of quartz
and carbonate minerals and secondarily of clay minerals. The XRD analysis indicates that clay

minerals are mainly represented by illite with minor amounts of smectite and chlorite but no
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presence of kaolinite. Quartz, dolomite and calcite are the dominant non-clay minerals together
with small amounts of plagioclase and halite detected. The average content of quartz and
carbonate is 68.60 wt.% and 6.69 wt.%, respectively. The average clay content is 4.79 wt.%
with the illite content being the highest. The Lower Ecca Group formations are dominated by
high strength and brittle mineral phases such as quartz and carbonates (calcite and dolomite).
The mineralogical data analysis is divided into three parts: silica, carbonate and clay

mineralogy.

5.3.1 Silica mineralogy

Quartz is the dominant mineral in the studied mudstones and shales. The average quartz content
ranges from 48.6 wt.% at the Prince Albert Formation to 77.4 wt.% at the Collingham
Formation and 79.82 wt.% at the Whitehill Formation (Figure 5.1). This study shows that the
Whitehill and Collingham Formations are characterised by siliceous shales as the average
content of silica is above 65 wt.%. According to Liang et al. (2016), siliceous shales are rich
in silica (above 65%), while Zhao et al. (2017) documented that shale with a quartz content of
greater than 45% is classified as siliceous shale. Organic-rich shale and siliceous shale of
greater than 65% and deposited from suspension near upwelling zones are key exploration
targets for shale gas. The lithofacies influenced by suspension and upwelling are rich in silica
(up to 85%) and have high brittle mineral content (quartz) which is conducive to hydraulic

fracturing.
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Figure 5.1: Silica mineral composition in the three formations

5.3.2 Carbonate mineralogy

Carbonate minerals are the second most abundant minerals in the studied mudstone and shale
samples. The carbonates detected by XRD are calcite and dolomite (Figure 5.2). Calcite is the
most dominant carbonate mineral in the studied mudstones and shales. The average calcite
content ranges from 0.07 wt.% at the Collingham Formation to 10.4 wt.% at the Whitehill
Formation and 26.1 wt.% at the Prince Albert Formation. This study suggests that the Prince

Albert Formation is composed of calcareous mudstones as the average content of calcite is
above 20 wt.%.
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Figure 5.2: Carbonate mineral composition in the three formations

According to Liang et al. (2016), the calcite content in the calcareous shale ranges from 20%
to 50%. Zhao et al. (2017) indicate that the carbonate content of calcareous shale, mainly calcite
and seldom dolomite, is greater than 10%. The presence of calcite in the studied samples may
indicate and support that the deposition of the sediments occurred in a marine environment (EI-
Anwar et al., 2018).

Dolomite is the least abundant carbonate mineral in the studied mudstones and shales. Its
average content ranges from 0.00 wt.% at Collingham Formation to 1.32 wt.% at Whitehill
Formation and 2.25 wt.% at the Prince Albert Formation (Figure 5.2). This study determined
that the content of carbonates decreases gradually upwards in the formations — the Prince Albert
Formation having the highest concentration and the Collingham Formation having the lowest

concentration.

5.3.3 Clay mineralogy

Clay minerals are classified into four main groups: smectites (montmorillonite), illite, kaolinite
and chlorite (Okeke & Okogbue, 2011). Clay minerals are the least dominant minerals in the
studied samples. Illite is the most dominant constituent of the clay minerals in the mudstones

and shales (Figure 5.3). The average content of illite in the mudstones and shales ranges from
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7.17 wt.% at the Whitehill Formation to 13.22 wt.% at the Prince Albert Formation and 16.2
wt.% at the Collingham Formation (Figure 5.3). Chlorite is the second most abundant clay
mineral and its average content ranges from 0.2 wt.% at the Whitehill Formation to 1.37 wt.%
at the Prince Albert Formation and 2.00 wt.% at the Collingham Formation.

Clay Mineral Percentage (%)
» 8 K % & &

-~ o

N

Prince Albert Whitehill Collingham

H lllite = Chlorite Smectite

Figure 5.3: Clay mineral composition in the three formations

Ilite is a common mineral in sedimentary rocks, particularly shales, and it may precipitate in
the pores of the reservoirs, impeding fluid flow (Pevear, 1999). According to Weaver (1956),
illite is dominant in organic-rich marine shales and old sediments. Kaolinite dominates
continental and near-shore sediments but is rarely present in old sediments. Kaolinite-rich
sediments are poorly represented in older geologic times.

