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ABSTRACT 

 

The study conducted at Sekoko coal mine in the Waterberg coalfield of South Africa aimed to 

establish the quality of coal and its host rocks, as well as the potential for acid mine water 

generation.  

A total of 18 samples were collected from a box-cut and analysed using various methods such 

as, Scanning electron microscopy, X-ray diffraction spectroscopy, X-ray fluorescence 

spectroscopy, proximate analysis, Modified Sobek Acid Base Accounting test as well as 

petrographic study. The major rock types identified in the study area included shale, sandstone 

and gritstone. Coal was overlain by these rocks.  

The study revealed significant concentrations of framboidal pyrite in coal, which increases with 

depth as determined by X-ray Diffraction spectroscopy and scanning electron microscopy. 

Whole rock geochemistry indicates that Fe2O3 was higher in coal (1.18 wt%) than in host rocks 

(0.45 wt%) and increased with depth. Average mean of 1.23% a.d. for sulphur content was 

revealed thus, classifying the coal as medium sulphur coal. Sulphur occurred as pyritic, 

organic, and as sulphate, in that order of abundance. Using both proximate analysis and 

calorific value (with mean value of 21.2 Mj/kg) coal was classified as below grade D. From the 

vitrinite reflectance value (ranging between 0.6 to 0.7), coal was ranked as medium-grade 

bituminous C. Paste pH and EC results indicated that the Sekoko coal is already undergoing 

oxidation, and modified Sobek tests indicated that over 72% of the analysed samples have 

sufficient sulphur to generate long-term acid mine drainage. The potential for acid generation 

increases with depth (1.09 to 181 kg/t) and was high on the southern side (181 kg/t) than the 

western side (52 kg/t). Results indicate that there aren’t enough neutralization materials to 

counter the acid production potential as the neutralisation potential is negative for all samples. 

The study concluded that the coal from Sekoko coal deposit is enriched with pyrite minerals, 

hence this causes an increase in the potential for acid mine water generation. Screening of 

coal prior to utilization is recommended so as to reduce the content of pyrite in coal. 

Keywords: Waterberg Coalfield, Acid Mine Drainage, Acid Base Accounting, Coal Quality 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

 

Coal is a combustible, sedimentary organic rock mainly composed of carbon, hydrogen and 

oxygen (White and Thiessen, 1913). O’Keefe et al. (2013) further elucidated that coal is a 

complex ignitable sedimentary rock composed mainly but not completely of aquatic plant 

remains. It is formed from organic matter that has been buried under high pressure and heat 

(WCA, 2015). The formation of coal began during the carboniferous period (360 to 290 million 

years ago) also known as the first coal age (WCA, 2015). The formation of coal in South Africa 

took place during the Permian Period which lasted from 299 to 252 million years ago (Arnold, 

2023). The energy that we get from coal was accumulated by organic matter from the sun 

(Thomas, 2013; Wagner et al., 2018).  

 

The formation of coal takes place gradually over millions of years. This occurs when sediments 

pileup on organic matter causing an increase in pressure and temperature increase. This 

causes the organic matter to undergo various transformation from peat to anthracite (Wagner 

et.al., 2018). 

 

There is an increase in environmental awareness such as depletion of natural resources and 

impact on the environment. Coal plays a significant role in society, however, coal resources 

are gradually getting depleted due to rapid increase in population which necessitates 

generation of more energy and consequently put pressure on coal resources (Deysel, 2015). 

South Africa depends largely on coal to fulfil its energy demand and as a result mining of coal 

is unavoidable (Deysel, 2015). 

 

South Africa is facing an uncertain future as a result of global climate change causing changes 

in temparatures (Murdoch, 2018). Since 2003, South Africa's coal production has been 

stagnant, owing to the gradual depletion of the Witbank, Ermelo, and Highveld Coalfields in 

Mpumalanga province (Creamer media's mining weekly, 2010). As a result, the South African 

coal Road Map (SACRM), created in 2013, investigated short-, medium-, and long-term 

activities to support the South African coal industry (Fossil Fuel Foundation, 2013; Ramane, 

2014). There is a scenario in the SACRM that suggests that the medium- and long-term 

development of the South African coal industry is dependent on the opening of the Waterberg 

Coalfield in the Ellisras Basin (Murdoch, 2018). However, if this scenario is implemented, the 

environmental consequences of mining should be considered. According to Deysel (2015), 
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coal mining has a significant environmental impact because it has the potential to cause Acid 

Mine Drainage (AMD), affect water quality both on the surface and underground, and cause 

air pollution. 

 

South Africa relies heavily on mining for economic growth; however, Acid Mine Drainage is a 

major threat to the environment (Ferguson and Erikson, 1988). According to Nengovhela et 

al. (2006), AMD is caused by the oxidation of sulphide minerals when exposed to water and 

oxygen. They went on to say that AMD has serious environmental consequences such as 

water contamination and soil degradation. As a result, the focus of this research was on the 

lithostratigraphic and geochemical characterisation of the Waterberg Coalfield, as well as the 

implications for acid mine water generation. 

1.2 Study Area 

 

1.2.1 Location 

The Waterberg Coalfield is located 400 km northwest of Johannesburg in the Limpopo 

Province (Fig. 1.1). The Coalfield extends approximately 90 km east-west and 40 km north-

south and covers 360 000 hectares (Henderson, 1986). The Waterberg Coalfield ranges from 

the Palala shear zone in the east to the Botswana border in the west (Hancox, 1998). The 

northern boundary of the Coalfield is defined by the Melinda fault zone (Falcon, 1988), 

whereas the southern boundary is defined by the Eenzaamheid fault zone where rocks of the 

Waterberg Group occur (Fourie et al., 2014). 
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Figure 1.1: Locality map of Sekoko coal mine (ArcGIS 10.8, 2022). 

1.2.2 Climate 

The northern and western regions of the area experience a hot and semi-arid climate whereas 

the southern and eastern regions are more humid and slightly cooler (Waterberg Municipality, 

2013).  The mean circulation of the atmosphere over southern Africa is anti-cyclonic 

throughout the year (SAWS, 2016). 

The municipality area falls within the summer rainfall region of Limpopo province with rainy 

season lasting from November to March. The average rainfall is between 600 and 650 mm 

(Fig. 1.2) with the highest measurements in January and December (SAWS, 2016). The south-

east of the Waterberg Formation receives more rainfall than the other surrounding areas 

(Waterberg Municipality, 2013). The Waterberg (Lephalale) region has mean temperature 

ranging from 27ºC in January, 15ºC in June and 25ºC in December (SAWS, 2016) (Fig. 1.3). 
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Figure 1.2: Rainfall pattern within the study area (Roux, 2015). 

 

 

Figure 1.3: Temperature of the Lephalale region (SAWS, 2016). 
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1.2.3 Topography and Drainage 

The landscape of the Waterberg District is a unique feature that distinguishes it from any other 

place in South Africa. There are four main landscape features in the Waterberg District, 

namely; the Waterberg Plateau, the Transvaal Plateau Basin, the Pietersburg Plain and the 

Limpopo Depression (Waterberg Municipality, 2013). 

 

Waterberg District derives its name from the Waterberg Mountains and was given by the 

indigenous people of the area because of the many water streams flowing down the mountain 

slopes (Waterberg Municipality, 2013).  The study area is characterised by a gently dipping 

terrain. The study area is located on a higher altitude (935 m) compared to the surrounding 

catchments and rivers (915 m) (Fig. 1.4). This shows that contaminated water could possibly 

drain to the surrounding rivers. 

 

Figure 1.4: Topography and drainage map of Sekoko coal mine (Arcmap 10.8, 2023). 

1.2.4 Soil and Vegetation 

The soil of the area is diverse. Major soil associations have been identified. These include 

weakly developed soils on mountainous catchments; uplands and rocky areas; dystrophic; red 

and yellow; freely draining sandy soils; and plinthic upland duplex and Para duplex soils on 



6 
 

undulating mid-level, rugged terrain (Waterberg Municipal, 2013).  The soil is mostly deep and 

greyish in colour overlying granite, quartzite or sandstone (Bredenkamp et al., 1996). The 

vegetation is short and shrubby (Mtimkulu, 2009). Sandy areas are dominated by trees such 

as: Silver Clusterleaf Terminalia sericea, Yellow Pomegranate Rhigozum obovatum, Wild 

Raisin Grewia flava and Acacia tortilis.  

1.3 Problem Statement 

 

Although it is imminent that the Waterberg Coalfield is going to be the next major coal producer 

in South Africa, not much work has been undertaken in the entire coalfield to determine the 

potential of acid mine water generation as a result of future coal mining. The general 

assumption is that the coal quality from the Grootegeluk deposit is representative of the coal 

in the entire Coalfield (Hancox and Gotz, 2014), the same applies to the knowledge of acid 

mine water generation potential at this area, this indicates a gap. 

1.4 Justification  

 

South Africa depends greatly on coal resources for energy generation. Coal is estimated to 

produce over 40% and over 80% of global and South African electricity respectively. According 

to Creswell (2019) the South African coal industry still has a relevant future for decades to 

come through export markets. Zero Hedge (2021) further indicated that the demand for coal 

is rising despite the call to reduce the use of coal. For example, in 2021 the price of coal 

(thermal) rose about three times compared to the price in September 2020, also the price for 

coking coal increased by 80% this year (2022) alone (International Energy Agency, 2022).  

 

The Waterberg Coalfield contains an enormous portion of South Africa’s future coal resources 

(Ramane, 2014). According to Deysel (2015) the Waterberg Coalfield showed potential for 

acid mine water generation in areas with clay lithologies, whereas in overburden material it 

showed neutralizing potential. This is mainly because clay lithologies contained sulfide 

minerals such as pyrite. According to Hancox (2016) there is a lack of detailed study on the 

quality of coal from the Waterberg Coalfield. It is crucial to examine the Waterberg Coalfield 

in greater depth to comprehend the quality of coal and its potential use.  

 

The Waterberg Coalfield contains a significant amount of South Africa's future coal resources 

and is therefore a vital area for energy production. However, prior to mining, it is vital to 

determine the potential for acid mine water generation in both the host rock and coal. This 

includes understanding the chemical composition and mineralogy of coal, as well as the 
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geology and geochemistry of the host rock. The presence of acid-generating minerals, such 

as pyrite, can cause acid mine drainage, leading to severe environmental impacts such as 

water pollution and damage to ecosystems. Furthermore, it is essential to evaluate the 

potential environmental effects of mining in the Waterberg Coalfield, including acid mine 

drainage and its impact on water resources. Acid mine water can negatively affect water 

quality, making it unfit for human consumption or irrigation, and harm aquatic life. Additionally, 

acid mine drainage can result in the leaching of heavy metals from the host rock, which can 

have toxic effects on plants and animals. 

 

Lastly, it is important to research the quality of coal from the Waterberg Coalfield and its 

potential use. The composition and characteristics of coal, including its calorific value, ash, 

sulphur, and moisture content, can affect its efficiency and cost-effectiveness as a fuel source. 

The coal quality and host rock can also impact the mining method used, and the cost of mining 

and transport. 

1.5 Research Questions 

 

➢ What is the mineralogical composition of host rock and coal from Sekoko mine 

lithostratigraphy? 

➢ What are the chemical properties of host rock and coal within the Sekoko mine 

lithostratigraphy?  

➢ What is the potential of acid mine water generation of host rock and coal at Sekoko coal 

mine? 

1.6 Objectives 

1.6.1 Main Objective 

To establish the potential for acid mine water generation within the lithostratigraphy at Sekoko 

coal mine of the Waterberg Coalfield through mineralogical and geochemical investigation. 

1.6.2 Specific Objectives 

➢ To determine the mineral composition of host rock and coal: 

➢ To determine the chemical properties of host rock and coal: 

➢ Determine acid mine water generation by conducting Acid Base Accounting: 

1.7 Limitations of the Study 
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Every study has limitations that hinder or delay the activities to be undertaken, in this study 

the following were the limitations encountered: 

• Lack of availability of exploration boreholes; and 

• Fenced farms restricting access to surface coal outcrops. 
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CHAPTER 2: LITERATURE REVIEW 

 

This chapter focused on desktop studies to review the previous work relevant to the study 

area and the research topic. 

2.1 Regional Geology of South African Coalfields 

 

Carboniferous deposits along the northern coast and the widespread Karoo deposits of late 

carboniferous-Permian age found throughout central and southern Africa are the primary coal 

occurrences in Africa (Haughton, 1969). South Africa's coal deposits, according to Thomas 

(2013), are located in a series of basins in the country's north and east. The Karoo sequences 

were formed when the Gondwana Supercontinent split apart during the Mesozoic period 

(Thomas, 2013). 

Thomas (2013) states that the Main Karoo Basin (MKB) stretches 200 km from the Free State 

province to the south and 400 km from Mpumalanga to KwaZulu-Natal in South Africa. The 

Karoo sequence was deposited directly onto the basement, with shallow, almost horizontal 

coal seams. The Karoo sequence has been impacted by igneous intrusions, which are thought 

to be the cause of the coal quality variation (Dreyer, 1994; Thomas, 2013; Hancox and Gotz, 

2014). 

The Karoo basin is part of the major series of Gondwana basins that formed as a result of 

subduction, compression, and terrane accretion along Gondwana (Cole, 1992). According to 

Hancox and Gotz (2014), the Karoo basin has economic significance in energy resources such 

as coal, methane, shale gas, and geothermal energy. Rowsell and Connan (1979) noted that 

there is oil present, but it is of uneconomic value. 

The sedimentary part of the Karoo basin is divided into four major lithostratigraphic units from 

the bottom; Dwyka, Ecca, Beaufort, and Stormberg (Hancox and Gotz, 2014) (Fig. 2.1). These 

lithostratigraphic units are capped by a 1.4 km thick layer of Drakensberg basaltic lava 

(Veevers et al., 1994; Johnson et al., 1996). According to Hancox and Gotz (2014), the Karoo 

deposits ranged from glacial (Dwyka) to shallow marine and coastal plains (Ecca Group) to 

non-marine fluvial and Aeolian (Beaufort and Stormberg Groups). Cox (1992) concluded that 

the basaltic lava intrusion is related to the breakup of Gondwana. 
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Figure 2.1: Geological successions of the Waterberg Coalfield (Deysel, 2015). 

Dwyka Group 

The Dwyka Group was formed as a result of glacial deposition (Hancox and Gotz, 2014). The 

rocks of this Group are found in some of Gondwana's most significant glacial deposits. 

According to Visser (1990), the Dwyka Group dates back between 302 and 288 million years. 

Bangert et al. (1999) concluded that this Group formed during the late Carboniferous and early 

Permian periods. The thickness of the Dwyka Group deposit ranges from centimetres to 

meters (Dreyer, 1994) (Table 2.1). Hancox and Gotz (2014) observed that deposition in the 

Dwyka Group occurred under high water-table conditions, as evidenced by the presence of 

glacial or periglacial lakes. 

Ecca Group 

The South African Committee for Stratigraphy (SACS, 1980) established a formal 

lithostratigraphic nomenclature for the Ecca Group, replacing the previous lower, middle, and 

upper subdivisions with the Pietermaritzburg shale Formation, Vryheid Formation, and 

Volksrust shale Formation (Table 2.1). The Ecca Group, according to Cadle (1993) can be 
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subdivided into several informal units due to the alternating nature of the sedimentary fills. 

These subdivisions are discussed further below. 

Pietermaritzburg Formation 

The Pietermaritzburg Formation is almost entirely composed of 400 m thick dark grey 

laminated siltstone and mudstone (Du Toit, 1954). No coal seams exist in the Pietermaritzburg 

Formation (Hancox and Gotz, 2014). 

Vryheid Formation 

The vast majority of economically extracted coal in South Africa, according to Hancox and 

Gotz (2014), occurs in the Vryheid Formation rocks. The thickness of the Vryheid Formation 

ranges from 70 to 500 m within the Main Karoo Basin (MKB) (Hancox and Gotz, 2014). South 

of Newcastle and Vryheid, the formation thickens (Hancox and Gotz, 2014). Cadle (1982) and 

Du Toit (1954) discovered that the Formation was thickest in the south due to the most 

subsidence and the deepest basin. 

Volksrust Formation 

SACS (1980) renamed the upper Ecca beds Volksrust Formation (Table 2.1). This formation 

has a thickness that ranges between 150 and 250 m. According to Hancox and Gotz (2014) 

and Dreyer (1994), this unit is dominated by dark grey-green siltstones and mudstones (Table 

2.1). This formation exhibits an overall coarsening-upward trend (Cadle, 1993). Hancox and 

Gotz (2014) explained that coal occurs with mudstones and that the Formation itself is thought 

to have formed in shallow-deep water basinal conditions. 

Beaufort Group 

The Beaufort Group, according to Johnson (1976), Dreyer (1994), marks a transition from 

subaqueous (Ecca Group) to fully subaerial deposition with predominantly fluvial 

sedimentation. The Beaufort Group is made up of fine-grained lithofeldspathic sandstone and 

mudstone that alternate in a fining-upwards series (Johnson, 1976) (Table 2.1). Lower 

Adelaine and upper Tarkastad are subgroups of the Beaufort Group. Only the Adelaine Group 

contains coal (Johnson et al., 2006; Hancox and Gotz, 2014). 

Stormberg Group 

The Stormberg Group consist of the Molteno, Elliot and Clarens Formations (Du Toit, 1954). 

Molteno Formation 
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The Stormberg Group's basal unit is the Molteno Formation, which consists of northward 

twinning wedges of clastic sedimentary rocks (Hancox and Gotz, 2014). The Molteno 

Formation is divided into two members; lower Bamboesberg and Indwe sandstone (Hancox 

and Gotz, 2014). The Bamboesberg member is made up of up to five stalled fining-upward 

sequences ranging in thickness from 5 to 50 m. These sequences are made up of sandstones 

that are laterally extensive and capped by thin lenticular siltstones. According to Hancox 

(1998), the Bamboesberg member contains three coal seams. 

Elliot Formation 

The lower part of this formation shows deposition occurred under perennial, moderately 

meandering fluvial styles whereas the upper part shows evidence of ephemeral fluvial 

processes (Hancox and Gotz, 2014). The Elliot Formation according to Hancox and Gotz 

(2014) doesn’t host any coal deposits. 

Clarens Formation 

Beukes (1969) determined and concluded the thickness of this unit to be 305 m. Most authors 

concur that the Clarens Formation dominated by sandstones represents aeolian depositional 

systems with minor fluvial input (Eriksson, 1981; Dreyer, 1994; Hancox and Gots, 2014). 

Hancox and Gotz (2014) also indicated that there is no coal deposit in the Clarens Formation. 

The western area of the Main Karoo Basin consists of Vereeniging-Sasolburg and South Rand 

Coalfields which consist of coal seams which range between the thicknesses of 10 to 25 

metres. Witbank and Highveld Coalfields are located north of the MKB. These Coalfields host 

five coal seams of the five, two seams have been exploited up to 10 metres. 

The southern Kwazulu-Natal area however includes the Vryheid and Utrecht Coalfields with 

five seams of which two are worked together with the two coal seams of the Kliprivier Coalfield 

(Thomas, 2013). The MKB as a whole produces high volatile bituminous coal with high ash 

and variable sulphur contents. Thomas (2013) indicated that anthracite coal is produced in the 

eastern parts of Mpumalanga and Kwazulu-Natal. There are other Coalfield basins in the 

northeast of the country which are less developed, of these the Waterberg Coalfield and the 

Springbok flats area appear to have a future potential for coal mining (Thomas, 2013). 
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Table 2.1: Subdivision of the Karoo basin stratigraphy (after Dreyer, 1994) 

 

2.2 Prominent Coalfields of South Africa 

South Africa has 19 known coalfields (Fig. 2.2). They are found in Kwazulu-Natal, Limpopo, 

and Mpumalanga, with a few exceptions in the provinces of Free State, Gauteng, Eastern 

Cape, North West, and Western Cape. Witbank, Waterberg, Highveld, and Soutpansberg are 

among the major South African coalfields discussed. 

Soutpansberg Coalfield 

The Soutpansberg Coalfield is located in Limpopo province, with a strike length of 190 km that 

cuts through Waterpoort in the Kruger National Park (Dreyer, 1994). Sullivan et al. (1994) 

indicated that geological structures such as faults and dolerite inclusion disturb the coal in this 

field, with the dull coal occupying the bottom of the multi-seam in the Waterpoort area and the 

top part of the lower seam on the other side of the Tshikondeni area. 

According to Sullivan et al. (1994), the structural geology of Soutpansberg is characterized by 

parallel strips of Karoo rocks. Tshikondeni Exxaro Mine began exploitation of the Madzaringwe 

Formation in 2013, with high quality coking coal discovered on the bottom part of the upper 

seam of the Formation (Fig. 2.3). 
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Figure 2.2: Coalfields of South Africa (after Hancox and Gotz, 2014). 

Coal of Africa discovered a green field at this coalfield with prospects of extracting five million 

tonnes of coal, but the operation is prohibited due to the proximity of the Mapungubwe and 

Kruger National Parks, making the area environmentally sensitive, despite the fact that they 

had already been granted a licence. 

 

Figure 2.3: Madzaringwe Formation lithological profile (Sullivan, et al., 1994). 



15 
 

Witbank Coalfield 

This is the largest coalfield in South Africa, stretching approximately 180 kilometers east-west 

from springs to Belfast (Hancox and Gotz, 2014). Geologically coal in this coalfield is affected 

by igneous intrusions. When igneous intrusions occur close to coal deposits it gets devolatised 

and displaced (Snyman, 1986). The dyke is known as Ogies, which is also the name of the 

farm (Ogiesfontein) in South Africa's Mpumalanga province (Smith and Whittaker, 1986). 

The Witbank Coalfield has six major seams that are numbered from bottom to top, with the 

sixth seam been uncommon in most areas due to erosion (Fig. 2.4). The deepest seam is 100 

m deep, whereas the shallowest is 30 m below the surface. The geological condition 

surrounding these seams is moderately stable, with a competent hanging wall and strong foot 

wall sandstone, allowing mining to take place (Jeffrey, 2005). The thickness of these seams 

ranges from 0.5 m to 6 m. (Chabedi, 2013). The rocks found in this Coalfield include shale, 

siltstone, sandstone and conglomerate, and Dwyka tillite. 