Smectite is the least abundant clay mineral in the studied samples. It was detected only in the
Prince Albert Formation (Figure 5.3). The average content of smectite in the studied mudstones
and shales ranges from 0.00 wt.% at the Whitehill and Collingham Formations to 2.97 wt.% at
the Prince Albert Formation. Smectite expands (Altaner, 1978; Okeke & Okogbue, 2011) and
contracts upon wetting and drying (Altaner, 1978). Generally, smectites occur in a low-energy
marine alkaline environment (Okeke & Okogbue, 2011). Other clay minerals such as illite,
chlorite and kaolinite are non-expansive (Okeke & Okogbue, 2011; Shoieb et al., 2017). They
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occur in a high-energy non-marine neutral/acidic environment where the rate of leaching is
high (Okeke & Okogbue, 2011). A high smectite content indicates good gas storage capability
(Deng et al., 2018).

This study suggests that the Prince Albert Formation mudstones are likely to be affected by
swelling and shrinking due to the presence of smectite constituents compared to the other two
formations. On the other hand, the Prince Albert Formation mudstones have better gas storage
capacity due to the availability of smectite compared to the Whitehill and Collingham

Formations.

Comparison of the Barnett Shale with the current study

The Upper Barnett Shale is calcite-rich, averages ~20%, and dark to light grey interlaminations
predominate. Calcareous shale together with low TOC is associated with shallow water and
oxic conditions (Abouelresh & Slatt, 2012). In the current study, the lowest of the Ecca Group
unit — the Prince Albert Formation — has low TOC content with averages of 0.181 wt.% (Geel
& Bordy, 2021; Geel et al., 2021) and is composed of calcareous mudstones; calcite averages
at 26 wt.%. The low TOC content in the lowermost Ecca Group formation indicates a lack of
organic matter preservation. High calcareous and low TOC content suggests that the Prince
Albert sediments were deposited in relatively shallow water, oxic conditions.

The Lower Barnett Shale comprises both detrital and biogenic quartz and is composed of black,
massive, organic-rich siliceous non-calcareous mudstones. The high TOC in the Lower Barnett
Shale indicates a low-energy, anoxic depositional environment (Abouelresh & Slatt, 2012).
The mineralogical and geochemical descriptions of the Lower Barnett Shale correspond with
the Whitehill Formation of the Lower Ecca Group which consists of black carbonaceous
siliceous shales and has a high TOC content. Recent investigation shows high TOC content
(~5 wt.%) in the Whitehill Formation which suggests anoxic conditions (Geel & Bordy, 2021).
The Prince Albert Formation indicates deposition in oxic conditions, while the Whitehill

Formation shows deposition under an anoxic environment.

A research study by Chen (2012) indicates that samples representing the Barnett Shale are
mainly composed of quartz, clay minerals, pyrite and carbonate. The XRD results indicate that

quartz is the more dominant mineral than clay and carbonate. According to Bruner and Smosna
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(2011), the quartz content in the Barnett Shale is around 35%-50%, calcite and dolomite 8%—
19% and illite 27%. Essentially, XRD results have been obtained from Newark East and the
results indicate that the Barnett Shale is composed of ~45% quartz, ~27% clay (mainly illite
and a small amount of smectite) and ~8% calcite and dolomite (Bowker, 2007).

On the other hand, the Ecca Group of the Main Karoo Basin has an average quartz content of
68.6 wt.% with 4.8 wt.% clay (mainly illite and a small amount of smectite) and 6.7 wt.%
calcite and dolomite. Shale develops natural and induced fractures during hydraulic fracturing
treatments (external forces) when it has high quartz, feldspar and carbonate content because of

a low Poisson’s ratio, high Young’s nodulus and high brittleness (Ding et al., 2012).

The Lower Ecca Group has low clay and high quartz content relative to the Barnett Shale. The
clay content averages 4.79 wt.% in the Lower Ecca Group and 31 wt.% in the Barnett Shale
(Milliken et al., 2012). The guartz content averages 68.60 wt.% at the study area and 43 wt.%
in the Barnett Shale. The quartz content in the Prince Albert averages 48.6 wt.% with Whitehill,
79.8 wt.% and Collingham 77.4 wt.% — higher than in the Barnett Shale. The clay content in
the Prince Albert averages 5.85 wt.% with Whitehill 8.1 wt.% and Collingham 6.1 wt.% —
lower than in the Barnett Shale. Dolomite is the dominant carbonate mineral and averages 8
wt.%, while calcite averages 5 wt.% in the Barnett Shale (Milliken et al., 2012). In the current
study, calcite is the dominant carbonate mineral and averages 12.19 wt.%, while dolomite
averages 1.19 wt.%. The dominant minerals in the Barnett Shale are quartz, calcite, dolomite,

clay minerals, feldspar and muscovite (Perez, 2010).

The Barnett Shale can be divided into three facies. Facies 1 has the highest quartz content; it is
easier to initiate hydraulic fracturing in it and it represents the best reservoir rock. Facies 2 is
constituted of moderate calcite content and facies 3 is rich in calcite (Perez, 2010). Based on
the mineral types and their relative concentrations, determined using the XRD and petrographic
data, the shales in the present study can be classified into two facies. Facies 1 (calcareous
mudstone) has calcite-rich mudstone with greater than 20 wt.% calcite and the lowest quartz
concentration; only lithofacies with a measured amount of smectite occur. Facies 2 (siliceous
shale) has quartz-rich shale with the highest silica content — a range of 48.4 to 91.7 wt.% and
an average of 78.6 wt.%. These lithofacies have a low concentration of clays and an absence

of smectite.
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The Barnett Shale in the United States has been successfully developed using hydraulic
fracturing processing. Therefore, based on the comparative mineralogical data derived from
the XRD analysis of the Barnett Shale in the United States and Ecca Group in South Africa,
hydraulic fracturing treatments in the Ecca Group formations would be successful.

Comparison of previous investigations with the current study

According to previous investigations by Geel et al. (2015), the Whitehill Formation is largely
composed of illite, quartz and muscovite and, in the current study, the formation mostly
consists of quartz and illite. The Whitehill Formation is higher in clay minerals and relatively
lower in silica content than the Collingham and Prince Albert Formations. In the present study,
the Prince Albert Formation is higher in clay minerals and relatively lower in silica than the
Whitehill and Collingham Formations. The Collingham Formation has the highest percentage
of quartz (62%) relative to the lower two formations. In the present study, the Whitehill

Formation has the highest percentage of quartz (averages 81.3 wt.%).

Mews et al. (2019) suggest that an effective hydraulic fracturing candidate requires high
amounts of brittle minerals such as quartz and carbonate. Quartz is regarded as a mechanically
strong mineral, while carbonate (calcite and dolomite) and clay (chlorite, illite and smectite)
minerals are mechanically intermediate and mechanically weak, respectively (Geel & Bordy,
2021; Mews et al., 2019). In the present study, the Whitehill and Collingham Formations are
mechanically strongest due to their high content of strong and brittle mineral phases, while the
Prince Albert Formation is the weakest of the Lower Ecca Group due to its lowest content of
strong and brittle mineral phases. However, recent work conducted by Geel and Bordy (2021)
suggests that the Prince Albert Formation is mechanically strongest, followed by the
Collingham Formation; the Whitehill Formation is the weakest due to the highest content of

weak and ductile mineral phases.

The presence of clay minerals such as illite and smectite in the studied mudstones and shales
is in agreement with results from previous studies (Nyathi, 2014; Ferreira, 2014). Nyathi (2014)
documented that the Prince Albert Formation is dominated more by illite than kaolinite. The
results obtained by Ferreira (2014) indicate that kaolinite, illite and smectite are the dominant
clay minerals in the studied samples. Kaolinite is believed to have originated from the

replacement of chlorite by smectite and also from further chemical alteration. Illite is believed
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to have been formed from the weathering of feldspar and is present in the Prince Albert,
Whitehill and Collingham Formations. Smectite was found to be present in the Whitehill
Formation samples (Ferreira, 2014) and, in the current study, smectite was found to be present
in the Prince Albert Formation mudstones.

The overall interpretation is that the mineralogy of shale and mudstone in the study area shows
suitable brittleness as a result of high quartz and carbonate content rather than clay. This
interpretation is in agreement with the interpretation of Geel et al. (2015) who indicated that
the mineralogy of shale suggests suitable brittleness due to high quartz, calcite and dolomite

content.

During hydraulic fracturing, high quartz content and natural cracks promote the generation of
network fractures (Shen et., 2017). The Lower Ecca Group, particularly the Whitehill
Formation, is suggested as a potential shale reservoir due to the following characteristics: high
organic richness, high TOC content (~5 wt.%), porosity resulting from the decomposition of
organic matter and mineral induced brittleness, among others. The Whitehill Formation was
deposited under suitable anoxic bottom water conditions that allow the preservation of organic
matter (Geel et al., 2015; Geel et al., 2021).