 

Figure 2.4: A representation of the stratigraphic column in the Witbank Coalfield (Snyman, 

1986). 
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Highveld Coalfield 

The Highveld Coalfield is 7 000 square km located south of the larger Witbank Coalfield 

(Snyman, 1986). This coalfield is dominated by sedimentary rocks. Plant debris deposition 

was controlled by pre-Karoo glacial valleys, according to evidence (Synman, 1986). 

The depth of the coal from the surface is approximately 0-300 m. This Coalfield, like the 

Witbank Coalfield, has six major coal seams on the Vryheid Formation (Jordan, 1986; Jeffrey, 

2005). According to Jordan (1986), the Coalfield contains two major dolerite sills that are 

named based on their age (Table 2.2). 

Table 2.2: Difference between the older and the younger dolerite sills (Jeffery, 2005) 

Older Dolerite sill        Younger dolerite sill  

• Non-porphyritic and coarse grained 

sill 

• Average thickness of 90 m 

• Highly/heavily jointed  

• Near the earth surface 

• Porphyritic and fine grained sill 

• Thickness varies from 5 to 80 m 

• Heavily splitted sill into 40 m thick 

composite sills 

• Deeper than the older sill. 

2.3 Waterberg Coalfield 

 

This coalfield is located approximately 25 kilometres outside of Lephalale in South Africa's 

Limpopo province. It has a small surface area in comparison to other coalfields, but the 

coalfield is approximately 110 m thick. According to Jeffrey (2005), the Waterberg Coalfield 

geology consists of two Formations with major faults disrupting the basin. 

The Waterberg Coalfield is fault-bounded within the Ellisras sub-basin, which is considered 

an embayment of the much larger Kalahari Basin, which underpins a large portion of Botswana 

(Catuneanu et al., 2005). This sub-basin is classified as either a half-graben (Fourie et al., 

2014) or a graben structure (Sullivan et al., 2013). The Archaean Beit Bridge Complex in the 

north and the Proterozoic Waterberg Group in the south form the basement (Brandl, 1996). 

The Constantia Suite and BIC (Villa Nora and Nebo granites) are being developed to the north-

east and east. 

The Vryheid Formation is approximately 55 m thick. It is a multiple seam deposit with four 

zones of coal and five seams ranging in thickness from 1.5 to 9.0 m thick (Fig. 2.5). According 

to Hancox (2016), the Waterberg Coalfield contains 40-50% of South Africa's remaining coal 

resources, making it the country's largest remaining coalfield. The Ellisras Basin has an area 



17 
 

of about 3600 km2. The basin is bounded by three major faults: the Zoetfontein, Daarby, and 

Eenzaamheid faults (Jeffrey, 2005; Fourie et al., 2014; Hancox and Götz, 2014). 

Coal seams in the region have been divided into near surface deposits and more deeply buried 

seams by the Daarby Fault. The deeply buried coal seams are explored for coal bed methane 

(CBM) (Fourie et al., 2014). Shallow deposits are currently exploited by Exxaro at their 

Grootegeluk mine that produces a range of coal products including thermal and metallurgical 

coal which are supplied to local and export markets (Fourie et al., 2014). Grootegeluk has a 

total measured coal resource of 4 719 Mt (Exxaro, 2018).  

 

Figure 2.5: Stratigraphic column of the geology of the Waterberg Coalfield (Hancox and Gotz, 

2014). 

The Waterberg Coalfield, like the Limpopo Coalfield, formed as an intra-cratonic rift during the 

late Permian period (Cairncross, 2001). This tectonic setting produced floodplain deposits 

similar to those of the MKB; however, the Waterberg Karoo package is dominated by 

carbonaceous mudstones interbedded with coal seams (Smith et al., 1993; Snyman and 

Botha, 1993). As a result, the Waterberg Coalfield deposits should not be confused with the 
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Proterozoic rocks of the Waterberg Group or the Waterberg Basin in Namibia (Johnson et al., 

2006). 

The Waterkloof and Wellington Formations are the lowermost units of the Karoo sequence in 

the Ellisras Basin and the equivalent of the Dwyka Group in the main Karoo basin. The contact 

between these units with the basement varies laterally such that in the south of the Ellisras 

Basin, they unconformably overlie the sediments of the Waterberg Group, meta-sediments of 

the Limpopo Mobile Belt (LMB), Bushveld lavas in the north-eastern margin, and meta-

sediments of the LMB in the northern margin (Fourie et al., 2014).  Above the sequences of 

the Waterkloof and Wellington Formations, are units corresponding to the Ecca Group in the 

main Karoo basin (MKB), namely the Swartrant, Goedgedacht and Grootegeluk Formations. 

The siltstones and sandstones of the Swartrant Formation, which overlie the Waterkloof and 

Wellington Formations, are equivalents of the Pietermaritzburg Formation in the MKB.    

Eleven economic coal seams are distributed between the Goedgedacht Formation (Vryheid 

Formation equivalent in the MKB) and Grootegeluk Formation (Volksrust Formation equivalent 

in the MKB). Of these the Grootegeluk Formation is the principal economic target due to the 

presence of more well developed (brighter) and thicker coal seams which are interbedded with 

sandstone and shale, attaining a maximum thickness of 90 m (Faure et al., 1996). The 

Goedgedacht Formation consists of 55 m of coarse sandstones and carbonaceous mudstones 

interbedded with coal seams of varying thicknesses. The alternating lithologies in the 

Goedgedacht and Grootegeluk Formations contribute to the high ash content which ranges 

between 21-62.9 %, necessitating rigorous beneficiation.   

Coal deposition in the Waterberg Basin occurred in flood plain settings in which coal in the 

Goedgedacht Formation was deposited further from the sediment source, in low energy 

conditions (Snyman and Botha, 1993). Coals in the Goedgedacht Formation are inertinite-rich, 

for example, Wagner and Tlotleng (2012) reported that coal in Bench 11 consisted of 74.7 

vol% inertinite. The overlying coal seams of the Grootegeluk Formation are characterized by 

a high proportion of vitrinite macerals of up to 90 vol% (Faure et al., 1996; Hancox and Götz, 

2014). These vitrinite rich coals suggest deposition in a low energy environment.  

2.3.1 Stratigraphy of the Waterberg Coalfield 

Mtimukulu (2009) describes the base of the basin-fill at the Waterberg basin as an erosional 

surface. Johnson (1996) discussed the Karoo depositional cycle and revealed that tillites and 

fluvioglacial conglomerates are the first sediments encountered on the top of the Waterberg 

basin erosional surface. Several authors and the Council for Geoscience have attempted to 

develop the lithostratigraphy of the Ellisras basin (Beukes, 1985; Beukes et al., 1991; Faure 
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et al., 1996). According to Beukes (1985), the Waterberg basin develops the classic 

lithostratigraphic units of the Karoo in the main basin. MacRae (1988) challenged Beukes' 

findings, claiming that there is no connection between the Waterberg and main basins, making 

correlation difficult. 

 

The Ecca Group is divided into several parts including the upper, middle and lower Ecca, 

according to Faure et al. (1996). Coal zones 1 to 4A of the Waterberg Coalfield has a 

correlation Zones 1 to 4A of the Vryheid Formation of the MKB (Fig. 2.6). This however, is not 

the case when taking into consideration coal zones 5 to 11. The first coal zone is generally 

thin, about 2 m thick, and consists of dull heavy coal with shale on occasion (De Jager, 1976). 

De Jager (1976) further explained that the second coal zone has a consistent thickness 

ranging from 1 to 4.5 m on the shallow western part and up to 5.2 m in the deeper parts of the 

basin. According to De Jager (1976), the first and second zones are frequently overlain by 

conglomerate and separated by coarse-grained white feldspathic sandstone up to 5 m thick. 

A 5 m thick impure fine and medium-grained sandstone separates the third zone from the 

second zone. 

 

The fourth zone (4 and 4A) establishes a transition between the middle Ecca and upper Ecca 

stages in this field and the seams are 4-9 m thick. Faure et al. (1996) indicated that the upper 

Ecca consist of bright coal with massive carbonaceous shale. These zones are numbered 5-

11, and they occur in the Grootegeluk formation. Dreyer (1994) and Faure et al. (1996) further 

indicated that the presence of the Daarby fault also has influence on the stratigraphy of the 

Waterberg basin (Fig. 2.6). 

 

The stratigraphic correlation developed by Faure et al. (1996) (Fig. 2.6) is similar to that of the 

SACS. The Vryheid Formation consists of 4 zones and mainly comprises sandstones, coal, 

shale, siltstone and mudstones and at times Dwyka tillites are also observed. Zones 5-11 

occur on the Grootegeluk Formation and the coal occurs interbedded with shale (Dreyer, 

1994).  

 

Goedgedacht Formation 

 

Siepker (1986) indicated that the Goedgedacht Formation only prevails over the north and 

northwest part of the Ellisras basin where it decreases from a maximum thickness of 80 m in 

the north towards the south where it interfingers with the Swartrant Formation. Siepker (1986) 

noted that this formation lies unconformably on granitoids-gneiss-mafic rocks. Furthermore, 
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this formation consists of units of mudrocks with graded beddings as well as angular quartz in 

their basal parts which may be capped by thin impure vitrinite-rich coal. 

 

Grootegeluk Formation 

 

Faure et al. (1996) indicated that this formation has varying thickness; it is up to 110 m in the 

south, 40-60 m in the north and northwest, 50 m in the southeast and 10-20 m in the northeast. 

He further indicated that this Formation overlies the Swartrant Formation in the east and 

extreme south. The bottom end of the Grootegeluk Formation is believed to be intercalated 

with the Goedgedacht Formation which consists of mudstone, carbonaceous shale and coal; 

these layers occur in a cyclic manner as indicated by Faure et al. (1996). 

 

Figure 2.6: West to east Stratigraphic Correlation of the Waterberg basin (Faure et al., 1996). 

Coal seams in this formation are prominent in the lower half of the succession where shale is 

also prominent. Faure et al. (1996) further elucidated that where the succession was complete, 

it is divided into 38 zones. Zones 1-6 are situated at the base and consist of dark, highly 

carbonaceous mudstone and dull coal. Zones 7-28 consist of alternating layers of bright and 

dull coal together with carbonaceous shale (Mtimukulu, 2009). Siepker (1986) indicated that 

zones 29-38 consist of bright vitrinite rich coal (up to 88%) and carboniferous shale. The 

amount of vitrinite is believed to increase from 2% at the base to 65% at the top. 
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2.3.2 Mining History  

Waterberg Coalfield has 75 billion tonnes of coal resources, representing 40% of South 

Africa's remaining coal resources (Moumakwa, 2009). Department of Mineral Resources 

report indicates that the Waterberg Coalfield hosts coke and power generation coal from the 

Upper and Middle Ecca Zones of the Karoo Supergroup (Moumakwa, 2009). 

Alberts (1982) clarified that Exarro's Grootegeluk mine has been mining coal in the Waterberg 

Coalfield since 1980. Semi-soft coking coal, thermal coal, and metallurgical coal are all found 

in the mine. The measured resource is approximately 4600 mt, but only about 2800 mt is 

accessible. The Grootegeluk mine produces approximately 14.5 million tonnes of coal per 

year, which is supplied to the Matimba power station, which is a dry cooled coal power station 

(Moumakwa, 2009). Every year, the Grootegeluk mine produces and sells 1.5 million tonnes 

of metallurgical coal to metal industries (Grootegeluk, 2007). 

According to Moumakwa (2009), 60% of the remaining coal resources in the Waterberg 

Coalfield will require underground operations, while the remaining 40% will be extracted 

through opencast methods. The coal in the Grootegeluk mine is said to be mostly from the 

upper Ecca zone (Grootegeluk Formation). 

2.3.3 Future Development at the Waterberg Coalfields 

According to the Department of Mineral Resources (DMR), electricity demand will rise by 1200 

Mw per year over the next 20 years, necessitating the construction of eight new power plants 

(Moumakwa, 2009). The gradual depletion of some of South Africa's major coalfields is having 

serious ramifications for Eskom coal supply, which is expected to decrease over the next 15 

years (Moumakwa, 2009). The Waterberg Coalfield must be developed in order to meet 

energy demands (Moumakwa, 2009). 

Sekoko Lephalale Coal  Mine 

Sekoko coal mine is a South African black-owned company that is currently exploiting coal in 

the Waterberg Coalfield near the Grootegeluk Exarro coal mine (Sekoko coal, 2011; Maromo, 

2011; Mining Review Africa, 2021). The company began exploration drilling in 2007, and it 

was granted mining rights in 2011. Sekoko Resources owns over eight farms totaling 7500 

acres. The two economic formations include the Grootegeluk and Vryheid Formations which 

contains 11 coal seams. Sekoko coal (2011) indicated that Eskom is the existing customer. 

Coal produced from Sekoko coal mine is sold to Tutuka and Majuba power stations located in 

Mpumalanga province. Mining Review Africa (2021) indicated that Sekoko coal mine will also 



22 
 

supply Matimba power station with coal. Sekoko contains enough coal to produce 120 mt of 

coal suitable for metallurgical and thermal export markets. 

The average ash content of seams 11 to 7 is 29%, the calorific value is 22%, and the volatile 

content is 29%. (Sekoko coal, 2011). From seam 11 to 1, the average sulphur and moisture 

content is about 1 and 3%, respectively (Sekoko coal, 2011).Sekoko coal (2011) further 

indicated that ash content in seam 6 to 4 is at an average of 35%, while the calorific value is 

at an avarage of 35% and volatiles 24%. The bottom seams (seam 3 to 1) are reported to 

have ash content of 22% calorific value of 24% and volatile content of 22%. 

2.4 Coal Geology 

 

White and Thiessen (1913) defined coal as transformed peat. This definition has been further 

elucidated by other recent studies including but not limited to O’Keefe et al. (2013) which 

indicates that coal is a combustible sedimentary rock composed on aquatic plant remains. The 

study further indicates that coal is formed through decomposition of plant remains in swamps 

and deltas. White and Thiessen (1913) indicated that the degree to which the plant remains 

will be lithified depends on oxygen supply, temperature, exposure to air as well as drainage. 

White and Thiessen (1913); Thomas (2013) and Wagner et al. (2018) indicated that coal is 

composed of organic and inorganic constituents. The organic constituents of coal are 

recognized as macerals while the inorganic content is composed of mineral matter of either 

syngenetic and/or epigenetic origin.  

 

Coals are divided into two main Groups namely, humic and sapropelic coals International 

Committee for Coal and Organic Petrology (ICCP, 2001). Sapropelic coal according to 

O’Keefe et al. (2013) is deposited through the putrefication of non-woody plant remains such 

as algae, spores, pollen and cuticles. In contrast, humic coals may contain alternating bands 

of bright and dull coal (ICCP, 2001). O’Keefe et al. (2013) further elucidated that humic coal 

is formed through peatification of woody plant debris.  

2.4.1 Coal Petrography 

Petrography is a sub-branch of petrology concerned with the microscopic examination of 

rocks. Wagner et al. (2018) went on to say that coal petrography entails the microscopic study 

of both the organic and inorganic constituents of coal. 

 

Schapiro and Gray (1964); Taylor et al. (1967); Stach et al. (1982) and Wagner (2007) all 

stated that coal research is critical in determining the technological properties of coal as well 
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as the thermal maturity of sedimentary basins for shale gas exploration. According to Thomas 

(2013), studying coal under the microscope has allowed for a better understanding of its 

organic and mineral components, as well as determining whether the coal is suitable for 

industrial use. 

 

Carboniferous coals have a characteristically bright lustrous appearance and are composed 

primarily of vitrinite and clarite, according to Thiessen (1920) and Teichmuller and Teichmuller 

(1982). Alternatively, Permian coals were formed in the Gondwana Supercontinent, with the 

exception of early Permian coals in China, and these coals have a dull appearance and a high 

content of inertinite (Taylor et al., 1998; Thomas, 2013). Taylor et al. (1998) elaborated that 

the Gondwana coal's inertinite nature may have been influenced by the climate, in which 

freezing-drying conditions caused oxygen to be bound with the organic structure. Taylor et al. 

(1998) went on to say that inorganic constituents are also abundant. 

Organic Constituents of Coal 

All ranks of coal have identifiable organic constituents (macerals) that make up the coal mass. 

vitrinite, liptinite, and inertinite are the three groups of macerals (ICCP, 1963, 1975; Wagner 

et al., 2018) (Fig. 2.7). When these associations are examined under a microscope, they are 

referred to as microlithotypes (Taylor et al., 1998; Thomas, 2013). The three types of macerals 

are discussed further below. 

 

Vitrinite 

 

Thomas (2013) and Wagner et al. (2018) indicated that vitrinite originated in anaerobic 

conditions due to high groundwater table level in the peat. According to Thomas (2013) vitrinite 

makes up to 40-50% of the carboniferous coals in the northern hemisphere, while in the 

Gondwana coals it doesn’t exceed 20-30%. 

 

Taylor et al. (1998) indicated that the carbon content in vitrinite macerals is proven to increase 

consistently with increasing rank. As such vitrinite is used as a universal standard to measure 

the reflectance levels of coals for determination of rank (Gray et al., 1976; Teichmuller, 1989; 

ICCP, 1998). Taylor et al. (1998) and Thomas (2013) indicated that for coal to be used for 

coke production it must have >40% of fusible macerals (vitrinite) to form a well fused coke.  

 

 

Liptinite 
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This maceral is derived from hydrogen rich plant organs (Taylor et al., 1998 and Pickel et al., 

2017). Liptinite exhibit a lower reflectance as compared to the vitrinite maceral group (McHugh 

et al., 1991).  

 

Inertinite 

 

This maceral group contains >95% inertinite macerals which include inertodetrinite, 

semifusinite and fusinite (Fig. 2.7 and Table 2.3). Fusinite in coals ranges between 5-10% 

(Thomas, 2013) and fusinite rich coals are thought to be the result of the onset of aerobic 

conditions in peat formation. Inertodetrinite is present in the northern hemisphere, and it 

contains 95% of inertodetrite. A study by Mahooana et al. (2022) recently revealed that this 

maceral and microlithotype is available in South African coal. Taylor et al., (1998) indicated 

that the high concentration of inertinite in gondwana coals has been attributed to the oxidation 

of peat. 

 

Figure 2.7: Diagrammatic representation of microlithotypes classification (Thomas, 2013). 
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Table 2.3: Macerals and group macerals recognized in hard coals (Teichmüller, 1989) 

 

Inorganic Constituents of Coal 

The mineral matter or content available in coal is incombustible inorganic fraction (Thomas, 

2013). Wagner et al. (2018) indicated that minerals in coal can be categorized into two main 

groups namely; syngenetic and epigenetic. The first category is called syngenetic (meaning 

those minerals that are inherent in the plant tissues including trace elements). Detrital minerals 

which were eroded and incorporated in the peat have been categorized as syngenetic (Ward, 

2016). These are minerals formed at the same time as the initial accumulation of the peat. 

Alternatively, epigenetic minerals can be referred to as introduced forms of minerals. These 

minerals are introduced into the coal after the initial accumulation of the peat (Wagner et al., 

2018). 

 

Different minerals occur in coal, these include quartz, carbonate, iron and clay minerals 

(Vassilev and Vassilev, 1996; Wagner et al., 2018). Precipitated minerals may also be 

disseminated through the peat or present as aggregates whereas mineral rich fluids present 

during the last stage of coalification tend to precipitate minerals on joints and any open voids 

within the coal (Thomas, 2013). This process occurs continuously even after coal is deposited. 

Falcon (2013) further indicated that of the minerals present in coal, clay minerals are the most 

abundant making up 60-80% of the total mineral matter.  
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According to Martinez and Escobar (1995), mineral matter in coal is undesirable because it 

raises the cost of beneficiation and causes equipment wear. According to Tlou-Sebola (2018), 

South African coals are rich in mineral matter, causing them to be classified as low grade and 

making the beneficiation process more complex and costly. 

 

2.4.2 Coal Quality 

Wagner et al. (2018) found that variations in the deposition environment have a significant 

impact on coal quality. Detritus can enter peat through marine invasions, overbank flooding, 

or airborne contemporaneous volcanism. As a result of such occurrences, all or part of the 

coal seam will have a higher ash level (Thomas, 2013). If marine waters infiltrate the peat mire 

for an extended period of time, minerals will likely precipitate into the uppermost part of the 

peat, increasing the sulphur content (Chou, 2012; Thomas, 2013). 

 

According to Thomas (2013), coal quality parameters will not only indicate their distribution, 

but also the paleo-environmental influences that existed during the depositional and post-

depositional phases of coal formation. The interpretation will aid in predicting the quality of 

coal in specific areas. Areas far from the sea will have low sulphur content, and coal deposited 

away from the main distributary channels and only exposed to low energy currents will have 

low ash content (Speight, 2005; Thomas, 2013). 

 

Speight (2005) summarized this relationship as follows, rapid subsidence during 

sedimentation generally results in abrupt variations in coal seams however it is accompanied 

by low sulphur and trace element concentration whereas slower subsidence favours greater 

lateral continuity but higher content of chemically precipitated materials. Taylor et al. (1998) 

indicated that the coal quality parameters which are relevant are volatile matter, ash and 

sulphur content. If the coal has deficiency of volatile matter, but high ash and sulphur contents, 

the coal can be concluded to be uneconomic due to increased preparation costs (Taylor et al., 

1998). 

 

Coal is used all over the world to generate electricity and to make iron and steel. Iron and steel 

production is primarily dependent on coal; however, coal-generated electricity is being 

challenged by other alternative energy sources, despite the fact that coal generates 42% of 

global electricity (Thomas, 2013). Taylor et al. (1998) stated that for coal to be used in industry, 

it must contain a high proportion of fusible macerals (>40% vitrinite) in order to form a well 

fused coke, as well as low concentrations of sulphur, phosphorus, and mineral matter. 
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2.4.3 Future of Coal Mining 

Coal is the world's primary energy producer, accounting for more than 40% of global electricity 

generation. Coal accounts for more than 80% of electricity generation in South Africa. 

According to Deysel (2015), continuous coal mining in South Africa is required because future 

electricity generation projects indicate that coal will generate 71% of electricity in the future. 

Gandolphe (2019) showed that the coal sector yielded good results in 2018 wherein the 

demand for coal increased by 0.7%. The six major coal producing countries, China, India, 

United States, Indonesia, Australia and Russia account for 83% of the world’s coal production 

and they reported a strong growth (Gandolphe, 2019). Zero Hedge (2021) reported that the 

coal market in 2021 was yielding strong results. The price of the Australian thermal coal surged 

to $151 per ton which is three times what it was in September 2020 moreover the coking coal 

price increased by 80% so far. The price of coal in 2023 rose to $145 per tonne, however, it 

is projected to fall below $120 by 2025 (Trading Economics, 2023). 