5.4  Major element data analysis

The major element geochemistry of the shales and mudstones in the three formations (Prince
Albert, Whitehill and Collingham) is distinguishable. SiO- is the dominant constituent of all
studied samples and has an overall average content of 63.19 wt.%. The SiO2 composition varies
from 26.60 to 87.62 wt.% (Figure 5.4). The Prince Albert Formation has the lowest average
concentration of SiO2 (37.67 wt.%), while the Whitehill Formation has the highest average
concentration (78.10 wt.%). The Prince Albert Formation has the lowest SiO> content and
highest CaO constituents when compared to the other two formations. SiO> content tends to
decrease with an increase in CaO content. This correlates very well with the petrographic and
XRD analysis discussed above. The XRD analysis indicates that the Prince Albert Formation

has the lowest quartz and highest carbonate (calcite, chlorite and dolomite) content.
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Figure 5.4: Major elements (reported in weight%) of shale samples from the three

formations

The CaO content varies from 0.07 to 28.45 wt.%. The lowest concentration is in the Collingham
Formation (0.24 wt.%), while the Prince Albert Formation has the highest CaO concentration
(17.87 wt.%). The CaO concentrations in the studied mudstones and shales decrease gradually
with the stratigraphy (from the oldest to the youngest), meaning that the CaO is highly
concentrated at the lowest formation (i.e., Prince Albert). The high CaO content in the Prince
Albert Formation could be due to calcite cementing material, as documented by Babu (2017).
The significant enrichment of CaO in the Prince Albert Formation (silica poor formation)
suggests a calcium dilution effect (Lone et al., 2018). This correlates very well with the
observations made in the thin sections of the Prince Albert Formation that show calcite

cements.

Comparison of the mineralogical (XRD) and major elements (XRF) data

A comparison of the XRD data with the major elements data suggests that the higher the
carbonate mineral content (XRD), the higher the CaO content (XRF). The Prince Albert
Formation is characterised by high CaO and Na2O and low K0 and TiO2 (Figure 5.4) when
compared with the Whitehill Formation. This study suggests that the high concentration of
CaO in the Prince Albert Formation has been elevated by high carbonate content; a suggestion
supported by Tobia and Shangola (2016). In summary, the Prince Albert Formation is high in
Ca0, Na20, MgO, P05 and low in SiO2, K20, TiO..
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Major elements plots

The bivariate diagrams (Figures 5.5a to 5.5d and 5.6a to 5.6d) of the major elements aim at
characterising the geochemical composition of the source rocks and determining their possible
provenance. Diagrams were plotted with the actual major elements results from the present
study. The Al>Os element was used as a normalisation factor because it is immobile during

weathering and diagenesis (Ahari & Afarin, 2016).

The Hacker diagrams concerning SiO correlate negatively with Na2O, CaO, Fe>O3 and Al20s.
The negative correlations (Na2O, CaO, Fe20s3 to SiO2) suggest the non-association of major
oxides with SiO2 (Obasi et al., 2015; Ahari & Afarin, 2016) and indicate that much SiOz is
present as quartz grains (Ahari & Afarin, 2016). The unstable minerals in the rock samples
decrease with an increase in the maturity of the rocks (Hu et al., 2015). The SiO2/Al;03 ratio

is mostly used to determine the maturity of sandstones (Roser et al., 1996).
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Figure 5.5: (a-d) Hacker diagrams of major oxides (Na2O, CaO, Fe203 and Al203) versus

SiOz2 (negative correlations)

The method used by Babu (2017) to obtain the distribution patterns of Al.Ozwith other oxides,
such as FexOs and TiO,, was also recommended for this study. Ratios of Fe;Os/Al>0O3 and
TiO2/AlL0s in the studied samples show that there is a good positive correlation (Figures 5.6a
and 5.6b). Positive correlations between major oxides indicate that they are associated with
clay and/or micaceous minerals (Obasi et al., 2015; Ahari & Afarin, 2016; Baiyegunhi et al.,
2017b; Lone et al., 2018). Secondly, the K>O/Al>O3 ratio of 0.499 and a good positive
correlation (Figure 5.6¢) may also suggest that the mudstone and shale samples contain a
considerable amount of clay minerals, as indicated by Pandey and Parcha (2017). The

enrichment of K>O depends on clay minerals (Babu, 2017; Barbera et al., 2006).
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Figure 5.6: (a-c) Hacker diagrams of major oxides (Fe20Os3, TiO2 and K20 versus Al203),

positively correlated; (d) negatively correlated Na2O/K20

Comparison of the Barnett Shale with the current study

The concentrations of the major elements in the present study are generally higher than in the
Barnett Shale (Table 5.1), except for CaO, MgO and MnOQ. The SiO> content of the Barnett
Shale averages 15.16 wt.% (Colwell, 2014). The SiO content in the current study averages
63.19 wt.% — relatively higher than in the Barnett Shale (15.16 wt.%). The SiO, content in the
Prince Albert Formation averages 37.82 wt.%, Whitehill 78.1 wt.% and Collingham 56.1 wt.%.
The amount of silica content in the Barnett Shale makes it a better target for hydraulic
fracturing (Tian & Ayers, 2010), suggesting that the hydraulic fracturing treatments in the
study area would be a success because of the higher brittle content than clay. It is suggested
that high SiO2 and low clay content in the Prince Albert, Whitehill and Collingham Formations
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will enhance the development of natural and induced fractures under external forces (fracking),

as suggested by Ding et al. (2012).

Table 5.1: XRF data (major elements) of the Barnett Shale compared with the current

study (Ecca Group)

XRF Major elements in weight per cent (wt.%)
Formations Al O3 KO TiO2 SiO; CaO MgO MnO  Fex0s
Barnett Shale 2.7 095 0.2 1516 139 299 003 1.63
(Colwell, 2014)
Current Study 9.7 175 04 63.19 745 162 0.02 433

Comparison of previous investigations with the current study

The SiO content varies from 26.60 to 87.62 wt.% in the present study and is slightly lower
compared to those which range from 55.94 to 87.99 wt.% obtained by Baiyegunhi et al.
(2017b). The CaO content varies from 0.07 to 28.45 wt.% — higher than the concentration
documented by Baiyegunhi et al. (2017b). The low concentrations of TiO2, MnO, MgO, Na.O,
K20 and P2Os in the Prince Albert, Whitehill and Collingham Formations conforms to the

results obtained by Baiyegunhi et al. (2017D).
5.5  Trace element data analysis
Trace element data for this study were grouped into LILE (Rb, Ba, Sr, Th and U), HSFE (Zr,

Hf, Y and Nb) and TTE (Sc, V, Cr, Co, Pb, Ni and Zn). The average Cu, Zn and Pb content in
the studied mudstones and shales are 35.25, 46.40 and 27.84 ppm, respectively (Figure 5.7).
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Figure 5.7: Average trace elements (ppm) in the studied samples

The Prince Albert Formation has the highest concentrations of Cu and Pb and also represents
the second most abundant Zn concentration of the studied mudstones and shales. The high
concentrations of Cu and Pb in the Prince Albert Formation suggest that it contains a significant
amount of organic matter compared to the Whitehill and Collingham Formations, however, it
has lower TOC content than the Whitehill Formation.

Elements such as Ni, Cu and Zn are deposited with the organic matter (Xu et al., 2018).
However, Hofmeyr (1971) indicates that the Pb content is higher in South African shales
compared to the average continental crust and shales from other parts of the world. Cr average
concentrations in the Prince Albert, Whitehill and Collingham Formations are 31.85, 15.95 and
17.06 ppm, respectively. The Prince Albert Formation has the highest Cr concentration
compared to the other two upper formations. The Cr is associated with clay minerals (Tao et
al., 2017).

The studied mudstone and shale samples show average Co and Ni content of 2.09 and 6.75
ppm, respectively. Under coastal sediments, the Ni concentration is less than 39 ppm. The high
concentration of Ni content indicates high productivity (EI-Anwar, 2018). V average
concentration varies from 20.12 ppm to 91.58 ppm in the studied mudstones and shales. The
highest average value of V at 67.34 ppm in the current study was recorded in the Prince Albert

Formation and the lowest average value at 37.15 ppm was recorded in the Whitehill Formation.
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The high concentration of V in the Prince Albert Formation may be the result of oxidation and

the weathering of organic matter, as suggested by EI-Anwar (2018).