The world coal association (WCA, 2015) reported that the world coal production in 2013 

reached a record level of 7822.8 Mt showing an increase by 0.4% from 2012. Since 2003 

South Africa has been producing around 240 Mt coal per year, thus indicating stagnation in 

production (Deysel, 2015). This stagnation is primarily due to the gradual depletion of the 

Ermelo, Highveld and Witbank Coalfields in Mpumalanga province. Although it is still a 

significant participant in the global coal markets, South Africa moved from the fourth largest 

producer in 2001 to the seventh largest producer in 2013 (Table 2.4) (Garside, 2021).  

China according to Garside (2021) is the leading producer with over 3.5 billion tons in 2018 

(Table 2.4, whereas in 2019 it was the largest consumer of coal with 82 exajoules. Zero Hedge 

(2021) indicated that China consumes 4 billion tons of coal yearly and imports 300 million tons. 

The top exporters and importers are indicated (Tables 2.5 and 2.6 respectively). 

South Africa currently exports 70 million tons plus of coal and 40 million tons of this is exported 

to India annually at $ 100 per ton (Creamer, 2021). Creamer (2021) indicated the demand for 

South African coal is continuing to increase in Pakistan and Sri Lanka. According to Chamber 

of Mines (2018) South Africa is a net exporter of coal and accounts for 6% of total global 

exports. South Africa is ranked number 6 as the largest exporters (Table 2.5). Chamber of 

Mines (2018) indicated that South Africa produced 253.1 Mt of coal in 2016 and 181.4 Mt 

valued at R 61.5 billion was sold within the country whereas 68.9 Mt was exported at R 50 

billion. 
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Table 2.4: Top 10 coal producers in the world (Garside, 2021) 

 

Table 2.5: World’s biggest coal exporters (Buchholz, 2021) 

 

Exporters Coal in Million tons (2019) 

Indonesia  455 

Australia  393 

Russia  217 

United States 84 

South Africa 81 

Colombia 72 

Canada  36 

Mongolia  28 
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Table 2.6: World’s biggest coal importers(IEA, 2019). 

 

2.5 Effects of Coal Mining 

 

Matshusa (2007) and Munnik et al. (2010) noted that coal mining inflicts many external impacts 

on its surroundings. It is by its nature destructive to the environment. Munnik et al. (2010) 

further explained that coal mining involves the removal of enormous quantities of overburden 

to have access to the ore. This according to Goswami (2015) produces a lot of waste and 

discard which result in severely degraded land, water, air and subsequently the quality of life. 

The mining industry in general puts tremendous pressure on the local fauna and flora. 

Goswami (2013, 2015) indicated that the effects of mining on groundwater quality, silting of 

water bodies and destruction of the habitat is of great concern. 

When coal is combusted, it releases harmful gases and substances such as sulphur dioxide, 

nitrogen oxide, carbon dioxide, dust and ash (Fig. 2.8) (Goswami, 2015). The introduction of 

such noxious gases into the atmosphere causes acid rain which can cause extensive 

environmental impacts. Agarwal and Narain (1991) and Mamurekli (2010) indicated that coal 

mining also affect global environment as coal mining activities are associated with the release 

of enormous quantities of coal bed methane which according to Goswami (2013, 2015) has 

30 times harmful impacts as a greenhouse gas than carbon dioxide. 

Importers  Coal Million tons (2018) 

PR China 295.4 

India  240.2 

Japan  185.1 

Korea 142 

Chinese Taipei 66.5 

Germany  44.4 

Turkey  38.3 

Malaysia  33 

Russia 28.2 

Thailand 24.9 
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To reduce the negative effects of coal mining, it is critical that clean mining activities be 

practised (Goswami, 2015). According to Goswami (2015), coal mining also exposes sulphide 

minerals such as pyrite, which react with oxygen and water and become oxidised, resulting in 

acid mine drainage, a global problem (AMD). The acid produced can leach and raise the pH 

of water, rendering it unfit for consumption, irrigation, and other industrial applications (Fig. 

2.8) (Goswami, 2013). 

 

Figure 2.8: Environmental impacts of coal mining (Mamurekli, 1997). 

2.6 Acid Mine Drainage 

 

Acid mine drainage is a natural by-product of mining activities that occurs when a deposit 

(metal or coal) is excavated below groundwater level, exposing sulphide minerals to water and 

oxygen (McGinnes, 1999; Akcil and Koldas, 2006; Nengovhela et al. 2006). Nengovhela et al. 

(2006) concluded that, while oxygen and water are both responsible for sulphide mineral 

oxidation, their contribution to acid generation differs. They also discovered that within the 

Witwatersrand gold tailings, oxygen plays a larger role in the oxidation of sulphides. According 

to McGinnes (1999), when mines close, pumps are removed to reduce costs, which causes 

groundwater to return to pre-mining levels, resulting in flooding of mine openings and acid 

mine water generation. According to Kleinmann (1990), McGinnes (1999), and Nengovhela et 

al. (2006), acid mine drainage occurs as a result of sulphide oxidation (mostly pyrite) when 
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exposed to water and oxygen, and sometimes as a result of biological reactions enabled by 

bacterial activities. 

Wang et al. (2021) indicated that AMD has become a worldwide environmental problem. 

Taking into consideration the contamination of the Tinto River in the Rio region in Spain and 

the acid generated in closed pits of the Witwatersrand mine which according to 

(Netshitungulwana et al., 2013) is of great concern. Minerals contained in waste material or 

exposed rocks (mostly sulphides, pyrite) react with water and oxygen to produce sulphuric 

acid. Fey (2003) indicated that this acid is itself detrimental to water quality. Acid leaches 

metals from material and introduces them into environment (Fey, 2003). This process takes 

place naturally at a lesser scale in a process called Acid Rock Drainage.  

The excessive removal of the overburden in the mining industry does however exacerbate this 

process (Fey, 2003; Johnson and Hallberg, 2005; Udayabhanu and Prasad, 2010). 

Udayabhanu and Prasad (2010) indicated that AMD is the most problematic environmental 

impact associated with the mining industry. This is due to the fact that the contaminants from 

the mine can persist in the environment for long periods of time even after the mining activities 

have ceased (Modis et al., 1998; Demchark et al., 2004).  Maiyana (2003) noted that the 

morphology of sulphide minerals can influence the rate of acid mine production. Udayabhanu 

and Prasad (2010) further indicated that the amount of AMD generated is dependent upon the 

size of the exposed sulphide minerals. 

Sources and factors influencing Acid Mine Drainage 

According to Natarajan (2008), there are both primary and secondary causes of AMD. The 

primary source is waste rock dumps and tailings impoundments. Secondary sources include 

treatment sludge ponds and rock cuts. According to Udayabhanu and Prasad (2010) and 

Nengovhela et al. (2006), there are several factors that improve and accelerate the AMD 

process. The presence of oxidants, pH levels, temperature, chemical reactivity, surface area 

of exposed sulphide minerals, and biological activity are the major factors driving AMD. 

(Nengovhela et al., 2006; Natarajan, 2008; Udayabhanu and Prasad, 2010). Sulphide 

minerals responsible for acid mine water generation are listed in Table 2.7. 

Ferguson and Erikson (1988) are amongst one of the pioneers in investigating the influence 

of biological activity in the exacerbation of oxidation.  Nengovhela et al. (2006); Natarajan 

(2008) further indicated that bacterial (biological) activities can rapidly exacerbate AMD. 

Thiobacillus ferroxidase and Thiobacillus trioxidanes are ubiquitously present in sulphide 

mineral bearing ore deposits, mine tailings and abandoned mines. These bacteria play a 

significant role in acid production because of their ability to rapidly oxidize reduced forms of 
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iron and sulphur (Ferguson and Erikson, 1988; Natarajan, 2008; Nengovhela et al., 2006; 

Udayabhanu and Prasad, 2010). Zipper et al. (2018) further indicated that the presence of 

such bacteria exacerbates the rate of sulphur oxidation. Without the presence of these 

catalytic bacteria the rate of oxidation of iron would be slow. 

Oxygen is also an important factor in acid mine water generation (Ferguson and Erikson, 1988; 

Nengovhela et al., 2006). When the mine waste contains sufficient oxygen from the 

atmosphere the rate of reaction tends to increase (Ferguson and Erikson, 1988). Hawley 

(1977); Maiyana (2003) also indicated that the forms of pyrite present also contribute to the 

rate of acid generation. Hawley (1977) further noted that isometric pyrite is not as chemically 

reactive as orthorhombic or hexagonal Pyrrhotite. Maiyana (2003) focused on the morphology 

of pyrite and noted that euhedral pyrite is less reactive when compared to framboidal pyrite. 

Table 2.7: Sulphide minerals responsible for acid mine water generation (Udayabhanu and 

Prasad, 2010; Fey, 2003) 

 

2.6.1 Chemistry of Acid Mine Drainage Generation 

Weathering of sulphide is responsible for vast majority of surface and groundwater 

contamination incidents. Pyrite in particular is the most ubiquitous sulphide mineral and is 

responsible for acid generation from coal mines and metal mines (Udayabhanu and Prasad, 

2010). The iron sulphide is oxidised and acid is subsequently generated and released. 

Ferguson and Erikson (1988) indicated that the oxidation of pyrite during acid mine water 

generation follows four steps (Equations 1, 2, 3, 4). Nengovhela et al. (2006), Fey (2003) and 

Udayabhanu and Prasad (2010) further indicated that the process of AMD is initiated by the 

breakdown of pyrite in the presence of oxygen and water to yield ferrous iron, sulphate and 

acidity (Equation 1). 

FeS2 + 7/2O2 + H2O   → Fe2 + 2SO4
2- + 2H+                                                         Equation  (1) 
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When sufficient oxygen has been dissolved in water, the oxidation of ferrous to ferric iron 

occurs (Equation 2). This reaction is rapidly accelerated by a bacterium called Thiobacillus 

ferroxidase (Ferguson and Erikson, 1988; Fey, 2003, Nengovhela et al., 2006; Udayabhanu, 

2010). 

Fe2+ + 1/4O2 + H- 
→Fe3+ + 1/2H2O                                                                      Equation    (2) 

Ferguson and Erikson (1988) and Udayabhanu and Prasad (2010) indicated that the third step 

involves hydrolysis of ferric iron to produce the solid ferric hydroxide and release of additional 

acidity. Jambor and Blowes (1998) indicated that this step is pH dependent. When pH is below 

3.5 the solid material does not form and ferric iron remains in solution, alternatively, when pH 

is above 3.5 a precipitate of Fe (OH) 3 forms which is commonly referred to as yellow boy 

(Equation 3). 

Fe3+ + 3H2O → Fe (OH) 3 + 3H+                                                                            Equation   (3) 

When the acidity increases the reaction reinitiates because the ferric iron remains in solution 

and is reduced by pyrite which result in the release of ferrous iron and acidity (Equation 4). 

FeS2 + 14 Fe3+ + 8H2O -→ 15 Fe2+ + 2SO4
2- + 2H+                                              Equation   (4) 

This cyclic spread of acid generation by ferric iron takes place rapidly and continues until 

supply of ferric iron of pyrite is completely exhausted. The overall sequence of reactions is 

acid producing (Equation 5) (Udayabhanu and Prasad, 2010). This section focused chiefly on 

the oxidation of pyrite as it is the common known sulphide mineral in coal deposits. 

4FeS2 + 15O2 + 14 H2O → Fe (OH) 3 + 8H2SO4                                                  Equation    (5) 

Pyrite + Oxygen + Water → Yellow Boy + Sulphuric Acid  

Metals such as aluminium (Al) and manganese (Mn) also contribute in the formation of acid 

mine drainage (Zipper et al., 2018). Aluminium (Al3+) contributes to the acidity of the solution 

because aluminium has the ability to hydrolyse when hydroxide (OH-) ions are added 

(Equation 6). When the aluminium hydrolyses it precipitates in a solid phase and releases 

hydrogen (Equation 6) (Zipper et al., 2018). Manganese has a similar case as ferric hydroxide, 

as it precipitates (in solid form) it releases hydrogen ions (H+) (Equation 7) (Zipper et al., 2018). 

Al3+ + 3H2O → Al (OH)3 + 3H+                                                                             Equation    (6) 

Mn2+ + 0.5 O2 + 1.5 H2O → MnOOH + 2H+                                                         Equation    (7) 
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2.6.2 Acid Neutralising Minerals 

Udayabhanu and Prasad (2010) indicated that there are several acid treatment methods. 

These methods are collectively Grouped into active (using chemicals) and passive (Using 

natural materials). Limestone has been studied by different researchers such as Wilmoth et 

al. (1972); Ford (1974); Caruccio and Geidel (1985) who concluded that limestone can 

neutralise the pH of acidic water. Younger et al. (2002) further noted that limestone (rich in 

calcium) can increase the pH of water by consuming the hydrogen ions and adding alkalinity 

through bicarbonate ions (Equation 8). Udayabhanu and Prasad (2010) further elucidated that 

when the pH of acidic water is raised, hydroxides and oxy-hydroxides are produced through 

precipitation of metals (Equation 9). When the pH is increased, the environment becomes 

unfavourable for bacterial activity which then inhibits the formation of acidic solution 

(Kleinmann, 1990). There are several minerals which can neutralize the acidity of water (Table 

2.8). Carbonate minerals are some of the detailed studied acid neutralising minerals. 

Phosphate have been studied and documented as one of the minerals that slow the rate of 

pyrite oxidation (Kleinmann, 1990). 

Table 2.8: Minerals with ability to neutralise acid (Kleinmann, 1990) 

 

 

CaCO3 + 2H+ → Ca2+ + H2O + CO2                                                                     Equation    (8) 

CaCO3 + H2CO3 → Ca2+ + 2HCO3                                                                       Equation    (9) 

The neutralisation of the acidic water takes place through the dissolution of limestone and the 

exsolution of carbon dioxide from the water (Udayabhanu and Prasad, 2010). 

2.6.3 Acid Mine Drainage in South Africa 

South African acid mine drainage research has focused on gold and coal resources (Lishman, 

2009). Since 1894, the Witbank Coalfield has been a major coal producer in South Africa. Due 

Name Formula 

Sodium Hydroxide                              NaOH 

Sodium Carbonate  Na2CO3 

Phosphate  PO4 

Calcium Carbonate  CaCO3 
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to a large number of abandoned coal mines in this area, acid mine water has been generated 

(McCarthy, 2011). 

According to Bell et al. (2001), AMD seeping from an abandoned mine in the Witbank Coalfield 

contaminated the Blesbokspruit stream, a tributary of the larger Olifants River. They also 

discovered that the water flowing from the mine in Witbank has a lower pH, high electrical 

conductivity, and a high concentration of dissolved solids. Geldenhuis and Bell (1998) 

conducted research in the Witbank's Loubert mine. According to the study's findings, the mine 

produces acid mine water from backfilled open cast mine workings. Pinetown et al. (2007) 

further indicated that acid mine water generation within the Witbank Coalfield is chiefly 

attributed to the bottom two seams (seams 1 and 2). Hobbs et al. (2008) further indicated that 

the upper Olifants River catchment is South Africa's most important source of coal. However, 

AMD from old abandoned coal mines in this area has been identified as having a long-term 

impact on water quality. Bega (2022) recently reported toxic water spilling from the Khwezela 

colliery into the Wilge River (Fig. 2.9). The study further indicated that millions of litres of acid 

mine water spilled from an old coal mine (Khwezela colliery) after an old shaft collapsed in 

February 2022, wreaking havoc on aquatic life in the Wilge River. 

 

Figure 2.9: Toxic water from the Khwezela colliery near Emalahleni (Bega, 2022). 

2.7 Acid Base Accounting 

 

Hossner and Brandt (1997) indicated that the term Acid Base Accounting (ABA) means 

different things to different people. This is because this method is used to assess the suitability 

of overburden materials for mine soils, whereas others are used to predict post-mining 

environmental effects. According to Ferguson and Erikson (1988), there are static and kinetic 

acid base accounting tests, and the static tests provide a rough indication of the acid 

generation potential of the numerous lithological units, whereas the kinetic test is performed 
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to estimate if the samples are prone to produce acid over a 20-week period. Ferguson and 

Erikson (1988) tabulated the costs of acid mine drainage prediction techniques in their study 

and discovered that static acid base accounting is the least expensive method with good 

reliability. Static acid base accounting tests were used in this study to estimate or predict the 

acid generating potential of both coal and host rocks. 

According to Sobek et al. (1978), Ferguson and Erikson (1988), Brady et al. (1994), and 

Cruywagen (1999), acid base accounting (ABA) is a classification procedure that determines 

the acid producing potential (AP) and neutralising potential (NP) of materials. Brady et al. 

(1994) defined the net neutralisation potential (NNP) as the difference between the 

neutralisation potential (NP) and the acid generating potential (AP), which is the sum of the 

total carbonates and bases available to neutralise acidity. Static acid base accounting 

produces the worst-case scenario for acid generation potential, as well as the worst-case, 

most likely-case, or best-case value for potential neutralisation (Usher et al., 2003). 

Static Tests 

The static tests according to Sobek et al. (1978); EPA (1994) predict drainage by comparing 

the sample’s maximum acid production potential (AP) with its maximum neutralization 

potential (NP). EPA (1994) further indicated that the acid production potential (AP) is 

determined by multiplying the percent of total sulphur by the conversion factor (31.25) 

(Equation 10) whereas the neutralization potential is determined by either adding acid to the 

sample and back titrating to determine the amount of acid consumed. The neutralization 

potential is conducted to measure the concentration of carbonate material available to 

neutralize acid (Ferguson and Morin, 1991). The Net neutralization potential (NNP) or 

acid/base account (ABA) is determined by finding the difference between neutralizing potential 

(NP) and acid production (AP) (Equation 11): 

𝐴𝑃 = % Sulphur X 31.25                                                                                     Equation   (10) 

𝑁𝑁𝑃 = NP − AP                                                                                                  Equation   (11) 

EPA (1994) and Fey (2003) indicated that there are different types of static test methods and 

these include acid base accounting (ABA), modified acid base accounting, British Columbia 

research initial, alkaline production potential and the net acid production (Table 2.9). For the 

purpose of this study the acid base accounting method was used to predict the potential for 

acid generation while the neutralization potential was determined using modified Sobek 

method. 
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Table 2.9: Summary of static test methods, their advantages and disadvantages (EPA, 1994) 

 

 

Acid Base 

Accounting

(Sobek et al , 1978)

MODIFIED Acid 

Base

Accounting

(Coastech, 1989)

BC RESEARCH

INITIAL

(Duncan and 

Bruynesteyn,

1979)

Alkaline 

Production

Potential: Sulfur

(Caruccio et al , 

1981)

Net Acid Production

(Coastech 1989)

Acid Producing 

Potential =

31.25

* Total S

Acid Producing 

Potential =

31.25

* Total S

Total Acid Production 

=

31.25

* Total S

Total S used as 

indicator 

300 mL H2 2 O added 

to

5 g rock to directly

oxidize sulfides present

-60 mesh (0.24 mm)

sample

add HCl as indicated 

by

fizz test, boil one 

minute

than cool

titration endpt pH 7.0

cost: 34-110

-60 mesh (0.24 mm)

sample

add HCl as indicated 

by fizz

test agitate for 23

hours at room

temperature

pH 1.4 - 2.0 required

after six hours 

agitation

titration endpt pH 8.3

cost: 34-110

-300 mesh (0.038 mm)

sample

titrate sample to pH 

3.4

with 1.0 N H2 3 SO

titration endpt not

applicable

cost: 65-170

-0.023 mm sample

20 mL 0.1 N HCl to 

0.4g

solid for 2 hours at

room temperature

titration endpt pH 

4.0

cost: 34-110

particle size not

presented

acid produced by iron

sulfide oxidization

dissolves buffering

minerals

titration endpt pH 7.0

cost: 25-68

simple and short time

no special equipment

and easy 

interpretation

many samples can be

tested

does not relate to 

kinetic

assumes parallel acid/

alkaline release

if APP and NP are 

close,

hard to interpret and

different particle size 

not

reflected

simple,

short time,

no special 

equipment,

and easy 

interpretation

does not relate to 

kinetic

assumes parallel 

acid/

alkaline release

if AP and NP are 

close,

hard to interpret and

different particle size 

not

reflected

simple and

fairly short time

no special equipment 

and

easy interpretation

many samples can be

tested

assumes parallel acid/

alkaline release,

different particle size 

not

reflected, and

if APP and NP are 

close,

hard to interpret

simple,

short time, and

no special equipm

moderate interpre

simple,

short time,

no special equipment,

and

easy interpretation

limited reproducibility

uncertain if extent of

sulfide oxidation

simulates that in field

ACID PRODUCTION DETERMINATION

NEUTRALIZATION POTENTIAL DETERMINATION

ADVANTAGES AND DISADVANTAGES
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CHAPTER 3: MATERIALS AND METHODS 

 

This study was divided into several stages such as preliminary work, fieldwork, laboratory 

work, sample analysis which subsequently led to data analysis and discussion (Fig. 3.1). 
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Figure 3.1: Flow chart summarising the methods and procedures applied in this study. 
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3.1 Preliminary Study 

 

Preliminary work mostly refers to the preparatory activities undertaken before the actual 

fieldwork. These activities were carried out to identify materials and methods to be used during 

the study. Information gathered in this stage provided the knowledge about the study area and 

any challenges to be encountered during the study. Preliminary work included desktop study 

and reconnaissance survey. 

3.1.1 Desktop Study 

Desktop study was prepared in order to acquire first-hand information about the location, 

characteristics and accessibility to the study area. This information was gathered from various 

sources which included, but not limited to books, published and unpublished documents, 

records, internet sources, Journals, topographical and geological maps. 

The information was collected through intensive literature review which provided the 

information about the study area and to assist in the selection of the best materials and 

methods to be used. 

3.1.2 Reconnaissance Survey 

Reconnaissance survey involved a visit to the study area. At this stage local authorities, mine 

owners and relevant stakeholders were visited to seek permission to conduct fieldwork. 

Demarcation of the study area was done in order to conceptualize procedures for fieldwork. It 

was crucial to conduct reconnaissance survey as it helped with outlining the fieldwork plan. 

Consequently, methods and procedures for fieldwork were established for example, sampling 

method to be used during box-cut sampling. 