Trace element plots

The nature of the sedimentary rocks within the depositional basin is linked to their provenance.
The geochemical composition of the mudrocks commonly reflects the provenance of their
detrital source rocks (Dickinson & Suczek, 1979). The HFSE (Nb, Zr, Sc, Ti and Hf) were
selected because they are immobile and thought to resemble provenance compositions (Bhatia
& Crook, 1986). There are four tectonic settings recognised: oceanic island arc, continental
island arc, active continental margin and passive margin. The geochemical signatures of the
rock are important in characterising various plate tectonic regimes (Bhatia & Crook, 1986).
The Main Karoo represents a retro-arc foreland system (Catuneanu et al., 2002; Johnson,
1991).

A good correlation observed in the ratio diagram (Figure 5.8) of K-O/Rb indicates that the Rb
content is mainly controlled by K-rich minerals such as illite (Hu et al., 2015). The positively
correlated Cr/Ni ratio denotes that the mudstones and shales of the study area have suffered
weak weathering (Hu et al., 2015). There is an excellent positive correlation between Zr and
Hf, indicating similar geochemical behaviour (Figure 5.8). Ratio Al.O3/Rb shows a good
positive correlation, which indicates that K2O and Rb enrichments are a result of clay minerals
(Barbera et al., 2006; Pandey & Parcha, 2017) correlating very well with the major element
data.
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Figure 5.8: (a-d) Bivariate plot diagrams of K2O and Rb, Cr and Ni, Zr and Hf and Al203

and Rb showing good strong correlations

According to the Ni versus TiO2 plots diagram of Floyd, Winchester and Park (1989), the rocks

of the Lower Ecca Group were derived primarily from acidic magmatic sources (Figure 5.9).
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Figure 5.9: Ni versus TiO2 plot diagram to characterise source rock composition in the
study area (Floyd et al., 1989)

To determine the origin of the sediments in the study area, a Zr versus TiO- binary plot was
considered. A Zr versus TiO2 plot is useful to deduce the provenance of the sediments (Lone
et al., 2018). According to the Zr versus TiO: plot diagram (Lone et al., 2018), the mudstones
and shales were mainly derived from felsic igneous provenance (Figure 5.10). These findings
are also supported by the Ni versus TiO; plot diagram (Figure 5.9), which indicates that the

sediments of the Lower Ecca Group were derived from acidic magmatic rocks.
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Figure 5.10: Zr versus TiOz plots diagram to discriminate provenance of the rocks in the
study area (Lone et al., 2018)

These study findings correlate positively with the findings by Baiyegunhi et al. (2017b) in the
Karoo Basin of South Africa and Berti (2014) in the Karasburg Basin of southern Namibia.
According to Harkness et al. (2018), the Ecca Group rests on top of the acidic Archean granites
and metamorphosed felsic volcanic rocks which form the basement. On the other hand, Findlay
I11 (2016) suggests that the rocks of the Ecca Group were sourced from Permian granite and
rhyolite of the Gondwanide Magmatic Arc and the Palaeozoic-Palaeoarchean sedimentary
rocks of the CFB. However, a recent study in the Lower Ecca Group indicates that the Prince
Albert, Whitehill and Collingham Formations plot in mafic, intermediate and felsic igneous
fields (Geel & Bordy, 2021).

Comparison of the current study with the upper continental crust

Carbonaceous black shale such as that of the Whitehill Formation of the Ecca Group is

expected to be enriched in trace elements such as Co, Cr, Cu, Ni, V and Zn (El-Anwar, 2017).
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However, this study indicates that most of these elements are depleted in the mudstones and

shales of the Prince Albert, Whitehill and Collingham Formations relative to UCC.

Comparison of the Barnett Shale with the current study

The Barnett Shale is enriched with Ni (75.83 ppm), Zn (190.52 ppm), U (11.32 ppm) and V
(118.32 ppm) trace elements, while the Prince Albert, Whitehill and Collingham Formations
are enriched with Th, Rb and Zr (Table 5.2). The concentration of Cu is relatively high in the
Prince Albert Formation compared to that in the Barnett Shale, while the concentrations are

lower in the Whitehill and Collingham Formations.