3.2 Fieldwork 

 

This is the backbone of the research work that the component of the research ensures that 

the objectives of the study are achieved. This is the actual work in the field, wherein the field 

was explored, verified, mapped and collection of samples was done as it is the vital part of the 

fieldwork. 

 

Channel sampling for coal and host rock samples was conducted at Sekoko Lephalale Coal 

Concession which is 10 km from the Grootegeluk mine (Fig. 3.2). Sekoko coal mine is 

bounded within the Swartrant and Grootegeluk Formations, the former is stratigraphically 

equivalent to the Pietermaritzburg Formation of the main karoo basin (MKB) (Fig. 3.3).  Seam 
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10 was first mapped then sampled from the box cut. Seam 11 however due to limited access, 

was sampled from the stockpile. 

 

Figure 3.2: Location of Sekoko coal mine within the Hooikraal 315 LQ Farm (Google earth 

pro). 

3.2.1 Coal Face Mapping 

The box-cut at Sekoko Lephalale Coal Concession exposed two coal seams (11 and 10) 

respectively (Fig. 3.4). Due to restricted access, only seam 10 was mapped. During mapping 

the roof, coal seams and interburden were marked and described. Supplementary data such 

as coordinates, location in the pit, seam number, thickness, minerals and weathering were 

indicated.  Mapping was conducted on the west and south portion of the box cut (Fig. 3.5). 

Coal seam 10 is overlain by grey medium- to course-grained sandstone stained with sulphur 

(Fig. 3.4). This coal seam has alternating bands of bright and dull coal with carbonaceous 

shale and shale occurring as the interburden. Sulphur (yellow) is prominent on the face of the 

pit (Fig. 3.4). Characteristic of host rock and coal were noted and summarized (Tables 3.1 and 

3.2). 
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Figure 3.3: Geological location of Sekoko Coal Mine (ArcGIS 10.8, Data sourced from Council for Geoscience). 



42 
 

Table 3.1: Characteristics of host rocks and coal seam mapped on the west side of the box 

cut 

 

Table 3.2: Characteristics of host rocks and coal seam mapped on the south side of the box-

cut 
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3.2.2 Host Rock and Coal Sampling  

Sampling was conducted at the Sekoko coal mine located 10 km from the Grootegeluk coal 

mine in the Lephalale region. Two exposed coal seams were sampled within the box cut at 

the Sekoko Coal Mine. Host rocks overlying the coal seam and different partings of seam 10 

were sampled. Seam 11 was sampled from the stockpile. 

Host Rock and Coal Sampling at the Box Cut 

Channel sampling was carried out at the box cut. Channel sampling was conducted because 

it gives a representative sample of coal seam in the area. Host rocks and coal beds were 

horizontal and channel sampling was conducted perpendicular to the bedding. A composite 

sample was collected to provide the composite quality analysis of the coal seam. Since coal 

seams are rarely homogeneous throughout the thickness, seam 10 was subdivided into 

distinct lithological sections (Ply) (Fig. 3.3).  

A geological hammer together with a tape and scoop were used to uniformly sample 2 kg of 

the different plies of seam 10 (Fig. 3.6A). Samples were placed in a plastic sample bag which 

was tied and labelled with a permanent marker. The plastic sample bag was placed within 

another plastic bag to prevent addition of moisture (Fig. 3.6B) and a labelled tag was inserted 

inside for accurate identification of the sample. 

 

Figure 3.4: Exposed coal seams at Sekoko Lephalale Coal Concession. 

Roof 

Seam 10 

Seam 11 
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Figure 3.5: Mapping of seam 10 on the west side of the box cut. 

Figure 3.6: Channel sampling at the box cut. 

 

Stockpile Sampling 

 

Ex-situ sample was collected from the stockpile. This was done for seam 11 since it was 

inaccessible from the pit. A scoop was used to collect a composite representative sample of 

unprocessed coal (Fig. 3.7). To ensure that the sample is representative, four scoops were 

collected along each side of the stockpile at equidistant points and two scoops were taken 

from the top. A 2 kg sample was collected from the stockpile. The coal on top was first removed 

to gain access to fresh samples. A plastic sample bag was used to store the samples and tied 

to prevent moisture loss. 

A B 
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Figure 3.7: Sample collection from the stockpile. 

During this stage of sampling, a total of 18 samples were collected, from the 18 collected 

samples, 3 were host rocks and 15 were coal samples wherein 17 samples were collected 

from the box-cut and 1 composite sample from stockpile. 

3.3 Laboratory Work 

 

Laboratory work involved preparation of samples as well as analysis.  

 

3.3.1 Sample Preparation 

Sample preparation involved all the standard procedures followed in preparing samples for 

petrographic studies, geochemical analysis, coal quality and static acid base accounting tests. 

3.3.1.1 Preparation for Petrographic Studies 

 

Thin section and polished blocks were prepared for petrographic study. Host rock specimens 

were prepared for thin section while polished blocks were prepared for coal samples.  

 

Thin Section 

 

Thin section preparation was done for petrographic study. A total of three rock specimens 

were prepared at the Department of Earth Science, University of Venda. A mechanical 
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diamond saw (Fig. 3.8A) was used to cut three rock specimens into smaller sized slab. 

Samples were then trimmed using Buehler’s PetroTrim machine (Fig. 3.8B) to obtain a flat 

slide sized slab for mounting on a glass slide. Subsequently, slabs were grinded using silica 

carbide (220 to 1000 grit size) (Fig. 3.8C) to remove saw marks as well as remaining edges 

on samples. Before mounting glass slides were polished using silica carbide to provide a rough 

surface to mount on. Thereafter, samples were left to air dry overnight. The reason behind air 

drying is that when samples are oven dried at 50ºC or higher, organic materials reacts.  

 

A mixture of hardener and resin (Fig. 3.8D) on a ratio of 1:7 was used to mount samples on 

glass slides. Subsequently, bonding jig (Fig. 3.8E) was used to apply pressure on samples 

overnight. After 24 hours of drying, Buehler’s PetroThin-section (Fig. 3.8F) machine was used 

to further cut the sample to achieve a block size of 1 mm for competent material like sandstone 

and 5 mm for friable material like shale. After cutting, samples were grinded using Buehler’s 

PetroThin-section machine to achieve a size of 100 µm thickness (Beuhler, 2012). Thereafter, 

Struers RotoPol-35 Pdm-force-20 lapping machine (Fig. 3.8G) was used to polish samples 

with aid of Akasel’s DiaDoublo mono 6 µm diamond suspension and Struers MD-Plan 300 mm 

diameter lapping disk (Fig. 3.8H) to achieve 20 to 30 µm in thickness (Beuhler, 2012).  

 

Polished Block preparation 

 

A total number of six coal samples were selected for polished block preparation at the 

University of Johannesburg. Coal samples were crushed to pass the 1 mm sieve. Thereafter, 

bonding material was prepared using a ratio of 1:7 for hardener and resin respectively. The 

bonding material was poured into a mounting cup. Subsequently, the crushed coal was added 

into the same mounting cup and stirred. Samples were placed in a vacuum to remove bubbles 

for 24 hours. Upon drying, polished blocks were polished using Struers Rotopol 35 PdM-

Force-20 (Fig. 3.8G) to achieve a smooth surface. Polished blocks were placed in a closed 

container awaiting petrographic analysis. 
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Figure 3.8: A figure depicting steps undertaken in thin-section preparation: (A) Cutting of rock 

specimens using a mechanical jaw crusher, (B) Trimming rock specimens using Beuhler 

PetroTrim machine, (C) polishing slabs on a glass plate, (D) Epoxy and rasin mixture, (E) 

Bonding of rock specimens using a bonding Jig, (F) Grinding of rock specimens, (G) Polishing 

rock specimens using a lapping machine with aid of diamond suspension and lapping disc (H). 

3.3.1.2 Preparation for Scanning Electron Microscopic Study 

 

A total of 5 coal Samples were prepared for scanning electron microscopic study. Samples 

were crushed to pass the 1 mm sieve. Following (Syed et al., 2017; Kannan, 2018) coal 

samples were mounted on Bakelite using a hot mounting method with phenolic resin (Syed et 

al., 2017). Samples were washed with water and alcohol and then dried prior to polishing. 

Samples were subjected to polishing; this involved mechanical grinding of the sample using 

grits (Silicon carbide) and mechanically polishing the sample in slurry of alumina particles 

(Al2O3). This was done to ensure a smooth surface. Samples were then ready for SEM-EDX 

analyses. 

3.3.1.3 Preparation for Geochemical Analyses 

 

Rock specimens and coal samples were prepared for mineralogical and major elemental 

oxides analyses.  
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Preparation for Mineralogical Analysis using X-Ray Diffraction Spectrometry 

 

The X-Ray Diffraction (XRD) technique was used for mineralogical analysis on both rock 

specimens and coal samples. The presence of pyrite and other sulphide minerals, as well as 

calcite and dolomite, can be determined using XRD (Chauhan and Chauhan, 2014). This 

technique was selected because of its accuracy. According to Zhu (2014) the XRD is reported 

to produce results which are accurate with ±15% of the actual values. 

A total of 8 samples (3 rock specimens and 5 coal samples) were prepared for x-ray diffraction 

spectroscopy at the Department of Earth Science, University of Venda. Samples were air dried 

prior any laboratory preparations. Thereafter, a mechanical jaw crusher (Fig. 3.9A) was used 

to crush a total of 8 samples into small particle size. To minimize cross contamination, quartz 

was used to clean the jaw crusher before working on the next sample. Thereafter, a riffle 

splitter (Fig. 3.9B) was used to homogenize samples as coal is known to be heterogeneous. 

Subsequently, samples were further pulverized using Retsch mechanical milling machine (Fig. 

3.9C). Milling was undertaken to achieve a particle size of -75 µm or less for x-ray diffraction 

spectroscopy. Samples were sent to the University of Pretoria where they were prepared 

according to the standardized PANalytical backloading system, which provides a nearly 

random distribution of the particles. 

Preparation for geochemical analysis using X-Ray Fluorescence Spectroscopy 

 

Major elemental oxides in both rock specimens and coal samples were determined by using 

X-Ray Fluorescence (XRF) spectroscopy, which is used to determine the chemical 

composition of a rock sample by analysing several elements at once (Taggart et al., 1987; 

Andrew, 2004).  

Air dried samples were prepared for X-Ray fluorescence spectroscopy at the Department of 

Earth Science, University of Venda. Using a jaw crusher (Fig. 3.9A) a total of 18 samples (3 

rock specimens and 15 coal samples) were crushed. To homogenize samples, a riffle splitter 

(Fig. 3.9B) was used. This was done to thoroughly mix samples as coal is heterogeneous. 

Thereafter, Retsch mechanical milling machine (Fig. 3.9C) was used to further pulverize 

samples to achieve a particle size of 75 µm or less. Samples were sent to the University of 

Pretoria where they were calcined prior analysis (Fig. 3.9D). Thereafter, pressed pellets were 

prepared using a hydraulic press (Fig. 3.9E) to undertake x-ray fluorescence spectroscopy. 
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Figure 3.9: Sample preparation for x-ray diffraction and x-ray-fluorescence: (A) mechanical 

jaw crusher, (B) A riffle splitter for homogenization, (C) Retsch milling machine, (D) Furnace 

for sample calcination, (E) Hydraulic press for pellets preparation. 

3.3.1.4 Preparation for Coal Quality Analyses 

 

There are two broad chemical analyses for coal namely proximate and ultimate analysis (Zhu, 

2014). The study further indicated that the proximate analysis focuses on the moisture content, 

the volatile matter, the ash and the fixed carbon of coal while the ultimate analysis include 

carbon, hydrogen, nitrogen, ash and oxygen content. To meet the objectives this study 

focused on proximate, total sulphur and calorific value analyses. A total of 15 coal samples 

were crushed and milled to pass the 75 µm sieve. Samples were then packaged and sent for 

analysis at Bureau Veritas laboratory in Johannesburg.  

3.3.1.5 Preparation for Static Acid Base Accounting  

 

The Acid base accounting according to EPA (1994) was first developed in 1974 to evaluate 

coal mine waste. It was later modified by Sobek et al. (1978). Fey (2003) indicated that this 

method is based on the sulphur content to estimate the acid generation potential. 

Assumptions of this method as indicated by EPA (1994) include: 

• All reported sulphur occurs as pyrite 

• Pyrite is completely oxidized to sulphate and ferric hydroxide 
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• Hydrogen ions produced are neutralized by CaCO3 

• All reactions are instantaneous 

A total of 18 samples were air dried for 24 hours prior preparation. Subsequently, samples 

were then crushed. Samples were sent to the Waterlab (PTY) Ltd at Pretoria for analysis. 

Total sulphur was determined for acid generating potential for all collected samples. 

3.3.2 Sample Analysis 

Host rock specimens and coal samples were subjected to several laboratory analyses 

including, petrographic studies, geochemical analyses, coal quality and static acid base 

accounting tests.  

3.3.2.1 Petrographic and Mineralogical Analysis 

 

Microscopic and mineralogical characteristics of both host rock specimens and coal samples 

was undertaken. Transmitted light petrographic microscopy was undertaken for 3 host rock 

specimens while organic petrography was done 6 coal samples. Quantitative mineralogical 

studies were undertaken for 8 samples (3 rock specimens and 5 coal samples).  

 

Petrographic Analysis 

 

The microscopic study of rock specimens allowed for a better understanding of its mineral 

components (Craig and Vaughan, 1994). An Olympus Zeiss AxioCam transmitted light 

petrographic microscope (Fig. 3.10) was used for petrographic analysis at the Department of 

Earth Sciences, University of Venda. These specimens were studied at 200 µm scale. 

Photomicrographs for the three studied rock specimens were further interpreted and 

discussed (Figs. 4.1; 4.2; 4.3). 
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Figure 3.10: Olympus BX51 transmitted and reflected light petrographic microscope used for 

petrographic study of rock specimens. 

Organic Petrology Analysis 

Maceral analyses were performed on polished blocks under a reflected light microscope 

equipped with an oil immersion objective lens and an automatic point counting stage that 

traverses the sample at 0.4 mm intervals in accordance with ISO 7404-3. Under the cross hair, 

a minimum of 500 points are counted. To calculate the coal rank, an objective lens with a 

magnification of x50 is used, and the stage or light path is rotated 360 degrees. A minimum of 

100 readings on vitrinite bands within the measurement area are taken. Vitrinite is used 

because it has a constant and linear loss of volatile matter as well as an increase in carbon 

content (Wagner et al., 2018). High quality sample preparation is required to ensure good 

results. 

 

Coal samples were analysed using Zeiss Axioimager M2m polarized reflected light 

microscope with a 50X oil immersion objective lens fitted with Fossil monochrome and colour 

cameras (Fig. 3.11). Organic petrology training was provided by a certified coal petrographer, 

Professor N. Wagner from the Geology Department, University of Johannesburg. This 

involved studying the macerals as well as the inorganic constituent of coal. Prior analysis, 

yttrium-aluminum-garnet 0.900 disk was used to calibrate the microscope with aid of 

immersion oil. A 500 point count was undertaken for macerals and mineral matter analysis 

while a 100 point count was undertaken for vitrinite reflectance. Samples were analysed 

following ISO 7404-3 and results were reported in volume percentage. Maceral point count 
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and vitrinite reflectance results were tabulated (Tables 4.1; 4.2). Photomicrographs for coal 

samples are interpreted and discussed (Figs. 4.5 - 4.10). 

 

Figure 3.11: Zeiss Axioimager organic petrography microscope used for maceral point count 

and vitrinite reflectance studies. 

 

Mineralogical Analysis 

Coal samples were heated at 100 ºC prior analysis to remove excess organic matter that 

would mask the mineral phases. Subsequently, 25 mm pressed pellets were prepared for 

XRD. samples were then analysed in θ–θ configuration using a PANalytical X-Pert Pro powder 

diffractometer with an X-Celerator detector and variable divergence and fixed receiving slits 

with iron filtered Co-Kα radiation (λ=1.789Å). X-pert highscore plus software was used to 

identify mineral phases by selecting the best fitting pattern from the ICSD database to the 

measured diffraction pattern. The identified quantitative mineral phases are tabulated (Table 

4.3). 

3.3.2.2 Scanning Electron Microscopy Analysis 

 

A total of 5 coal samples were selected for SEM-EDX analyses which was undertaken at the 

University of Cape Town. These samples were selected following the preliminary mineralogy 

and organic petrology results to investigate the morphology of pyrite in coal. Pyrite and its 

modes of occurrence were identified using scanning electron microscopy with energy 
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dispersive X-ray spectrometry (SEM-EDX) analyses. The observations were carried out on 5 

polished pellets and included detection modes for secondary electrons and back scattered 

electrons, as well as EDX analysis for the determination of chemical compositions of high 

quality. A Tescan MIRA3 FEG scanning electron microscope (SEM) was used for the SEM-

EDX analysis. Photomicrographs as well as EDX results were grouped together (Figs. 4.13 – 

4.17). 

3.3.2.3 Whole Rock Geochemistry Analysis 

 

Powdered host rock specimens and coal samples were sent to the University of Pretoria. 

Bruker s2 Ranger x-ray fluorescence (XRF) spectrometer was used to analyze the powdered 

and pelletized samples for major elemental oxides. Before analysis can be undertaken the 

XRF spectrometer was calibrated using a copper disk to ensure accurate results. After 

analysis, the data was retrieved to a computer system. All the data was then exported to 

Microsoft excel for further interpretation (Tables 4.5; 4.7).  

3.3.2.4 Coal Quality Analysis 

 

Proximate analyses (Moisture, ash, volatile matter and fixed carbon content) were analysed 

for 15 coal samples. Complementary analyses such as total sulphur and calorific value were 

undertaken for 15 coal samples at Bureau Veritas laboratory in Johannesburg. Coal quality 

results are noted and tabulated in Table 4.11. 

Proximate analyses 

Moisture Content 

Moisture analysis is conducted to determine the inherent moisture of coal. The moisture 

content was determined following the ISO 11722: 1999 method. Wet coal was first air dried to 

remove surface moisture.  

The mass of the crucibles was measured on a weighing scale and calibrated. One gram of 

each sample was weighed into the crucible (M1) and then placed in the oven and heated at 

105-110ºC. Samples were dried for two and half an hour. Crucibles were then removed from 

the oven and tightly covered with their lids to prevent introduction of moisture. Samples were 

cooled in a desiccator for 30 minutes then weighed (M2). Moisture content was calculated 

following Equation 12. Moisture is calculated on air dried (ad) basis. 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑎𝑑 =
M1−M2

M1
 𝑋 100                                                                                 Equation (12) 
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Ash Content 

According to Donahue and Rais (2009) and Thomas (2013) ash in coal is the residue 

(inorganic) material left behind after loss of moisture and volatile moisture. Thomas (2013) 

further indicated that the determined ash content is not equivalent to the mineral matter 

content of the coal, but it does, however represent the mineral matter in coal after losing the 

volatile component (CO2, SO2, H2O). Zhu (2014) indicated that the ash usually consists of 

silica, alumina, iron oxide and small quantities of lime and magnesia. 

The ash content was determined following the ISO 1171: 2010 method. The porcelain crucible 

was weighed and calibrated on a weighing machine. A weighed sample (1 g) was placed in 

the crucible (M1) and weighed. The sample was heated gradually at a rate that temperature 

would reach 450-500ºC by the end of the first hour. By the end of the second hour the 

temperature must have reached 700-750ºC. The sample was allowed to cool and weighed 

again (M2). The ash content was calculated on the basis of air dried basis (ad) according to 

ISO 1171: 2010 Equations 13 and 14. 

𝐴𝑠ℎ 𝑎𝑑 =
M1−M2

M1
 𝑋 100                                                                                        Equation   (13) 

To avoid the effect of moisture, air dried values was converted into dry basis following 

Equation 14. 

𝐴𝑠ℎ 𝑑𝑏 =
Ash ad

100−moisture ad
 𝑋 100                                                                              Equation  (14) 

Volatile Matter 

Volatile matter was determined following the ISO 562:2010 standard. A total of 15 samples 

were placed in a crucible and measured on a balance scale. A measured sample (1 g) was 

placed in the crucible prior to heating (M1). Samples were then heated at 950±20ºC for 7 

minutes. Following that, samples were then removed and allowed to cool for 15 to 30 minutes 

then weighed again (M2). The volatile matter was calculated following Equations (15, 16 and 

17). 

𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑚𝑎𝑡𝑡𝑒𝑟 𝑎𝑑 =
M1−M2

M1
 𝑋 100                                                                     Equation    (15) 

The air-dried (ad) value was converted to dry basis as follows: 

𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑚𝑎𝑡𝑡𝑒𝑟 𝑑𝑏 =
Volatile matter ad

100−moisture ad
 𝑋 100                                                        Equation    (16) 

Thereafter, the dry ash free (daf) value was obtained by: 



55 
 

𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑚𝑎𝑡𝑡𝑒𝑟 𝑑𝑎𝑓 =
100

100−ash db
 𝑋 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑚𝑎𝑡𝑡𝑒𝑟 𝑑𝑏                                      Equation    (17) 

Fixed Carbon Content 

The fixed carbon content was determined indirectly by finding the difference between the sum 

of moisture content, ash content and volatile matter and 100 %. Calculating the fixed carbon 

through difference yields values in air dried basis. However, it is necessary to convert air dried 

values to dry and dry ash free basis so as to obtain representative values of the amount of 

carbon in coal (SANS 10320:2004) Equations 18 and 19. 

% FC 𝑑𝑏 =
𝐹𝐶 (𝑎𝑑)

100−moisture ad
 𝑋 100                                                                        Equation    (18) 

% 𝐹𝐶 𝑑𝑎𝑓 =
100

100−Ash (db)
 𝑋 % 𝐹𝐶                                                                        Equation    (19) 

Calorific value 

The calorific value of coal refers to the amount of heat given off when coal is combusted 

(Falcon and Snyman, 1986; Suárez-Ruiz and Ward, 2008). Samples were sent to Bureau 

Veritas testing and inspecting laboratory in Johannesburg for calorific value analysis. The 

gross calorific value was determined using the Parr 6200 calorimeter and the complimentary 

Parr 6510 water handling system in accordance with ISO 1928: 2004.  

Total Sulphur 

The gravimetric Eschka method in accordance with ISO 334:1992 was used in preparation for 

total sulphur. Coal samples were sent to Bureau Veritas in Johannesburg for total sulphur 

determination. The sulphur content was analysed using Leco SC632 equipment following ISO 

334: 1992.  

Forms of Sulphur 

Thiessen (1945) conducted a study on the forms of sulphur in coal. He noted that sulphur does 

not occur elementally in coal, it does however occur in different forms namely; organic, pyritic 

and, sulphate sulphur. Coals contain varying concentrations of sulphur ranging from 0.5 to 5% 

(Chou, 2012).  

Using preliminary mineralogical data, 5 coal samples were chosen and analysed for sulphur 

forms. In accordance with ISO 157: 1996, sulphur forms were determined using ICP-OES 

Perkin Elmer Optima 5300 and Perkin Elmer Lamda 265 Gebruik. Sulphate sulphur was 

determined from a second split by HCL extraction. Organic sulphur (non-extractable) is the 

total sulphur content of the HNO3 split. Organic sulphur was determined from a third split by 
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HNO3 extraction. However, acid soluble sulphide sulphur (pyrite) was determined by finding 

the difference between the total sulphur contents of the HCL treated and HNO3 treated splits 

(Lepakko, 1993; EPA, 1994).  

3.3.2.5 Acid Mine Water Generation 

 

To achieve this objective, the paste pH and electric conductivity of host rock specimens and 

coal samples were determined. Thereafter, acid base accounting tests were conducted.  

Paste pH and Electrical Conductivity 

To determine the paste pH and EC, 25 g of pulverized host rock specimens and coal samples 

was weighed using Radway PS 6000/C/2 balance scale. Thereafter, samples were transferred 

into a 250 ml beaker which was then filled with de-ionized water. The mixture was vigorously 

stirred. This was done following Wu (2021). Thereafter, pH and EC were measured directly 

from the slurry for 4 days. This was done to access the effect of time on the acidity of samples. 

Acid Production Potential  

The acid generation potential was determined following the Sobek acid base accounting test 

(Sobek et al., 1978). Using the Leco SC 632, total sulphur was determined from a split (sample 

mass of 0.5 to 2 g). The AP (Acid generation potential) was calculated by multiplying the 

sulphur content in percentage by the conversion factor of 31.25 as indicated by Sobek et al. 

(1978). 

Neutralization Potential  

The neutralization potential was determined following the modified Sobek method. A mass of 

0.5 g pulverized 75 µm was placed in a piece of aluminum foil. Thereafter, on a ratio of 1:3 

HCl was added to the sample and fizzing was observed. Fizz readings as provided by Sobek 

et al. (1978) (Table 3.3) were used to quantify the required acid. 

Table 3.3: Fizz ratings and acid addition parameters (Sobek et al., 1978) 

 

 

Fizz Ratings HCL (ml) HCL (Normality)

0 none 20 0.1

1 slight 40 0.1

2 moderate 40 0.5

3 strong 80 0.5
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After conducting the fizz test, fizz rating indicated slight to none. Thereafter, 2g of 75 µm 

sample was weighed into a 250 ml erlenmeyer flask. Using the results from the fizz test, 0.1 

N of HCl was added into the samples. Samples were heated to nearly boiling while swirling 

the flask every 5 minutes until the reaction was complete. Distilled water was then added to 

make a total of 125 ml, thereafter, gently boiled for one minute and cooled at room 

temperature. Boiling chips were placed inside the beaker and covered with a watch glass. 

Boiling was carried out for gently for 5 minutes, then solution was allowed to cool. The solution 

was filtered using No. 40 Whatman filter paper. Subsequently, 5 ml of 30% hydrogen peroxide 

(H2O2) was added into the filtrates which were then boiled gently for an additional 5 minutes. 

Back titration was carried out using 0.1 N NaOH to pH of 7 standard units. The neutralizing 

potential was calculated using HCl normality, NaOH normality and weight of samples using 

Equation (20). 

NP = 
(𝐴𝑐𝑖𝑑 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑡𝑦 𝑥 𝑉)−(𝐵𝑎𝑠𝑒 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑡𝑦 𝑥 𝑉)𝑥 50

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
                                                    Equation    (20) 

If less than 3 ml of NaOH is required to achieve a pH of 7, then it is possible that HCl added 

was not enough to neutralize all the base present was not enough to neutralize all the base 

present in the 2 g sample.  

The Net neutralizing potential was determined by finding the difference between the acid 

generating and neutralizing potential as shown in equation 21 (Sobek et al., 1978; Usher et 

al., 2003). 

NNP = NP – AP                                                                                                  Equation   (21) 

Screening Criteria 

The criteria to be used following Price et al. (1997) and Usher et al. (2003) are: 

• Paste pH and EC 

• Net neutralizing potential (NNP) 

• Neutralizing potential ratio (NPR) 

• % S (Total sulphur) vs NPR 

Net Neutralizing Potential 

Sobek et al. (1978), Price (1997), Fey (2003) and Usher et al. (2003) indicated that if the NNP 

is greater than 20 kg/ton CaCO3 then it is considered to be safe and non-acidic producing, 

alternatively if the NNP is less than - 20 kg/ton CaCO3 then the material is capable of 

generating acid. EPA (1994) and Fey (2003) further indicated that if the NNP is between -20 
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and +20 kg/ton CaCO3 then this represents a range of uncertainty and necessitate further 

testing using kinetic tests. 

Neutralizing Potential Ratio 

The ratio of NP to AP can also be used (Ferguson and Morin, 1991). If ratios are used and the 

ratio of NP to AP is greater than 4:1 then there is a lower chance that acid will be generated 

(Price, 1997) (Table 3.4). Alternatively, ratios with 1:1 or less are more likely to generate acid 

(EPA, 1994).  

Table 3.4: Guideline for screening of acid generation potential based on Price (1997) and 

Usher et al. (2003) 

 

Sulphur Vs NPR 

For sustainable long-term acid generation, at least 0.3% sulphide-S is needed.  Values below 

this can yield acidity, but it is likely to be only of short-term significance.  From these facts, and 

using the NPR values, several rules can be derived (Price, 1997) and Usher et al. (2003): 

• Sample with less than 0.3% sulphide-S are regarded as having insufficient oxidisable 

sulphide-S to sustain acid generation, 

• NPR ratios of >4:1 are considered to have enough neutralising capacity. 

• NPR ratios of 3:1 to 1:1 are consider inconclusive. 

• NPR ratios below 1:1 with sulphide-S above 3% are potentially acid-generating (Soregaroli 

and Lawrence, 1998; Usher et al., 2003). 

Potential for ARD Initial 
NPR 

Screening 
Criteria 

Comments 

Likely < 1:1 Likely AMD generating 

Possibly 1:1 – 2:1 Possibly AMD generating if NP is 
insufficiently reactive or is depleted 

at a faster rate than sulphides 

Low 2:1 – 4:1 Not potentially AMD generating 
unless significant preferential 

exposure of sulphides along fracture 
planes, or extremely reactive 
sulphides in combination with 

insufficiently reactive NP 

None >4:1 No further AMD testing required 
unless materials are to be used as a 

source of alkalinity 
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3.4 Quality Control and Quality Assurance 

 

All glassware were washed with soap and then soaked in dilute nitric acid (10%) and 

thoroughly rinsed before use with deionized water. The XRF and XRD had to pass the 

required tuning test before calibration with freshly prepared standards done. The 

correlation coefficients for most of the elements should be close to 1 for the data 

collected to be reproducible and reliable. All measurements were done in duplicates 

and an average value was taken.
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CHAPTER 4: RESULTS INTERPRETATION 

 

This chapter presents the results interpretations for petrology, element geochemistry, and acid 

mine prediction. 

4.1 Petrographic and Mineralogical Characterisation of Host Rocks and Coal 

 

Host rock specimens and coal samples were characterised petrographically, quantitative 

mineralogical data was used to support petrography results. 

  

4.1.1 Description of Host Rocks 

The selected three host rock specimens and six coal samples from the Sekoko coal mine in 

the Waterberg Coalfield are described in detail in the petrographic results. To fully 

comprehend the samples, they were first visually examined by describing the physical 

properties of observable minerals. The optical properties of minerals in each sample were 

studied using a petrographic microscope on a scale of 200 µm. Mineralogical results confirmed 

the results of the petrology. 

Shale (Shale F-R) 

Shale F-R through field description was characterized by fine clay sized particles with a grey 

colour (Fig. 4.1A). The rock specimen is a clastic, argillaceous sedimentary rock. It is 

competent and characterized by laminations (thin parallel beds of less than 1 cm each) and 

breaks easily along the parallel layers (fissile). This specimen was collected from the roof 

material of seam 10 on the west portion. It was interbedded with a white to grey sandstone. 

Shale F-R is dominated by clay minerals as seen in Figure 4.1 (B,C). Quartz is the second 

dominant mineral occurring within fractures (Fig. 4.1C). The rock is dominated by fine grains 

of kaolinite (Fig. 4.1B,C). Based on the physical and petrographic description the specimen 

was identified as shale. 
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Figure 4.1: A diagram showing a shale specimen (Shale F-R): (A) hand specimen of shale 

collected from the roof of seam 10; (B) Photomicrograph of shale under plane polarised light; 

(C) Photomicrograph of shale under cross polarised light.: F-R= Far right, Qtz = Quartz, Cl= 

Clay, C= organic matter. 

Gritstone (Ply A F-R) 

The rock is an arenaceous sedimentary rock, characterized by course texture (Fig. 4.2A). The 

rock had a whitish to greyish colour, with yellowish colour on the surface due to sulphur stains. 

It revealed well packed grains that were matrix supported. It was found to be dominated by 

residual quartz minerals. Specimen was collected from the west portion of the box cut 

interbedded with the shale. Quartz was the dominant mineral (Fig. 4.2B,C), Kaolinite clay 

occurred as cementing material (Fig.4.2B). Grains of K-feldspar feldspar were seen (Fig. 4.2C) 

but not as dominant as quartz and clay. Minor content of muscovite grains were identified and 

were surrounded by quartz grains (Fig. 4.2C). Based on the physical and petrographic 

description the specimen was identified as a gritstone. 

 

Qtz 

Cl 

C 
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Figure 4.2: Hand specimen of gritstone (Ply A F-R) (A) collected from the roof of seam 10 on 

the west portion of the box cut: (B) Photomicrograph of gritstone under crossed polarised light, 

(C) Photomicrograph of gritstone under plane polarised light; F-R= Far right; Mc= K-feldspar; 

Qtz= Quartz; Cl= Clay; Mu=Muscovite. 

Sandstone (Ply A S-L) 

The specimen was collected from the box-cut. The grains displayed medium to fine texture 

(Fig. 4.3A). The specimen was dominated by a white colour due to the abundance of quartz 

grains. Grain sizes ranged from 100 to 200 µm and were well packed. A lump of fine-grained 

kaolinite was found to be enclosed by quartz grains (Fig. 4.3B,C) implying that kaolinite 

occurred as secondary minerals due to weathering during diagenesis process. Minor content 

of muscovite were present with medium relief and planar cleavage (Fig. 4.3C).  

Mc 

Qtz 

Cl 

Mu 
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Figure 4.3: Hand specimen of sandstone (Ply A S-L) (A) collected from the roof of seam 10 

on the south portion of the box cut: (A) Photomicrograph of sandstone under cross polarised 

light, (C) Photomicrograph of sandstone under plane polarised light and Photomicrographs (B 

and C) of the specimen under a petrographic microscope. Mc= K-feldspar, Qz= Quartz and 

Cl= Clay.                                 

4.1.2 Description of Coal Samples 

The Waterberg coalfield is characterized by coal consisting of alternating bands of bright and 

dull coal (Fig. 4.4A,B). On the west portion of seam 10, layers of both bright and dull coal were 

found to be thin as compared to those on the southern portion. The coal specimen was mostly 

bright with prominent stains of sulphur and calcite stains on the face of the box cut. Physically, 

the coal is characterized by high density and it breaks evenly.  
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Figure 4.4: Hand specimen showing alternating bands of bright and dull coal: (A) alternating 

bands of dull and bright coal, (B) thin bands of bright and dull coal. 

4.1.3 Mineralogical Characterisation of Host Rocks and Coal  

X-ray diffraction patterns of selected 8 samples were established (Table 4.1). The quantitative 

results for the XRD analyses are as follows: 

• Quartz and kaolinite are the dominant mineral phases in clastic sedimentary rocks (A S-L, 

A F-R, shale F-R) with mean concentrations of 58.23 and 35.40 Wt% respectively. Coal 

samples, however, are dominated by kaolinite (Fig. 4.5) with a mean concentration of 17.44 

Wt% (Table 4.1). 

• The concentration of kaolinite decreases with depth on the south portion of seam 10 (from 

ply E to H S-L) and it is more dominant in seam 11 than 10 (Table 4.1). 

• K-feldspar, muscovite and Anatase are present in clastic sedimentary rocks overlying seam 

10 (Fig. 4.5). K-feldspar is only present in ply A S-L at 10.50 Wt % (Table 4.1). 

•  Pyrite is present in all coal samples with a minimum concentration of 1.10 Wt % (seam 11 

composite) and a maximum concentration of 9.40 Wt% (H S-L). Seam 10 contains more 

pyrite (1.30 Wt %) as compared to seam 11 (1.10 Wt %). The mean concentration of pyrite 

in all coal samples is 4 Wt%. 

•  Magnetite is present in ply E S-L at 1.00 Wt % (Fig. 4.5). 
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Table 4.1: Quantitative mineralogy of host rocks (Clastic rocks: interburden) and coal (South 

left portion to composites) 

 

 

4.1.3.1 Clastic Sedimentary Rocks 

 

Ply A S-L  

This is a clastic sedimentary rock (sandstone) overlying coal seam 10 on the south portion. It 

is dominated by quartz with a concentration of 75.10 Wt% (Table 4.1, Fig. 4.5). The second 

dominant mineral phase is kaolinite (clay) which occurs at a concentration of 23.50 Wt%. 

Muscovite (0.90 Wt%) and Anatase (0.50 Wt%) are in minor quantities (Table 4.1; Fig. 4.5).  

Ply A F-R  

This is also a clastic sedimentary rock dominated by quartz with concentration of 63.60 Wt%. 

Kaolinite (22.20 Wt %) is the second dominant mineral phase then followed by K-feldspar with 

a concentration of 10.50 Wt %. The concentration of quartz and kaolinite mineral phases are 

lower in gritstone as compared to those in the sandstone, however, Ply A F-R contains more 

K-feldspar (10.50 Wt %) and muscovite (3.40 Wt %) compared to that of the sandstone (A S-

L) (Table 4.1; Fig. 4.5). Physically, this specimen is coarser as compared to the sandstone, it 

is characteristically grey in colour with whitish cementing agent. Clay (kaolinite) inherited from 

chemical alteration of the source rock is the cementing agent.  

Shale F-R 
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This rock is dominated by kaolinite with a concentration of 60.50 Wt% without organic matter 

(Fig. 4.5). The concentration of quartz (36%) is the second dominant mineral phase. Muscovite 

and Anatase are present in minor quantities of 3 Wt% and 0.50 Wt% respectively (Fig. 4.5).  

4.1.3.2 Coal Samples 

 

Ply E S-L 

Kaolinite is the dominant mineral phase with a concentration of 13 Wt% followed by pyrite at 

6.90 Wt%. Quartz and magnetite mineral phases are also present at 2.60 and 1.00 Wt% 

respectively (Table 4.1; Fig. 4.5). 

Ply H S-L 

Kaolinite (11.80 Wt %) is the main mineral component, but it is less compared to that of Ply E 

S-L overlying it (Fig. 4.5). The concentration of pyrite is increasing with depth in the south 

portion of seam 10, from 6.90 to 9.40 Wt % in Ply E and H S-L respectively. The concentration 

of quartz increases with depth in the south portion of seam 10, from 2.60 to 3.80 Wt% in Ply 

E and H S-L respectively.  

Ply C F-R 

The coal sample from the west portion of seam 10 contains kaolinite as the dominant mineral 

phase with a concentration of 15.30 Wt %.  Quartz (4.40 Wt%) is the second dominant mineral 

phase and it is more abundant than the specimen collected from the south portion. Pyrite is 

present in coal at 1.30 Wt % which is less when compared to those in the south (Fig. 4.5).  

Seam 11 Composite 

Mineralogically, the composite sample of seam 11 is dominated by kaolinite (25.20 Wt %) as 

an inorganic constituent. The second dominant mineral phase is quartz which occurs at 7.80 

Wt. %. Pyrite mineral phase is present in coal at 1.10 Wt% (Fig. 4.5). 

Seam 10 Composite 

Composite sample of seam 10 is chiefly composed of kaolinite mineral with a concentration of 

21.90 Wt%. Quartz is the second dominant mineral with concentration of 9.40 Wt%. Pyrite in 

seam 10 (1.30 Wt%) composite is occurring in higher concentration as compared to seam 11. 

This shows that the concentration of pyrite is increasing with depth (Table 4.1). 
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Figure 4.5: Quantitative mineralogy of selected host rock specimens and coal samples. 

4.2 Major Oxides of Host Rocks and Coal  

 

This involved the use of x-ray fluorescence to determine the major oxides in host rock 

specimens and coal samples. 

4.2.1 Host Rocks 

Results of major oxides in clastic sedimentary rocks indicate an average mean value in weight 

% of SiO2 (77.43); Al2O3 (13.22); K2O (0.54), TiO2 (0.49); Fe2O3 (0.45); ZrO2 (0.19); P2O5 

(0.15); Cr2O3 (0.10); MgO (0.05); SrO (0.05) and CaO (0.04) in their order of abundance (Table 

4.3). Other oxides like, V2O5; MnO, NiO, and Y2O3 all had an average concentration of 0.01 

Wt% (Table 4.2). Concentrations of sulphur (S) were occurring at extremely low concentration 

with a maximum concentration of 0.2 wt % in Ply A F-R (Table 4.2). The concentration of SiO2 

in clastic sedimentary rocks is the dominant major oxide ranging between 61.63 (Shale F-R) 

and 85.61 Wt % (PLY A S-L) to (Table. 4.2; Fig. 4.6).  

The concentration of TiO2 in clastic sedimentary rocks ranged between 0.15 to 0.95 Wt% (Fig. 

4.6). The concentration of Fe2O3 ranged between 0.44 to 0.47 Wt% (Table. 4.3). The 

concentration of Fe2O3 is higher in shale F-R than the other clastic rocks. The concentrations 

of the other oxides like K2O, MgO, CaO and MnO are relatively low ranging between 0.17 to 

1.36; 0.00 to 0.25; 0.00 to 0.08 and 0.00 to 0.01 Wt% (Table 4.3; Fig. 4.6).  
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Table 4.2: Concentrations of major oxides in clastic sedimentary rocks (ND= Not determined 

as major oxides but as elements) 

 

Table 4.3: Descriptive statistics of major oxides (Wt %) in overburden 
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Figure 4.6: Concentration of major oxides in clastic sedimentary rocks. 

4.2.2 Coal 

Results for major oxides in coal are indicated in Table 4.4. Descriptive statistics of major 

oxides in coal indicate an average mean value in weight % of SiO2 (14.98), Al2O3 (7.58), Fe2O3 

(1.18), TiO2 (0.35), ZrO2 (0.08), K2O (0.06), CaO (0.02), MgO (0.02), P2O5 (0.02), NiO (0.01), 

SrO (0.01) and Y2O3 (0.01) in their order of abundance (Table 4.5). The rest of the major 

oxides like V2O5, Cr2O3, ZnO, and Na2O were below detection limit (Table 4.5).  

The concentration of SiO2 in coal is the dominant major oxide ranging between 3.37 Wt % (Ply 

C S-L) to 59.47 Wt % (Ply G S-L) (Fig. 4.7). The concentration of Al2O3, Fe2O3 and TiO2 are 

also moderate to high ranging from 2.00 to 19.30; 0.21 to 5.26; 0.10 to 1.49 Wt % respectively 

(Table 4.5). The concentration of Fe2O3 in both portions of seam 10 are increasing with depth, 

this implies that the ferric iron is enriched with depth. In contrast, ZrO2, K2O, MgO, CaO, P2O5, 

NiO and SrO are relatively low ranging between 0.03 to 0.20; 0.01 to 0.12; 0.00 to 0.05, 0.00 

to 0.02, 0.00 to 0.06, 0.00 to 0.01 and 0.01 to 0.02 Wt % (Table 4.5).  

Major oxides such as SiO2, Al2O3, MgO and K2O are most dominant in the west far right (F-

R) portion of seam 10 as compared to the south left (S-L) portion (Fig. 4.7). The concentration 

of Fe2O3 is dominant in the south left portion of seam 10, particularly ply E S-L and H S-L with 

Fe2O3 concentrations of 4.31 and 5.26 Wt% respectively (Fig. 4.7). When comparing the 

composite samples for both seams 11 and 10, seam 10 has a higher concentration of major 

oxides as compared to seam 10. 
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Table 4.4: Major element oxides in coal from Sekoko coal mine in Waterberg Coalfield (Wt %) 
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Table 4.5: Descriptive statistics of major oxides (Wt %) of coal 

 

  



72 
 

Figure 4.7: Concentration of major oxides in coal samples. 
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4.3 Organic Petrology 

 

This section focused on the microscopic observation of six representative coal samples.  

4.3.1 Maceral Point Count 

Macerals and mineral matter of coal in Vol. % with mineral matter (inc. mm) and without 

mineral matter (mmf) were identified (Table 4.6). Following maceral point count coal from 

Sekoko coal mine was found to be dominated by inertinite, followed by vitrinite and Liptinite 

macerals (Fig. 4.8).  

Results for maceral composition (Table 4.6) indicated that the analysed coal samples contain 

high concentrations of inertinite with a minimum and maximum values of 28.30 and 90.30 vol. 

% mmf respectively. Vitrinite are intermediate with concentrations ranging from 8 to 70.50 vol. 

% mmf. Liptinite is present at low concentrations with a minimum concentration of 1.2 vol. % 

mmf and a maximum value of 2.8 vol % mmf.  

Figure 4.22 shows the distribution of macerals with depth. This shows an increase in vitrinite 

with increasing depth. This is evident through an increase in vitrinite from ply C S-L to ply H 

S-L (Fig. 4.8). There is also an increase in vitrinite from seam 11 to seam 10 (Fig. 4.8). In 

contrast, the inertinite macerals show a decline with increasing depth, with high concentration 

(> 90 vol.% mmf) in ply F S-L (Fig. 4.8). The decline of inertinite with depth is evident from 

seam 11 to seam 10 as well as from ply C to H S-L (Fig. 4.8). 