Table 5.2: Trace element data of the Barnett Shale compared with the current study
(Colwell, 2014)

Trace elements in parts per million (ppm)

Formations Ni Cu Zn Th Rb U Zr \Y
Barnett Shale 75.83 36.92 19052 492 5768 11.32 58.63 118.32
Prince Albert 9.1 46.8 348 958 7373 333 716 673
Whitehill 2 226 88 1196 78.38 4.7 131.8 37.2
Collingham 9.1 328 956 13.63 106.95 6.7 132.4 447

According to Dean et al. (1984), trace elements such as Cd, Cu, Zn, V, Ni and Cr are enriched
in organic carbon-rich shales. The enrichment of these trace elements in organic-rich sediments
may be associated with chemical sorption and precipitation with organic detritus under anoxic
conditions. The enrichment may reflect the deposition of sediment under anoxic conditions in
the deep sea. The comparative trace element data suggest that the Barnett Shale is enriched in
organic carbon due to high levels of Ni, Zn and V compared to the Lower Ecca Group

formations.
Comparison of the Marcellus Shale with the current study
A comparison of the Marcellus Shale trace element data relative to the current study reveals

that the mudstones and shales from the study area have low concentrations of Co, Cr, Cu, Ni,

V, Zn and Y and a high concentration of Ba. The Whitehill and Collingham Formations have
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high concentrations of La and Zr relative to the Marcellus Shale, while the Prince Albert
Formation has a high concentration of Sr. The Prince Albert, Whitehill and Collingham trace
element concentrations are generally lower relative to the concentrations of the reference shale
(the Marcellus Shale). The comparative trace element data reveal that the Marcellus Shale is
enriched in Cu, Zn, V, Ni and Cr trace elements relative to the Lower Ecca Group formations
(Table 5.3). These trace elements are known to be high in sediments enriched with organic
carbon. This suggests that the Prince Albert, Whitehill and Collingham Formations are organic

carbon impoverished compared to the Marcellus and Barnett Shales of the United States.

Table 5.3: Comparison of the Marcellus Shale trace element data to this study (Werne et
al., 2002)

Trace Marcellus Shale: Prince Albert Whitehill Collingham
element  Oatka Creek Formation Formation ~ Formation
(ppm) Formation

Ba 282.8 557.4 357.3 567.3

Co 21.3 2.5 0.4 3.5

Cr 66.9 31.9 15.9 17.1

Cu 113.3 46.8 22.6 32.8

La 30.8 28.4 36.1 41.7

Ni 119.2 9.1 2 9.1

Sr 255.1 582.7 199.2 43.3

Vv 134.9 67.3 37.2 44.7

Zn 398.3 34.8 8.8 95.6

Zr 101.5 71.6 131.8 132.4

Y 26.6 17.5 15.6 21.3

Comparison of the previous investigations with the current study

Trace element data of the current study are in agreement with those of previous investigation
(Baiyegunhi et al., 2017b) which document that TTE (Sc, V, Cr, Ni and Zn) in the Lower Ecca
Group formations are depleted relative to UCC and PAAS except for Cu and Zn. Other trace
elements which are depleted include Rb, Ba, Sr and Nb relative to UCC and PAAS
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concentrations. Zr, Hf and Y are comparable with that of UCC and PAAS (Baiyegunhi et al.,
2017b).

The overall interpretation suggests that trace element depletion in the mudstones and shales
from the study area could be due to weathering. Weathering can disperse the elements hosted
in shales and, during this process, some elements may be depleted and others enriched (EI-
Anwar, 2017). The Prince Albert Formation is enriched with Sr and Pb, the Whitehill
Formation with Zr, while the Collingham Formation is enriched with Rb, Th, U and Zn. Shales
with high TOC are strongly enriched in U, V, Zn and Pb (Algeo & Maynard, 2004).

Trace elements such as Ni and Cu indicate the presence of organic matter and their abundance
may be retained within sediments hosted by pyrite. Ni and Cu may be attributed to the original
presence of organic matter even if it is partially lost after deposition. U and V can be used to
convert paleoredox conditions and their enrichments may indicate euxinic conditions
(Tribovillard et al., 2016). According to Chermak and Schreiber (2014), trace elements can

have a broad concentration range in shales within the same formation.
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CHAPTER 6: CONCLUSIONS

The groundwork for understanding the characteristics of the mudstones and shales of the Lower
Ecca Group has been previously established. In this research, the objective to determine
whether the rocks of the Lower Ecca Group are conducive to hydraulic fracturing operation
has been achieved. The Ecca Group of the Karoo Basin has been the main target for shale gas
exploration in South Africa. Its development requires an integrated approach aimed at

assessing the practicality of any proposed development using the hydraulic fracturing method.