Figure 4.8: Summarised major maceral groups in selected coal samples. 
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Vitrinite in coal occurs in several forms. Collodetrinite is the dominant maceral with a minimum 

value of 4.80 vol.% mmf (Ply F S-L), a maximum value of 43.60 vol.% mmf (Ply H S-L) and an 

arithmetic mean of 24.78 vol. % mmf (Tables 4.6; 4.7).  Collotelinite and telinite macerals are 

the second dominant with a minimum of 1.00 and 0.20 vol% mmf, a maximum of 14.90 and 

8.40 vol. % mmf, and an arithmetic mean of 6.12 and 3.12 vol.% mmf respectively. 

Pseudovitrinite, corpogelinite and vitrodetrinite are present with mean concentration values of 

1.62, 1.32 and 0,08 vol. % mmf respectively. 

Table 4.6 shows that the concentration of collodetrinite is increasing with depth (Ply C S-L to 

H S-L). Inertinite in Sekoko coal samples consists mainly of inert semifusinite maceral with a 

minimum concentration of 11.10 vol. % mmf (Ply H S-L) and a maximum concentration of 46.8 

vol% mmf (Ply F S-L) and an arithmetic mean of 32.08 vol.% mmf. Inertodetrinite I is the 

second dominant inertinite maceral with a minimum and maximum concentration of 1.40 (H 

S-L) and 33.00 (F S-L) with an arithmetic mean of 13.17 vol. % mmf. Fusinite, reactive 

semifusinite and secretinite macerals ranges between 1.30 to 12.60, 2.60 to 7.20 and 2.00 to 

6.00 vol. % mmf with arithmetic mean of 6.35, 4.75 and 4.18 vol. % mmf respectively.
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Table 4.6: Organic petrology results showing major groups, subgroups of macerals as well as the mineral matter in coal 
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Micrinite occurs at lower concentrations with a maximum value of 1.10 vol. % mmf and an 

arithmetic mean of 0.48 vol. % mmf (Table 4.7). Fusinite, reactive semifusinite and 

inertodetrinite macerals are decreasing with depth, in contrast, inert semifusinite and micrinite 

show an increase in concentration with depth. 

The Liptinite macerals have the lowest concentrations compared to other macerals. Sporinite 

is dominant with minimum and maximum concentrations of 1.20 and 2.80 vol. % mmf while 

the arithmetic mean is 1.98 vol. % mmf. Cutinite and alginite have the same concentration, 

both occur at lower concentrations with a minimum and maximum concentration of 0.00 and 

0.20 vol.% mmf with a mean concentration of 0.03 vol.% mmf (Table 4.7). 

When conducting maceral point count, the mineral matter within the coal was also 

investigated. Table 4.6 shows the different mineral matter present in coal, and these include 

clay, quartz, carbonates, and pyrite amongst other minerals. Pyrite is present in different forms 

within the coal. Figures (4.10B) show disseminated pyrite grains occurring within vitrinite 

macerals and massive pyrite occurring within cracks. Ply H S-L shows a massive pyrite 

occurring within cracks (Fig. 4.13D), implying that it is epigenetic. The framboidal pyrite grains 

within the organic matter (macerals) suggest a rather syngenetic deposition. The morphology 

of pyrite was studied in greater detail using scanning electron microscopy. 

The overall concentration of pyrite as determined by organic petrography shows an increase 

with depth (Ply C S-L to H S-L; Table 4.6). This trend also applies for carbonate as the 

concentration increases from C S-L (1.6 vol. % inc. mm) to H S-L (4.00 vol. % inc. mm). Ply H 

S-L contains the highest concentration of pyrite with (8.00 vol.% inc. mm), this is also evident 

through the massive pyrite in Figure 4.13D. Seam 10 composite contains the lowest amount 

of pyrite (0.20 vol. % inc. mm). Minor Concentrations of disseminated calcite are present. They 

occur within fractures of pseudovitrinite (Fig. 4.12C). Calcite in this coal occurs as cleats 

infillings. Clay concentration in coal amounts for minimum and maximum values of 2.8 and 

9.00 vol. % inc. mm (Table 4.7). Clay minerals are fine and disseminated within cracks and 

open voids (4.11D). Disseminated quartz grains are present in open spaces, cracks within 

macerals and within clay minerals (Fig. 4.11B,D). 
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Table 4.7: Descriptive statistics for coal macerals constituents in mineral matter free (mmf) 

basis 
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Figure 4.9: Photomicrograph of Ply C F-R: (A) alternating bands of collotelinite (B) Bimacerals 

showing collotelinite, fusinite, secretinite and corpogelinite, (C) shows collotelinite with fusinite 

enclosed within, (D) shows a white fusinite. COL= Collotelinite, COR= Corpogelinite, FUS= 

fusinite, SC= secretinite, F-R=West portion of seam 10 (Oil immersion at x500m 

magnification). 

Figure 4.10: Photomicrographs of composite seam 10: (A) showing pseudovitrinite cracks and 

calcite within a crack, (B) shows collodetrinite alternating with telinite with pyrite within a crack. 
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PS= Pseudovitrinite, TEL= Telinite, CD= Collodetrinite, Ca=calcite, P=pyrite. (Oil immersion 

at x500 m magnification). 

Figure 4.11: Photomicrographs of ply F S-L: (A) showing telinite and micrinite, (B) shows 

epigenetic quartz, (C) shows inert semifusinite with inclusions of fusinite and reactive 

semifusinite, (D) shows epigenetic clay minerals. TEL= Telinite, MIC=Micrinite, Qu=Quartz, 

ISF= Inert semifusinite, FUS= Fusinite, Cl= Clay, S-L= South portion of seam 10. (Oil 

immersion at 500 µm magnification). 
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Figure 4.12: Photomicrographs of ply C S-L: (A) showing bimacerals collodetrinite and 

fusinite, (B) shows a white fusinite, (C) shows collodetrinite and calcite within cracks, (D) 

Secretinite enclosed by clay minerals, (E) shows reactive semifusinite, inert semifusinite and 

epigenetic quartz. Sporinite and cutinite are present in frame F.   FU= fusinite, ISF= inert semi 

fusinite, RSF=reactive semifusinite, Cut= Cutinite, SP= Sporinite, Qu=quartz, Ca=Calcite, 

P=Pyrite.                                                                           
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Figure 4.13: Photomicrograph of ply H S-L: (A) showing a sharp contact between collotelinite, 

reactive semifusinite and inert semifusinite, disseminated pyrite grains within collotelinite 

macerals and in the boundary between macerals, (B) shows a secretinite enclosed within 

collotelinite, (C) shows very fine inertodetrinite, (D) a massive framboidal pyrite occurring 

between cracks, (E) Collotelinite enclosed within a collodetrinite, (F) shows sporinite. Col= 

Collotelinite, ISF= Inert semifusinite, RSF= Reactive semifusinite, SEC= Secrenite, IN= 

Intertodetrinite, CD= Collodetrinite, P= pyrite. 
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Figure 4.14: Photomicrograph seam 11 showing bimacerals with inert semifusinite 

surrounding collotelinite (A), Frame B shows collotelinite with calcite grain within the maceral. 

Frame C shows inertodetrinite with open spaces indicating epigenetic minerals. Frame D 

shows fusinite enclosed by inert semifusinite macerals. Frame E shows collodetrinite and inert 

semifusinite. Frame F shows sporinite and cutinite, Ca=Calcite. 

4.3.2 Vitrinite Reflectance 

Table 4.8 shows results for mean random vitrinite reflectance. The standard deviations as well 

as the number of counts are also indicated. Following reflectance measurements, coal from 
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Sekoko coal mine is ranked as medium-rank bituminous C following SANS 10320:2004 

Standard. Following the ECE-UN classification system (1998) all coal samples except Ply C 

S-L are medium rank bituminous C as they have vitrinite reflectance ranging between 0.617 

and 0.752 (% RoVmr). Ply C S-L has a vitrinite reflectance of 0.593 (% RoVmr), this implies that 

it is medium rank bituminous D which can be used as steam coal. 

Table 4.8: Mean random vitrinite reflectance (% RoVmr) results 

 

4.3.3 Characterisation of Pyrite 

The purpose of the analysis was to assess the morphology of pyrite within coal samples. The 

collected hand specimen shows a presence of weathered framboidal pyrite (Fig. 5.1).  

Figure 4.15: Hand specimen showing a dull coal with framboidal pyrite grain. 

Ply C F-R  

The concentration of sulphur ranges between 0.15 and 22.47 % with a mean concentration of 

4.22%. The concentration of iron (Fe) ranges from 0 to 17.16% with a mean concentration of 

2.95%. Figure 4.16 B and C show framboidal pyrite with signs of disintegration (weathering).  

Ply E S-L  
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Sulphur concentrations range from 0.15 to 22.47 %, with a mean concentration of 4.22%. The 

iron (Fe) concentration ranges from 0.35 to 8.25%, with a mean concentration of 2.70%. 

Figures 4.17 B and C show framboidal pyrite with etching indicating initial stage of oxidation. 

Ply H S-L  

There is presence of disseminated pyrite grains (Fig. 4.18B,C). The pyrite grains have a 

framboidal morphology and are occurring on the surface of organic matter (Fig. 4.18C) The 

concentration of sulphur ranges from 0.37 to 8.41 with a mean concentration of 2.23. 

Alternatively, iron (Fe) concentration ranges from 0 to 6.78% with mean value of 1.76% (Fig. 

4.18D).  

Composite Seams 11 and 10 

The concentration of both sulphur and iron (Fe) is increasing with depth as seen from seam 

11 to 10 (Figs. 4.19, 4.20). Sulphur has a minimum of 0.3 and 0.24, a maximum of 1.76 and 

4.2 and an arithmetic mean of 0.95 and 1.18% for seam 11 and 10 respectively.  Subsequently, 

iron (Fe) a maximum of 1.61 and 3.4, and an arithmetic mean of 0.48 and 1.33% for seam 11 

and 10 respectively (Fig. 4.19 and 4.20). The concentration of iron (Fe) is increasing from 

seam 11 to 10, however, the sulphur content is decreasing. This shows that there is 

weathering and leaching of sulphur with increasing depth. Pyrite within seam 10 composite is 

fine grained and appears to be embedded with the organic matter as compared to that of seam 

11.  
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Figure 4.16: Images and results for Ply C F-R: (A) Showing organic matter and pyrite grain on 

a 50 µm scale, (B) Showing a cluster of pyrite grains on a 5 µm scale, (C) showing framboidal 

pyrite grains on a 1 µm scale, (D) shows EDX results, F-R= west portion of seam 10, 

C=Carbon, P=Pyrite. 
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Figure 4.17: Images and results for Ply E S-L: (A) Showing organic matter on a 50 µm scale, 

(B) Showing a cluster of pyrite grains on a 5 µm scale, (C) showing framboidal pyrite grains 

on a 1 µm scale, (D) shows EDX results, S-L=South portion of seam 10, C= Carbon (organic 

matter), P=Pyrite 
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Figure 4.18: Images and results for Ply H S-L: (A) Showing fine organic matter on a 50 µm 

scale, (B) Showing disseminated pyrite grains on a 5 µm scale, (C) showing disseminated 

framboidal pyrite grains on a 1 µm scale, (D) shows EDX results, S-L= South portion of seam 

10, C=Carbon (organic matter), P=Pyrite. 
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Figure 4.19: Images and results for seam 11 composite: (A) Showing fine organic matter on a 

50 µm scale, (B) Showing disseminated pyrite grains in organic matter on a 5 µm scale, (C) 

showing an array of framboidal pyrite grains on a 1 µm scale, (D) shows EDX results, 

C=Carbon (organic matter), P=Pyrite. 
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Figure 4.20: Images and results for seam 10 composite: (A) Showing organic matter on a 50 

µm scale, (B) Showing a tree bark-like organic matter a 5 µm scale, (C) showing fine grained 

framboidal pyrite grains on a 1 µm scale, (D) shows EDX results, C=Carbon (organic matter), 

P=Pyrite.      

4.4 Coal Quality Analysis 

 

Chemical characterisation of coal was undertaken to further investigate the coal quality. This 

involved proximate analysis, total sulphur, and gross calorific value (Table 4.9).  
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The descriptive statistics for proximate, sulphur and calorific value analyses show that 

samples yielded 7.72 to 62.68 Wt% in dry basis of fixed carbon content (Table 4.10). The 

volatile matter content in coal ranged between 10.09 and 34.40 % dry basis. The inherent 

moisture content (air dried) and ash (dry basis) yield of coal samples were 0.90 to 3.40 % and 

7.09 to 82.19 % respectively. The high ash (82.09 %; Table 4.10) and low volatile matter and 

fixed carbon content were from sample (Ply G S-L) which is carbonaceous shale. The total 

sulphur content yielded from coal ranged between 0.18 to 4.61 % (Table 4.10). The high 

sulphur content is from samples collected on the south portion of seam 10. The amount of 

energy released from coal during combustion (calorific value) ranged from 3.08 to 29.28 MJ/kg 

(Table 4.10). The lower value of heat (3.08%) came from the carbonaceous shale. The mean 

value for calorific value adheres with the specifications outlined by Eskom (Table 4.10). 

4.4.1 Proximate Analysis 

Moisture Analysis 

From the west far right portion of seam 10, moisture content in coal ranged from 2.6 to 3.4 % 

(air dried) with an arithmetic mean of 3.15% ad. The south portion of seam 10 moisture ranges 

from 0.9 (Ply G S-L) to 3.4 %ad (Table 4.10) with arithmetic mean of 2.83% ad. Both the west 

and south portion of the box-cut show a uniform decline in moisture content with depth (Fig. 

4.21). Composite seam 10 contains more moisture than seam 11.  

Figure 4.21: Inherent moisture content in coal from Sekoko coal mine. 
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Ash Content 

The ash content of coal represents the inorganic constituent or mineral matter of coal. 

Following results (Table 4.9), the concentration of ash content in coal decreases with depth 

from Ply B (19.3 Wt% db) to D F-R (10.7 Wt% db) from the west portion of seam 10 (Fig. 4.22).  

The Concentration of ash content then increased exponentially from Ply D F-R (10.7 Wt% db) 

to Ply E F-R (38.5 Wt% db) which was then followed by a gradual decrease from Ply E (38.5 

Wt% db) to H F-R (29.5 Wt% db) (Fig. 4.22). Samples from the south portion of seam 10 

reported ash content of 9.5 Wt% dry basis on the top ply B S-L (Fig. 4.22). This was followed 

by a slight decrease in Ply C S-L. Ply D S-L underlying C S-L contains high ash content of 

37.9 Wt% dry basis which then decreases to 14.1 Wt% db in H S-L (Fig. 4.22). There is no 

present distribution pattern of mineral matter in coal in the south portion. The elevated 

concentration of ash content in ply G S-L indicates that it is carbonaceous shale. The mean 

average value of ash content in coal from the south portion is 22.21 Wt% dry basis as 

compared to that of west portion which is 24.35 Wt% dry basis. Seam 10 composite (27.1 

Wt% db) sample reported more ash content than the overlying seam 11 (20.9% db) this shows 

an overall increase in mineral matter with continuous depth (Fig. 4.22). 

Volatile Matter 

Proximate analysis results show that the volatile matter content yield (dry basis) in the west 

far right portion of seam 10 gradually decreases with depth from Ply B (19.5% db) to H F-R 

(18.2% db) (Fig. 4.22). Volatile matter content increased from Ply B to C F-R which was 

followed by a gradual decline to Ply H F-R. A similar pattern is observed in the south portion 

of seam 10 where volatile matter increases from B (30.8% db) to C (34.4% db) which was 

followed by a decline to 10.1% db in G S-L. The mean average volatile matter on the west far 

right is 21.48 % dry basis. The volatile matter on the South portion of seam 10 ranges from 

10.1 (Ply G S-L) to 34.4 % db (Ply C S-L). The mean average volatile matter in the south 

portion of seam 10 is 26.09 Wt. % db. Ply G S-L is dominated by inorganic constituents, 

making up over 80%, this possibly imply that it is a carbonaceous rock. The amount of volatile 

matter yielded in the south is higher than the west portion of seam 10. Seam 11 composite 

has more volatile matter yield than seam 10, hence indicating volatile matter is decreasing 

with depth (Fig. 4.22). 

Fixed Carbon Content 

Tables 4.9 and 4.10 shows the results for fixed carbon content in coal in air dried, dry basis, 

and dry ash free basis. The dry basis and dry ash free values were used for this study. The 

fixed carbon content gradually decreases with depth from 61.2% db to 52.3% db from the west 
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portion of seam 10 (Ply B F-R to G F-R) (Fig. 4.22). The fixed carbon content is higher in the 

west part of seam 10 than in the south, though the difference is small. The fixed carbon content 

decreases overall in the south portion of seam 10 (Ply B S-L to H S-L) (Fig. 4.22). In the south 

portion of seam 10, fixed carbon content fluctuates from 59.7% db in Ply B S-L to a minimum 

of 7.7 % db in Ply G S-L (carbonaceous shale). Both seam 10 and 11 have fixed carbon 

content of 52.8% db (Fig. 4.22). 

Figure 4.22: Proximate properties of coal showing the distribution of ash, volatile matter and 

fixed carbon content in % dry basis. 

Table 4.9: Descriptive statistics for chemical and technological properties of coal (%) 

 



93 
 

Table 4.10: Chemical and technological analyses for coal samples reported in air dried, dry and dry ash free basis. 
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4.4.2 Calorific Value 

The distribution of calorific value with depth is illustrated in Figure 4.23 for both samples 

collected from the west and south portions of the box-cut. In the west portion of seam 10 (Ply 

B F-R to H F-R) there is a decline in calorific values in depth from values of 24.36 to 20.36 

MJ/Kg respectively (Fig. 4.23). The maximum calorific value concentration in the west side of 

seam 10 is 27.91 MJ/kg in Ply C F-R. Alternatively, the minimum value occurs within Ply E F-

R (17.48 MJ/kg) (Fig. 4.23). Similarly, the distribution of calorific value is the same with depth 

in the south portion of seam 10 (Ply B S-L to H S-L) with values ranging from 28.48 to 27.04 

MJ/Kg respectively (Fig. 4.23). In the south portion, the maximum concentration is 29.28 in 

Ply C S-L whereas the minimum value is 3.08 MJ/Kg in Ply G S-L, which is carbonaceous 

shale based on geochemical results. 

The composite seam 11 has higher calorific value as compared to the composite seam 10 

with 23.78 and 21.61 MJ/kg respectively (Fig. 4.23). Results in composite samples are in 

agreement with the plies, showing that the calorific value is decreasing with increasing depth. 

Figure 4.23: Distribution of calorific value (MJ/Kg) with depth on the west and south portions 

of the box-cut. 

4.4.3 Sulphur in Coal 

Table 4.9 shows the results for sulphur content in coal. Sulphur content increases from Ply B 

F-R (0.34 %) to Ply D F-R (1.23 %) from the west far right of seam 10 (Fig. 4.24). The sulphur 

content then gradually decreases to Ply G F-R. (0.50 %). In comparison to the west, the south 
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portion of seam 10 is sulphur enriched. Sulphur content gradually increases from Ply B S-L 

(0.54 %) to Ply E S-L, and ply H S-L (4.61 %) has high sulphur concentrations (Fig. 4.24). 

Seam 11 composite contains slightly more sulphur than seam 10 composite, being 1.37% and 

1.03%, respectively (Fig. 4.24). With increasing depth, the exponential trend (Fig. 4.24) shows 

an increase in sulphur (Fig. 4.24).  

Figure 4.24: Distribution of sulphur with depth (West portion of seam 10= F-R, south portion = 

S-L) in coal. 

Forms of Sulphur in Coal 

Coal samples from Sekoko coal mine contain both three forms of sulphur namely; pyritic, 

organic and sulphate sulphur forms in their order of abundance (Table 4.11). 

Table 4.11: Different forms of sulphur in coal samples from Sekoko coal mine 

 

Pyritic sulphur is the most abundant sulphur form in coal with an average mean of 1.53 %, a 

minimum and maximum concentration of 0.38 to 3.33 % respectively (Table 4.12). Organic 

sulphur is the second dominant form of sulphur with a minimum and maximum concentration 

of 0.19 to 1.39 respectively (Table 4.12). Sulphate sulphur is present in coal but in much lesser 
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Sample ID % Pyritic Sulphur (ad) % Sulphate sulphur (ad) % Organic sulphur (ad) sum

Ply C F-R 0.7 0.01 0.64 1.35

Ply E S-L 2.68 0.36 1.39 4.43

Ply H S-L 3.33 0.21 1.07 4.61

Seam 10 0.38 0.46 0.19 1.03

Seam 11 0.56 0.19 0.63 1.38

Average 1.53 0.25 0.78 
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concentrations as compared to the pyritic and organic sulphur forms. It occurs in coal at a 

concentration of 0.01 (minimum) to 0.46 (maximum) (Table 4.12). 

Pyritic sulphur is dominant in all plies collected from the west (C F-R) and from the south 

portion (E and H S-L) of seam 10 (Fig. 4.25). It is exceedingly high in all samples collected 

from the south portion of seam 10 as compared to the west (Fig. 4.25). The composite samples 

(seam 10 and 11) are dominated by sulphate and organic sulphur respectively (Fig. 4.25).  

Table 4.12: Descriptive statistics for forms of sulphur in coal 

  

% Pyritic 

sulphur (ad) 

% Sulphate sulphur  

(ad) 

% Organic sulphur 

(ad) 

Minimum 0.38 0.01 0.19 

Maximum 3.33 0.46 1.39 

Mean 1.53 0.25 0.78 

Standard Error 0.61 0.08 0.21 

Standard Deviation 1.37 0.17 0.46 

Sample Variance 1.88 0.03 0.21 

 

Figure 4.25: Distribution of forms of sulphur in coal from Sekoko coal mine. 
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4.5 Acid Mine Drainage Prediction 

The prediction methods for acid mine water generation were the focus of this study. Paste pH, 

electrical conductivity, and acid base accounting tests results are indicated.  

4.5.1 Paste pH and Electric Conductivity  

Paste pH and EC were undertaken at the Earth Science Department, University of Venda, 

prior to acid base accounting tests. This was due to the fact that these parameters provide 

information of the natural acidity of samples.  

The paste pH results indicate an increase in pH from Ply A F-R to shale F-R on the first day 

of measurement. This is followed by a sudden decline in pH from shale F-R (4.50) to ply H F-

R (2.30) (Fig. 4.26). During the second day of pH measurement, both Ply A F-R and shale F-

R indicate an increase in pH. This is not the case when taking into consideration ply A S-L 

which indicates a decline in pH over the four-day period (Table 4.13). The paste pH values 

are indicating a decline in pH with increasing depth on the west far right (F-R) portion of seam 

10. Ply A S-L is showing an increase in pH of 4.30 as compared to ply A F-R with 3.19 (Table 

4.13).  

There is a decrease in pH from Ply A S-L (4.30) to C S-L (1.24). Thereafter, pH values 

gradually increased. Results indicate that over the four-day period, there was a significant 

decline in pH, particularly in the south left (S-L) portion of seam 10.  Seam 11 composite 

contains slightly low pH values (2.22) as compared to seam 10 (Table 4.13, Fig. 4.26).  

Table 4.13: Results of paste pH and EC (µs/cm) for coal and host rocks 

 

The ability of water to conduct an electrical current is measured by its electrical conductivity. 

The concentration of dissolved charged chemicals in water determines the amount of electrical 

Date

Site Name pH EC pH EC pH EC pH EC Interpretation Lithology

Ply A F-R 3.19 227 4.89 304 4.73 328 4.65 329 Medium Risk Gritstone

Shale F-R 4.5 273 4.95 365 4.91 375 4.54 435 Medium Risk Shale

Ply B F-R 3.19 295 2.77 486 2.6 680 2.55 576 High Risk Coal

Ply C F-R 2.41 500 2.66 722 2.57 760 2.48 765 High Risk Coal

Ply D F-R 2.27 1502 2.11 2180 2.04 2380 1.95 2390 High Risk Coal

Ply G F-R 2.24 825 2.41 1183 2.27 1282 2.28 1340 High Risk Coal

Ply H F-R 2.3 591 2.62 930 2.48 1001 2.43 1013 High Risk Coal

Ply A S-L 4.3 772 3.04 932 2.9 1028 2.82 1042 High Risk Sandstone

Ply B S-L 2.5 625 2.57 860 2.49 897 2.47 921 High Risk Coal

Ply C S-L 1.24 604 2.66 886 2.52 987 2.47 999 High Risk Coal

Ply D S-L 2.24 625 2.44 1057 2.31 1115 2.21 1185 High Risk Coal

Ply E S-L 2.27 2440 1.95 3590 1.79 3990 1.77 4110 High Risk Coal

Ply F S-L 2.02 1076 2.36 1559 2.25 1671 2.12 1673 High Risk Coal

Ply G S-L 2.9 267 3.33 348 3.23 353 3.17 360 High Risk Coal

Ply H S-L 2.2 1528 2.32 348 2.17 2220 2.08 2226 High Risk Coal

Seam 10 2.45 1931 2.22 2100 2.14 1996 2.11 2010 High Risk Coal

Seam 11 2.22 2970 1.77 4320 1.65 4630 1.63 1930 High Risk Coal

26/09/2022 27/09/2022 28/09/2022 29/09/2022
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current that can be conducted. The measurement of electrical conductivity (EC) showed an 

inverse relationship with the pH. Results for EC (Table 4.13) shows that EC is increasing 

exponentially from a minimum of 227 µs/cm in Ply A F-R to a maximum of 2970 µs/cm in seam 

11 (Fig. 4.26). The experiment involved measuring the paste EC over a course of 4 days, the 

results (Table 4.13) indicate that the EC was increasing with depth from Ply A F-R (227 µs/cm) 

to Ply H F-R (594 µs/cm). Ply D and G F-R are indicating an elevated EC from the first day of 

measurement. When focusing on the South left portion of seam 10, it shows that the EC is 

much elevated as compared to the west far right from the first day of measurement. Although 

the EC in the south left portion is elevated, the trend shows a gentle decline from ply A to D 

S-L from day 1 to day 4 of measurement. Ply E S-L shows elevated EC values from the first 

day of measurement with 2240 µs/cm which then increases to 4110 µs/cm on the last day of 

measurement (Table 4.13). The increase in pH was also followed by an increase in electrical 

conductivity for samples like Ply A F-R, shale F-R, ply G S-L (Fig. 4.26).  

Figure 4.26: A line graph showing paste pH and EC for both coal and host rocks. 

4.5.2 Static Acid Base Accounting 

To categorize samples as acid generating or non-acid generating, total sulphur, acid 

generating potential, neutralizing potential, and net neutralising potential had to be 

determined. Table 4.14 shows the results of static acid base accounting. 
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4.5.2.1 Acid Production Potential 

 

The west portion of seam 10 yielded lower acid production potential with a minimum value of 

5.81 kg/t in ply A F-R, maximum potential of 52 kg/t and an arithmetic mean of 19.7 kg/t (Table 

4.14). The south portion of seam 10 has a higher potential for acid production with a minimum 

potential of 1.09 kg/t (ply A S-L), a maximum potential of 181 kg/t (ply H S-L) and an arithmetic 

mean of 49.58 kg/t (Table 4.14). The overall mean acid production potential is 36.14 kg/t in 

seam 10 plies. The potential for acid production is increasing with depth from seam 11 (61 

kg/t) to seam 10 (70 kg/t). The mean acid production potential for composite samples (seam 

10 and 11) is 65.5 kg/t (Table 4.14). 

4.5.2.2 Neutralisation Potential 

 

Table 4.14 shows the results for neutralisation potential for all collected specimens. All 

specimens yielded a negative neutralisation potential values indicating that they have little to 

no capability to neutralise any acid that may be generated (Pinetown et al., 2007). 

 

4.5.3 Net Neutralisation Potential 

The classification used to indicate the acid generating nature (long term) of a sample is 

denoted by (I), whereas the intermediate (medium term acid generation) is denoted by (II), 

and non-acid generating is denoted by (III). According to the study's findings (Table 4.14), 13 

samples (72.22%) out of 18 have a high potential for acid generation, while 5 samples 

(27.77%) have a moderate potential (Figure 4.27). None of the samples examined had non-

acid generating potential. Negative NP values are obtained when the volume of NaOH (0.1N) 

titrated (pH: 8.3) is greater than the volume of HCl (1N) to reduce the pH of the sample to 2.0 

– 2.5. The NNP results (Table 4.14) show that 9 of the 18 collected samples are inconclusive 

because they fall between +20 and -20 kg CaCO3/t. Conversely, 9 samples exhibited high 

potential for acid generation, with NNP values as high as -190 kg CaCO3/t in Ply H S-L and a 

mean value of -41 kg CaCO3/t (Figure 4.27). Three (37%) of eight samples from the west 

portion of seam 10 (Ply A -H F-R) indicate a potential for acid generation, with values of -44, -

58, and -51 kg CaCO3/t for plies C,D, and E F-R, respectively. The remaining samples are 

inconclusive, with values ranging from -11 to -17 for plies A and H F-R, respectively. 

Acid generation potential is high in samples from the south portion of seam 10 (Fig. 4.27). 

Four (50%) of the eight collected samples show a higher potential for acid generation when 

compared to the west, with values ranging from -37 to -190 for plies C and H S-L, respectively 
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(Fig. 4.27). The comparison of composite seams 11 and 10 (Table 4.16; Fig. 4.27) shows that 

seam 10 is more acidic than seam 11. 

 

Figure 4.27: Acid mine drainage potential classification based on NNP. 
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Table 4.14: Static acid base accounting classification results, I (long term acid generating potential), II (Intermediate acid generating) 
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4.5.4 Neutralisation Potential Ratio  

Results for acid production (AP) and neutralisation potential (NP) (Table 4.14) were used to 

calculate the neutralisation potential ratio in open and closed system (Table 4.15). To 

determine the NPR in uncontrolled (open) and controlled (closed) environment, the acid 

production potential (Table 4.16) was multiplied by 2 to obtain values in a closed system 

(Price, 1997). The NPR in open system was obtained by dividing the NP by AP in Tables 4.14, 

results are shown in Table 5.5. The NPR in a closed system was determined following the 

same procedure only that, the NP was divided by AP in a closed system (Table 4.15).  

The NPR results were used to generate MS Excel plot (Fig. 4.28) using 1 as a screening 

criterion (Price, 1997). This criterion indicates that all the values below 1 are acid generating, 

however, values above 1 but below 3 are categorised as inconclusive whereas values above 

3 are categorised as non-acid generating (Price, 1997).  

Using this criterion, all the samples (100%) in open and closed system are below the dotted 

line (Fig. 4.28) thus indicating that they are acid generating as indicated by the interpretation 

in Table 4.15. The acid generation potential on the west far right increases with depth from ply 

A F-R to E F-R (Fig. 4.28). The overall trend on the south left indicates that the acidity 

increases with depth (Fig. 4.28).  

Figure 4.28 shows that all the samples fall within the acid generation range, it doesn’t however, 

indicate the intensity of acid generation, hence, Figure 4.29 was plotted using ABACUS tool 

using 1:1, 2:1, and 4:1 screening criterion as indicated by Price (1997). From the 18 analysed 

samples, 7 (38.9%) shows a high potential for acid generation as they fall above the 1:1 ratio 

(Fig. 4.28). A total of 4 samples (22.22%) occur within 1:1 and 2:1 (Fig. 4.29) indicating that 

they possibly can generate acid on the basis that there is insufficient neutralising material 

(Price, 1997). The remaining 7 samples (38.9%) occur within 2:1 and 4:1 ratio (Fig. 4.29), this 

shows that these samples have a low potential for acid generation. The only case where acid 

generation can prevail is when there is a presence of reactive sulphide minerals.  Following 

the NPR results and the screening criteria by Price (1997) none of the samples showed a 

potential for acid neutralisation.  



103 
 

Figure 4.28: Acid mine drainage potential classification showing net neutralising ratio in open 

and closed system. 

Figure 4.29: Acid mine drainage classification using AP vs NP, showing values above 1:1 as 

highly acid generating, between 1:1 and 2:1 as potentially acid generating, 2:1 and 4:1 

showing low potential for acid generation and below 4:1 indicating no potential for acid 

generation. 
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4.5.5 Neutralising Potential Ratio (NPR) vs Sulphur 

Results from Table 4.16 were used to generate NPR vs %s plot (Fig. 4.30). Figure 4.30 

indicates that from the 18 samples, 13 (72.22%) show a potential for acid generation as they 

occur within the red box (below NPR of 1). The generated plot shows that 72.22% of the 

analysed samples have sufficient sulphur for long term acid generation (Price, 1997; Usher et 

al., 2003). From the 18 analysed samples, 5 samples (27.8%) are in the grey area, this doesn’t 

necessarily imply that they are uncertain, they have low sulphur content, this implies that they 

may generate acid water but not for a long period of time. Results generated by all the 

screening criterions were put together and a verdict was made (Appendices A.10). The verdict 

shows that 13 (72.22%) of the 18 analysed samples have a high acid production potential. 

Conversely, the remaining 5 (27.77%) requires the long-term kinetic tests to determine if 

minerals don’t leach and generate acid (Usher et al., 2003).  

Figure 4.30: Acid mine water classification through comparison of NPR and sulphur, samples 

with NPR below 1 (red line) and sulphur beyond 0.3 (green line) are acid generating. 
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Table 4.15: NPR results with interpretations in open and closed systems 
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CHAPTER 5: DISCUSSION 

 

This chapter focused on the discussion of the results. The different analyses conducted were 

used to determine how the collected specimens can produce acidic mine water. There are 

various factors that play a role in the production of acidic mine water, and these encompass a 

range of parameters such as mineralogy, petrography, and geochemistry, and will be 

discussed here following the results presented in chapter 4. 

5.1 Mineralogy of Host Rocks and Coal 

 

Host Rocks: 

A sandstone that contains significant concentration of clay material is characterised as 

argillaceous sandstone (Minerals Database, 2022). De Jager (1986) indicated that there is no 

reported presence of sandstone layers or channels within the 70 m of the Grootegeluk coal-

mudstone sequence in the Waterberg basin.  

The presence of the overlying sandstone within the Sekoko coal mine could possibly imply 

high energy depositional environment for the host rocks. This is also evident through the 

presence of muscovite which indicates mechanical weathering of rocks in the source area and 

minimal chemical alteration (Faure, 1993). Muscovite unlike quartz and feldspar is more 

susceptible to chemical alteration, thus the presence of muscovite in ply A S-L indicate rapid 

deposition or deposition in less acidic environment (Pettijohn, 1975). Kaolinite occurs as 

cementing material in the sandstone as determined by petrographic studies. Clay minerals of 

detrital origin originate from influxes of sediment rich water (Faure, 1973). Clay minerals 

according to Pettijohn (1975) are the end products of chemical weathering of primary minerals, 

whereas quartz and feldspars are more of mechanical weathering in sedimentary rocks. This 

implies that the kaolinite within the sandstone was inherited from chemical weathering of the 

source rock under acidic and low cation activity environment as proposed by Garrels and 

Christ (1965); Curtis (1983) and Faure (1993). 

The occurrence of K-feldspar in the gritstone (ply A F-R) also implies that deposition occurred 

under alkaline (less acidic) environments or possibly deposition occurred rapidly in close 

proximity with the source rock such that the degree of weathering was minimal. This is 

following that K-feldspar can easily be weathered and altered. Muscovite unlike quartz and 

feldspar is more susceptible to chemical alteration; the presence of muscovite indicates rapid 

deposition or deposition in less acidic environment. 
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Quartz is a residual mineral, resistant to chemical weathering, hence, the presence of quartz 

indicates mechanical weathering of the source rock to form the host rocks. Quartz in these 

specimen suggests high depositional energy environment (Faure, 1993). Tucker (2001) 

indicated that the origin of quartz determines its size and shape. Quartz grains in both samples 

revealed sub-angular to sub-rounded shape, which implies that grains were transported from 

a distal crystalline source rock. Quartz grains from pre-existing sedimentary rocks tend to be 

more rounded while those from the original crystalline rocks are characterised by angular 

shapes (Tucker, 2001). The roundness of rock fragments is chiefly due to the transport 

medium and distance of transportation. Since this specimen (Shale F-R) is dominated by 

kaolinite (clay) that forms in acidic and low cation activities (Curtis, 1983; Faure, 1993), the 

quartz could have been introduced in the shale as stream and/or wind deposit as suggested 

by Renton (1982). Faure (1993) reported that the upper portion of the Grootegeluk Formation 

is more alkaline and less acidic, this possibly imply that the shale lithology was formed through 

deposition of sediments from a distal source rock. 

Coal Mineralogy: 

A substantial portion of the Grootegeluk and Swartrant Formations consists of mudstones and 

sandstones respectively. The mineral matter present within these Formations is most likely to 

be present in the underlying coal beds but at much lesser concentrations. Coal samples are 

dominated by three mineral phases, namely; kaolinite, quartz and pyrite in their order of 

abundance. Renton (1982) explained that the clay within some coal beds may be of vegetal 

chemical origin formed from aluminosilicate materials contained within plants in the swamp. 

However, the elevated concentration of kaolinite in coal suggests that it is of detrital origin. K-

feldspar was chemically altered from the source rock which was distal from the depositional 

environment to form kaolinite as a secondary mineral (Faure, 1993). The selected coal 

samples contain significant pyrite concentration which may cause acid mine drainage, 

particularly the south portion of seam 10 with 9.40 Wt% in Ply H S-L. Pyrite possibly formed 

at more or less the same time with coal through deposition of iron into the peat swap which 

then gets reduced by sulphate-reducing bacteria into pyrite (Taylor and Macquaker, 2011). 

5.2 Geochemistry of Host Rocks and Coal 

 

Major Oxides of Host Rocks: 

Baiyegunhi et al. (2017) stated that clastic sedimentary rocks contain information about the 

composition as well as the evolution of the continental crust. When normalised against Taylor 

and McLennan (1985) UCC values (Fig. 5.1), the SiO2 content for all samples is above 1 

indicating that they are enriched in silica content (Taylor and McLennan, 1985). The 
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concentration of Al2O3 is also moderate to high ranging from 7.89 to 23.48 Wt %. When 

normalised against the UCC values of Taylor and McLennan (1985), only shale F-R is 

enriched in Al2O3 whereas others are depleted (Fig. 5.1). The concentration of TiO2 for all 

samples with the exception of shale F-R were depleted (Fig. 5.1), when normalised against 

the UCC values, all samples were deficient of Fe2O3 with a ratio less than 0.20 (Fig. 5.1). Ply 

A F-R (Gritstone) is the only specimen enriched in P2O5. 

Figure 5.1: Spider plot of major oxides in clastic sedimentary rocks normalised against UCC 

values after Taylor and McLennan (1985). 

Coal oxide ratio: 

The coal oxide ratio of SiO2/Al2O3 yields values ranging from 2.62 to 10.78 and 1.50 to 3.08 

for host rock and coal respectively (Tables 5.1; 5.2). According to Yossifova et al. (2009); Zhao 

et al. (2015) and Ameh (2019), low values of SiO2/Al2O3 imply that coal was deposited under 

stable conditions. This concurs with the findings of Snyman (1998) who indicated that majority 

of the coal seams in South Africa were deposited under stable conditions. Alternatively, the 

host rock material may have been deposited under unstable conditions as the SiO2/Al2O3 ratio 

is higher compared to that of coal. Harnois (1998); McLennan et al. (1993) and Chen et al. 

(2016) indicated that Al and Ti cannot be easily mobilised by weathering hence, Al2O3 and 

TiO2 in source rocks are preserved. The oxides ratio of Al2O3/TiO2 in clastic sedimentary rocks 

ranges from 20.60 to 56.08 with a mean value of 33.83 (Table 5.1) while in coal it ranges from 

12.95 to 29.59 and has a mean value of 23.74 (Table 5.2). 
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Chen et al. (2016) elucidated that Al2O3/TiO2 as a discrimination criterion to distinguish 

different types of source rocks. They further indicated that Al2O3/TiO2 ratio of 3 to 8 with SiO2 

(45.52%) is for mafic igneous rocks, 8 to 21 with SiO2 (53 to 66%) is for intermediate igneous 

rocks and 21 to 70 with SiO2 (66 to 76%) for felsic igneous rocks. The ratio of Al2O3/TiO2 for 

host rocks ranges between 20.60 and 56.08 (Table 5.1) while coal samples ranges from 12.95 

to 29.59 with an average value of 23.74 (Table 5.2). This could possibly imply that intermediate 

to felsic igneous rock was the source rock of the detrital sediments in coal and host rocks. 

Several authors have proposed indices of weathering. These include the chemical index of 

alteration (CIA), the chemical index of weathering (CIW) and plagioclase index of alteration 

(PIA). Chemical index of alteration (CIA) as proposed by Nesbitt and Young (1982) is a good 

measure of the intensity of weathering and can be obtained by calculation (Equation 22): 

CIA= [Al2O3/(Al2O3 + CaO + Na2O + K2O] * 100                                                   Equation (22) 

According to Nesbitt and Young (1982) and Baiyegunhi et al. (2017) the CIA value provides a 

measure of the ratio of primary and secondary minerals such as clay. Fresh unaltered alibite, 

anorthite and potassic feldspar has CIA value of 50 whereas diaposide has a value of 0. Fresh 

basalt sample ranges between 30 and 45 in CIA values, whereas granite and granodiorite 

have much higher values ranging between 45 and 55 (Nesbitt and Young, 1982). Muscovite 

samples give a value of 75 while illite ranges between 75 and 85. They further indicated that 

kaolinite and chlorite have CIA values close to 100. Following the results of this study, the CIA 

value ranges between 97.19 and 99.43 with an average value of 98.72 for coal (Table 5.2), 

whereas for host rock it ranges between 87.82 to 98.27 (Table 5.1). This implies that there 

was high degree of chemical weathering in the source area for minerals in coal and host rocks. 

The high values of CIA indicate high presence of clay mineral and absence of detrital 

feldspars. This concurs with the findings of this study as kaolinite is present as a secondary 

mineral.  

The Chemical index of weathering (CIW) can be determined by calculation as proposed by 

Harnois (1988) (Equation 23):  

CIW= [Al2O3/ (Al2O3+CaO + Na2O)] *100                                                             Equation (23) 

The chemical index of weathering also indicates the degree of weathering in the source area. 

According to Harnois (1988), the CIW index is superior because it includes a limited number 

of components that are known to have consistent geochemical behaviour during weathering. 

The CIW values for the host rocks and coal studied range from 99.46 to 99.81, with an average 

mean of 99.63 (Table 5.1), and from 98.92 to 99.94, with an average mean value of 99.61 
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(Table 5.2). These CIW values for both host rock and coal samples indicate that the source 

rock had experienced extensive chemical weathering. 

Plagioclase index of alteration (PIA) was proposed by Fedo et al. (1995) and can be 

determined by calculation (Equation 24): 

PIA= [(Al2O3 –K2O)/Al2O3 + CaO + Na2O – K2O)] * 100                                       Equation (24) 

According to Fedo et al. (1995) and Baiyegunhi et al. (2017), the PIA determines the 

progressive weathering of feldspars to form clay minerals. Fully altered feldspars have a PIA 

value of 100, whereas weathered plagioclase has a PIA value of 50. According to the findings 

of this study, the PIA values for both host rocks and coal range between 99.46 and 99.80, with 

a mean value of 99.61 (Table 5.1), and between 98.90 and 99.94, with a mean value of 99.60 

(Table 5.2). These findings point to intense weathering of feldspars to form clay minerals like 

kaolinite. Because the concentration of kaolinite is slightly high, these results agree with the 

mineralogy of the collected samples. 

Table 5.1: Major oxides ratio for clastic sedimentary rocks 
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Table 5.2: Major oxides ratios for coal samples 

 

Major Oxides of Coal from Sekoko Mine: 

The major oxides and trace elements present in coal form part of its inorganic constituents 

(Wagner et al., 2018; Ameh, 2019). These major oxides and trace elements may also be part 

of coal organic constituent through authigenic or biogenic processes (Ward, 2016). The 

presence of such inorganic constituents in coal indicates that they were sourced chiefly from 

terrigenous origin. Furthermore, the abundance of Al2O3 (Tables 4.2) could imply that there 

was surplus detrital material in the peat as well as high degree of weathering of source rock 

(Ameh, 2019). Minerals containing aluminium are typically produced by the weathering of 

rocks containing aluminium, such as granites or shales, on land. Due to the presence of 

aluminium oxide, it is likely that surrounding rocks or terrestrial sources of sediment input had 

an impact on the coal-forming environment (Taylor et al., 1998). The Al2O3 in coal samples is 

from the kaolinite mineral determined through XRD. Coal in this area could have formed in 

freshwater or low salinity conditions. This agrees with the findings of Finkelman (1994) who 

indicated that the enrichment of Al2O3 in coal indicates that coal deposition was influenced 

freshwater sources. Ward (2002) further elaborated that the abundance of Al2O3 also indicates 

oxidizing environment for coal deposition as the presence of oxygen supports the weathering 

and oxidation of aluminium rich minerals to form aluminium oxide.  
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The terrestrial origin of inorganic matter in coal is also supported by the dominant occurrence 

of SiO2. This is supported by Taylor et al. (1998), Kalkreuth (2004) and Ward (2016) whose 

findings indicated that enriched SiO2 in coal indicates terrestrial origin. Ward (2016) further 

elaborated that inorganic matter in coal may also be from authigenic or vegetal origin. The 

collected coal specimens also reveal the presence of Fe2O3. This iron oxide may be derived 

from pyrite which according to Ward (2016) contains (Fe) and (S). Taylor et al. (1998) indicated 

that pyrite can get oxidised and produce Fe2O3. This further support the freshwater 

depositional environment as well as the elevated oxygen level to support the oxidation of 

pyrite. 