One of the criteria for a commercially viable shale gas formation is to determine the percentage
of brittle and ductile minerals in the shale. It is generally recognised that shale formations with
a higher percentage of brittle minerals (quartz and carbonate) than ductile minerals (clay)
contribute largely to a successful hydraulic fracturing operation (Chopra et al., 2014; Tang et
al., 2015; Zhao et al., 2017). The integration of petrographic and mineralogical analyses
revealed that the lower formations of the Ecca Group possess higher brittle mineral content
than ductile mineral content, suggesting that the formations are conducive to hydraulic

fracturing.

Although it is universally accepted that quartz and carbonate minerals promote rock brittleness,
recent studies indicate that excessive quartz content of above 70% reduces the brittleness of
the shale formation (Ye et al., 2020), thereby reducing the success rate of the hydraulic
fracturing process. The Whitehill and Collingham Formations have a quartz content of greater
than 70 wt.%, meaning that the success rate of the hydraulic fracturing process may be reduced.
The Prince Albert Formation has quartz content between 20 and 70 wt.% and may be conducive

to the hydraulic fracturing process.

Even though the petrographic, mineralogical and geochemical tests indicate the presence of the
desired characteristics of rock materials, the impact of diagenetic transformations
(cementation) on formation fracability cannot be ignored. This study indicates that the lower
formations of the Ecca Group have suffered multiple diagenetic changes, including
cementation. The common diagenetic cements in the Prince Albert and Whitehill Formations

include quartz and carbonate (mostly calcite).
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Field and petrographic observations within the Lower Ecca Group in the study area recognise
various structures such as fractures and folds. This study recognises suggestions made by
previous studies (Fagereng, 2012; Geel et al., 2021) largely linking the deformation of the
Lower Ecca Group units with the CFB and assisted by dissolution (Baiyegunhi et al., 2017b).
This study suggests that, other prime shale gas target areas which are less deformed due to CFB
may likely experience diagenetic mineral precipitation accomplished by the dissolution of
silicate materials and the recrystallisation of fine minerals due to the compaction of sediments,
as suggested by Baiyegunhi et al. (2017b). The high maturity of the Lower Ecca Group may
also play a role (Geel et al., 2021).

According to Geel et al. (2021), the brittleness of the Lower Ecca Group suggests easy
hydraulic fracturing treatments; however, the brittleness may be affected by diagenetic mineral
precipitation. Baiyegunhi et al. (2017b) and Geel et al. (2021) suggested that diagenetic
alteration due to cementation may reduce the porosity and permeability of the Lower Ecca
Group leading to poor reservoir quality and increasing the requirement for hydraulic fracturing
and additional stimulation methods to enhance gas recovery and flow capacity.

The current study compared the significant geological characteristics of the Barnett and
Marcellus Shales in the United States with the Lower Ecca Group formations in South Africa.
The data provided a good indication that the mineralogical composition of the Lower Ecca
Group compares favourably with the gas-producing shales (Barnett Shale) of the United States.
The Lower Ecca Group contains high brittle mineral content and low ductile mineral content

relative to the Barnett Shale.

The Whitehill Formation of the Main Karoo Basin and the Barnett Shale of the Fort Worth
Basin share the following similarities: they are both composed of black carbonaceous siliceous
shales and have a high TOC content accommodated by an anoxic depositional environment.
However, concentrations of the TTE (Cu, Ni, Zn and V) are depleted in the Lower Ecca Group

relative to the Barnett and Marcellus Shales.
The current study findings contribute to the existing literature on the Ecca Group and enable

an understanding of the behaviour of the formations during shale gas production. However,

shale gas development decision-making should also be influenced by studies on thermal
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maturity, mechanical properties and total organic content/organic carbonaceous material,

among others.

This research study provides insights into how the mineralogy of shales can affect the hydraulic
fracturing process in the study area. This study of the Lower Ecca Group has led to several
important insights: the Collingham Formation may enable a good seal and traps shale gas from
migrating out of the formation below due to high clay content (ductile) relative to the Prince
Albert and Whitehill Formations. The high brittle mineral content in the study area may cause
natural fractures and the generation of induced network fractures during the hydraulic
fracturing process. The study findings indicate that although a higher percentage of brittle
minerals (quartz and carbonate) than ductile minerals (clay) is beneficial for shale gas recovery
using hydraulic fracturing, diagenetic alteration due to cementation may affect the stimulation
process. The mineralogical composition of the Lower Ecca Group compares favourably with

the gas-producing shales (Barnett Shale) of the United States.
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