5.3 Coal Petrology 

 

The prevalence of inertinite in coal offers indications regarding the conditions of the coal-

forming processes as well as the paleoenvironment in which the plants grew. It provides ideas 

about the prevailing environmental circumstances during coal formation by pointing to the 

presence of particular plant species or groups that were more resistant to deterioration and 

preservation (Diessel, 1992). Coal with a greater inertinite content likely contains plant matter 

that is more resistant to decay and breakdown (Scott, 2009). The presence of vitrinite is a 

reflection of the preservation of woody tissues and a sign that trees and shrubs with lignin-rich 

structures were present in the prehistoric environment (Taylor et al., 1998). Coal from Sekoko 

coal mine has vitrinite reflectance ranging between 0.593 to 0.752 (% RoVmr). A reflectance 

value of 0.7 indicates that the coal has been subjected to extreme heat and pressure, which 

is frequently linked with deep burial or tectonic activity as indicated by Taylor et al. (1998). 

Lower liptinite content in coal may indicate a higher rank or degree of thermal maturity. Liptinite 

macerals are more vulnerable to thermal alteration, this implies that as coal receives 

increasing heat and pressure during coalification, this would have resulted in decreased 

liptinite concentration (Scott, 2009). 

5.4 Coal Quality  

 

Proximate Analysis: 

Coal from Sekoko coal mine meets the requirements for utilisation in South African power 

stations. The moisture content in the analysed coal specimens is below the rejection 

specification of 10 % (Eskom, 2008, Steyn and Minnit, 2010). The ratio of coal quality value 

by Eskom requirements yielded 0.30 for moisture content, this further shows that moisture 

content is lower in coal. Low inherent moisture in coal indicates that coal will yield increased 

heat values (ASTM, 2018). The maximum requirement for ash content is coal ranges between 
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25 -33 % db (Table 5.3), the rejection value for ash content in coal is above 35 % (Steyn and 

Minnit, 2010). The analysed ash content has mean value of 24.77 % db which does not exceed 

the rejection values stipulated by Eskom (2008). Following the ASTM D388 (1997) coal from 

Sekoko coal mine can be classed as bituminous coal and it can be grouped as high volatile A 

bituminous coal as the fixed carbon is less than 69 % daf and the volatile matter content is 

greater than 31 % daf on average (Table 4.9; ASTM D388, 1997).  

Table 5.3: Comparison of coal quality with Eskom requirements for utilisation 

 

Sulphur in Coal: 

The average or mean concentration of sulphur in coal is 1.23 %, which is above 1.00% of the 

required specification for utilization by Steyn and Minnitt (2010). Coal from the Sekoko coal 

mine contains more sulphur than the average sulphur concentrations in the Waterberg 

coalfield (0.99%) (Wagner et al., 2018). According to Gilligan (1986) and Greenshields (1986), 

the sulphur content of the Free State and Ermelo coal fields is slightly higher than that of the 

Sekoko coal mine, with 1.4 and 1.3%, respectively. Coal from Sekoko coal mine within the 

Waterberg coalfield exceeds the 0.40 to 1.29 % from the Highveld coalfield as specified by 

Wagner and Hlatshwayo (2005). The mean concentration of sulphur at Sekoko coal mine 

(1.23%) is higher than the documented average of 0.9% in the Waterberg Coalfield as 

indicated by Wagner et al. (2018). 

Caloric Value: 

The overall mean value of the amount of heat yielded (calorific value) in Mj/kg is 22.69 (Table 

5.3). The ratio of mean value of CV (Mj/kg) with Eskom requirements is 1.08 (Table 5.3). This 

shows that coal from Sekoko Coal mine meet the requirements for utilisation as it exceeds the 

minimum CV of 21 Mj/kg (Steyn and Minnitt, 2010). The mean CV value of 22.69 Mj/kg 

indicates that this this coal can yield significant amount of heat energy when combusted 
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making it suitable for energy production (Moazzem et al., 2012). Following Steyn and Minnitt 

(2010), coal from Sekoko coal mine can be classified as below grade D, using proximate 

values and calorific value. 

Calorific value and ash content have a strong negative correlation, with an R2 of 0.9957 (Fig. 

5.2). Figure 5.2 depicts the dependence of calorific value on ash content, demonstrating that 

as ash content (mineral matter) increases, the heat value yielded during coal combustion 

decreases (Wagner et al., 2018). Ply G S-L contains more than 80% ash (mineral matter), but 

the calorific value drops to less than 5 Mj/kg; hence, it can be classified as a carbonaceous 

rock. The linear regression equation in Figure 5.3 shows a positive correlation between fixed 

carbon and calorific value of coal from Sekoko coal mine. Figure 4.18 shows R2= 0.9031 

indicating a very strong correlation. This implies that an increase in fixed carbon will be 

accompanied by increase in calorific value. 

Figure 5.2: Strong Negative relationship between Calorific value (MJ/Kg) and ash content (% 

d.b). 
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Figure 5.3: Strong positive relationship between calorific value (Mj/kg) and fixed carbon 

content (% d.b). 

5.5 Potential for Acid Mine Water Mine Generation 

 

Paste pH and Electrical Conductivity: 

Interpretation on whether the sample is acid generating or not was given based on whether 

the pH was above or below 5 and 3.5 as indicated by Usher (2003) and Thwala (2020) 

respectively. From the 18 samples tested, all samples yielded paste pH below 5 whereas 16 

samples were below 3.5 (Table 4.14). Based on the screening criteria by Usher (2003) of 3.5, 

88 % of these samples have a potential for acid generation (all coal samples except the host 

rocks). 

The increase in pH in ply A F-R and shale F-R could be from the dissolution of oxides such as 

(CaO and MgO) as seen from whole rock geochemistry results (Table 4.2). The oxide minerals 

in these samples occur in less quantity which explains why the pH started to gradually 

decrease from day 3 to 4. When checking the exponential trend, it shows that pH is decreasing 

from the west far right portion to the south left portion of seam 10 indicating that the south left 

portion has a greater potential for acid generation compared to the west far right. 

Acid Mine Water Generation Potential: 

Coal from Sekoko coal mine has a great potential to generate acidic mine water. The NNP of 

over 72% of the collected specimen exceed -20 kg CaCO3/t indicated by (Price, 1997; Usher 

et al., 2003). The coal is more acidic than the overlying host rocks as supported by Deysel 
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(2015) who indicated that the upper part of the overlying rock formations of the Grootgeluk 

Formation are less likely to generate acid when compared to the coal. 

Implications of Geochemistry on Acid Mine Water Generation: 

The geochemical characteristics of host rocks and coal can affect how acidic mine water 

forms. The oxide of interest is particularly the iron oxide as it has a relationship with the pyrite 

determined through XRD. Pinetown et al. (2007) indicated that correlation between Fe2O3 and 

acid production is insignificant as the major source of Fe2O3 in the Highveld coalfield is siderite. 

However, this is not the case at Sekoko coal mine. Figure 5.4 shows a strong positive 

correlation between APP and Fe2O3. This correlation is significant because pyrite is the source 

of Fe2O3. This evident through X-Ray diffraction spectroscopy results, which shows that pyrite 

is the only mineral with iron detected. This relationship shows that an increase in Fe2O3 will 

cause an increase in acid production potential. Geochemistry results also reveal trace 

amounts of oxides and carbonates. This explains why the neutralisation potential for all 

specimen was negative. This signifies that there is little carbonates to neutralise the acid that 

may be produced by these rock units. The decrease in pH with depth can be linked with the 

increase in Fe2O3 with depth as established by geochemical analysis. The decrease of pH 

with depth is most likely due to an increase in hydrogen (H+) ions caused by hydrolysis of Fe3+ 

and Al3+ as indicated by (Masindi, 2015). The increase in EC in these samples is more likely 

related to the hydrolysis of cations like K+ and Mg+ as supported by Miraj et al. (2017). The EC 

in the south left portion of seam 10 exceeds 600 µs/cm (WHO, 1984). Hence, indicating that 

the effluents and leachates from the pit can cause server surface and groundwater pollution. 
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Figure 5.4: Strong positive relationship between acid potential (open system) and Fe2O3, 

showing the dependency acid production potential on Fe2O3. 

Implication of Organic Matter on Acid Mine Water Generation: 

This study also investigated the relationship between macerals and pyrite and how this 

influences acid mine water generation. The relationship between organic matter of coal and 

sulphur content was investigated by Roberts (1988). The study investigated the relationship 

between macerals and sulphur content of South African Permian coals. Roberts (1988) 

indicated a positive correlation between vitrinite macerals and sulphur, in contrast, there was 

a negative correlation between inertinite and sulphur content. The results of this study 

indicates that a positive correlation with R2=0.6251 was established between vitrinite and 

sulphur (Fig. 5.5). This concurs with the increase in vitrinite with depth, as an increase in pyrite 

with depth is also witnessed. The high sulphur content in vitrinite macerals is due to rise of 

water levels in the swamp which causes an increase in pH and decrease in Eh, hence 

promoting anaerobic bacterial activities (Roberts, 1988). Smyth (1970) indicated that rise in 

water levels causes variations in redox potential in peat forming environments. In contrast, 

Figure 5.6 shows a negative correlation between inertinite and total sulphur in coal. This 

concurs with the findings of Roberts (1988). Stach et al. (1975) and Casagrande et al. (1976) 
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further elucidated that inertinite macerals formed when the water table was low, with high 

redox potentials influenced by oxygen respiration organisms.   

Although the result of this study concurs with the findings of Roberts (1988) it is important to 

note that correlation between macerals and sulphur content works better when the 

depositional setting (syngenetic and epigenetic) of pyrite is known. Organic petrology results 

indicate pyrite grains occurring restrictively within cracks and vitrinite. This suggests that 

certain pyrite deposits may have formed simultaneously with organic matter (syngenetic), 

while pyrite observed within cracks indicates an epigenetic origin due to periodic seawater 

flooding following peat formation. 

Figure 5.5: Positive relationship between vitrinite content and total sulphur. 
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Figure 5.6: Negative relationship between inertinite macerals and total sulphur. 

Implication of Mineralogy on Acid Mine Water Generation: 

The formation of acidic mine water is substantially influenced by the makeup and properties 

of the minerals found in host rocks and coal. When exposed to air and water, different minerals 

have different capacities to produce acidity. According to Robertson et al. (2015), 

mineralogical and geochemical data can be utilised to anticipate environmental concerns. 

Sulphuric acid is produced when pyrite (FeS2) is exposed to oxygen and water (Nengovhela 

et al., 2006; Udayabhanu and Prasad, 2010). The preliminary acid production potential (APP) 

was calculated using the Abates V. 1.4 estimation tool (Table 5.4). This was achieved because 

some minerals, such as pyrite, can produce more sulphuric acid than their original mass (Earth 

Systems, 2012). When 1 kg of pyrite undergoes oxidation, it can generate 1.63 kg of sulphuric 

acid using the balanced Equation 25.  

4FeS2 + 15O2 + 8H2O  → 2Fe2O8 + 8H2SO4                                                      Equation   (25) 

4 mol                                                    8 mol 

4 x 120 g (mass)                                 8 x 98 g 

1000 g of pyrite generates 
8 X 98

4 X120
 𝑋 1000 = 1.63 kg H2SO4 

This tool is used to provide a preliminary acid generating and neutralising potential, but it 

doesn’t eliminate results from acid base accounting and kinetic tests. The assumptions of the 

program are as follows: 
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• The mineralogy is in weight percentage. 

• All reactions have undergone complete reaction (which is difficult to achieve in a natural 

environment). 

• The iron (Fe) in sulphide minerals has been oxidized to ferric iron (Fe 3+). 

Earth Systems (2012) and Fey (2003) also elucidated that whenever the acid production 

potential exceeds 20 kg/tonne of rock, the material is most likely to generate acid. In contrast, 

where the neutralising potential is below 20 kg/tonne, the material is unlikely to generate acid. 

Net neutralisation values between – 20 and 20 indicate inconclusive results which need further 

testing using other methods. 

To calculate the acidity generated by each sulphide mineral, the number of moles of sulphuric 

acid generated from the sulphide mineral (pyrite) were calculated following Equation 26. 

Thereafter, the mass of sulphuric acid generated was calculated following Equation 27 (Earth 

Systems, 2012). Results of preliminary acid production potential are indicated in Table 5.6. 

FeS2 + 15/4O2 + 7/2H2O  → Fe (OH)3 + 4H- + 2SO4                                           Equation  (26) 

Acidity = 
((𝐦𝐚𝐬𝐬 𝐨𝐟 𝐦𝐢𝐧𝐞𝐫𝐚𝐥)𝐱 (𝐦𝐨𝐥 𝐦𝐚𝐬𝐬 𝐨𝐟 𝐇𝟐𝐒𝐎𝟒)) 𝒙 𝒏𝒐.  𝒐𝒇 𝒎𝒐𝒍 𝒐𝒇 𝐇𝟐𝐒𝐎𝟒 𝐠𝐞𝐧𝐞𝐫𝐚𝐭𝐞𝐝

𝐦𝐨𝐥𝐚𝐫 𝐦𝐚𝐬𝐬 𝐨𝐟 𝐦𝐢𝐧𝐞𝐫𝐚𝐥
                Equation  (27) 

Table 5.4: Potential for acid production potential from quantitative mineralogy using Earth 

Systems’ ABATES V.1.4 program 

 

Results from ABATES tool indicates that there is a greater likelihood of acid generation from 

selected coal samples. Plies H and E collected from the south left (S-L) part of seam 10 yielded 

extremely high concentrations for acid generating potential of 153.69 and 112.82 kg/tonne 
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respectively. Ply C collected from the west far right (F-R) part of seam 10 does have a potential 

for acid generation, but at much lower concentrations as compared to the south left samples 

(Price, 1997). Composite sample from seam 10 has a great potential for acid generation as 

compared to the overlying seam 11. Most sulphide minerals are commonly (pyrite) known for 

generating acid when exposed to oxygen and water (Nengovhela et al., 2006).  

Pyrite is particularly common because of its ability to generate sulphuric acid twice it’s mass. 

Abates tool uses sulphides and carbonates minerals to determine the acid generating potential 

of samples. The mineralogy of the selected samples only shows pyrite as the only sulphide 

mineral. Through chemical equations from Abates tool, pyrite was used to investigate the acid 

generating potential of selected coal samples. The results from Abates V. 1.4 indicate coal 

samples from Sekoko coal mine are most likely to generate acid. The lithology from the roof 

(clastic sedimentary rocks) doesn’t have any pyrite or sulphide mineralization which concurs 

with the findings by Deysel (2015) that overburden materials are less likely to generate acid. 

However, additional methods from acid base accounting are required to ensure accuracy of 

the results as these tests takes precedents on the mineralogical estimation. 

The south portion of seam 10 can generate a combined mass of sulphuric acid of 266.51 

kg/tonne of coal. Compared to the south portion, the west portion of seam 10 is less acidic 

with a mass of sulphuric acid of 21.26 kg/tonne (Table 5.4). Ply C F-R does exceed 20 

kg/tonne indicating that it is a likely generator of acid just like the composite seam 10 (Table 

5.4). This concurs with the screening criteria by Usher et al. (2003). The mass for seam 11 

composite varies between -20 and 20 kg/tonne, indicating that further analysis using acid base 

accounting methods is required. Mineralogically, there are no carbonate minerals in both coal 

and clastic rock samples, hence the neutralisation potential is assumed to be zero, however, 

further analysis using static acid base accounting is required. 

Although quantitative mineralogy was used to calculate the influence of pyrite (Wt %) on acid 

production potential (Table 5.4), it is important to know how these preliminary findings differ 

from the acid production potential determined through ABA tests. Figure 5.18 shows the 

relationship between acid production potential (APP) generated using mineralogy and APP in 

open system generated by acid base accounting. A strong positive relationship between APP 

(mineralogy) and APP (open system) was established with an R2=0.9628. This simply shows 

that mineralogy can be used to give a preliminary understanding of the acid generating nature 

of samples as it has a strong relationship with acid production potential generated through 

static acid base accounting tests.  
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Figure 5.7: Strong positive relationship between acid production potential (Mineralogy) and 

acid production potential (ABA). 

Form of Sulphur and Its Influence of Acid Mine Water Generation: 

The production of acidic mine water is also dependent on the type of sulphur present in coal. 

Sulphur in coal occurs in three forms namely, pyritic, organic and sulphate sulphur. Pyritic 

sulphur is the dominant form of sulphur, and it is more elevated in the south portion of the box-

cut. The west portion does contain pyritic sulphur but based on the field conditions some of it 

might have been weathered to form elemental sulphur (yellow stains). The correlation matrix 

(Table 5.5) of forms of sulphur with acid production potential shows a strong positive 

correlation between pyritic sulphur and acid production potential. This concurs with the 

findings by several authors such as Caruccio and Geidel (1978); Caruccio et al. (1981); 

Casagrande et al. (1989) and Deysel (2015) who elucidated that pyrite is the primary source 

of acid mine water generation in coal mines. The organic sulphur also has a strong positive 

correlation with both acid production potential and pyritic sulphur (Table 5.5).  

Organic sulphur had been concluded to be a potential contributor in acid generation (Frederick 

et al., 1957; Schnitzer and Fransway, 1982; Dollhoph and Russell, 1984; Fisher and 

Munshower, 1984). However, Casagrande et al. (1989) in their experimental laboratory tests 

indicated that organic sulphur is a non-participant in acid generation. This was later supported 

by Skousen (1995) that organic sulphur is not chemically reactive, thus has no effect in acid 

production potential.  
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Sulphate sulphur occurs in lower quantities in coal from the Sekoko coal mine. The presence 

of sulphate sulphur may be due to the weathering or oxidation of pyritic (sulphide) sulphur as 

indicated by Skousen (1995). Since sulphate sulphur is a reaction product of pyritic sulphur, it 

is a non-participant in acid generation. This concurs with the findings of this study as the 

sulphate sulphur has a weak positive correlation with the acid generation potential (Table 5.5). 

Table 5.5: Pearson correlation matrix of sulphur forms and acid generation potential 

 

A perfect positive correlation between total sulphur and acid production potential with R2=1 is 

shown in Figure 5.8. Leco analysed sulphur concurs with the acid production potential (open 

system). This relationship simply implies that an increase in sulphur will be followed by an 

increase in acid production potential. This concurs with the findings of Pinetown et al. (2007). 

It is important to note that an increase in sulphur (pyritic) will cause an increase in acid 

generation as the correlation study above shows that pyritic sulphur is the dominant participant 

in acid mine water generation.  

The abundance of sulphur in coal is largely controlled by the degree of seawater influence 

during peat accumulation and post-depositional changes (Chou, 2012).  The abundant sulphur 

in coal from Sekoko coal mine implies that there was either partial inundation of seawater into 

the peat mire or the seawater flooded the peat swamp after it was deposited (White, 1913; 

Chou, 2012). Sulphur could have been introduced into the peat through seawater sulphate 

during and after the early stages of diagenesis and thereafter diffused into the peat and was 

then reduced by bacteria into hydrogen sulphide, polysulphide, and elemental sulphur. The 

reason behind this is that the major oxides ratio for coal indicates that coal was deposited in 

a quiet depositional environment. Hydrogen sulphide would have reacted with ferrous iron to 

produce pyrite crystals and mackinowite, which would then react with elemental sulphur to 

produce greigite and framboidal pyrite (Chou, 2012). 
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Figure 5.8: A perfect positive relationship between total sulphur and acid production potential 

(open system) showing the dependency of acid production on sulphur content. 

Influence of Pyrite Morphology on Acid Mine Water Generation: 

The rate of acid generation is influenced by several factors including the proportion of 

sulphides and carbonate minerals, their morphology, the surface area of minerals as well as 

the mineral dissemination (Evangelou, 1998; Maiyana, 2003). The morphological analysis of 

coal provides useful insights on the physical features of pyrite such as the existence of etching 

and weathering. All these analysed specimens reveal that the presence of framboidal pyrite. 

This section focused on sulphides (pyrite) because there is no significant presence of 

carbonates minerals as shown by XRD results. Framboidal crystal structure (first defined by 

Rust, 1935) is found in deformed grains. Weber et al. (2004) reported that framboidal pyrite 

grain is more reactive than euhedral forms. They further elucidated that this is influenced by 

the greater specific area of framboidal pyrite. According to Maiyana (2003) euhedral pyrite 

grains are less susceptible to weathering because they are formed with minimal instability. 

This implies that framboidal pyrite can easily oxidise and generate acid mine water. This 

appears to be the case with coal collected for this study.  

Scanning electron microscopy microphotographs indicate that framboidal pyrite is the 

dominant morphology of pyrite. Pyrite grains exceed 1 µm (as seen from the scale of 

photomicrographs) and mainly occur in a disseminated manner as opposed to the array of 

closely packed pyrite crystals proposed by Love and Amstutz (1966). The oxidation of pyrite 

causes disintegration of its morphology. This possibly explains the disseminated occurrence 
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of pyrite in coal. The framboidal pyrite shows signs of oxidation as etching can be seen in the 

analysed microphotographs. 

Shamshuddin et al. (2004) conducted SEM-EDX analyses to investigate the oxidation of 

pyrite. The study outlines that un-oxidised pyrite has a ratio of 1:2 (Fe:S). Pyrite that is oxidised 

or is undergoing oxidation will have an increase in iron (Fe) to sulphur (S) ratio. This concurs 

with the findings of this study. The ratio of Fe:S is indicated in Table 5.6 and it shows that 

there is oxidation of pyrite as the ratio of Fe:S is below 1:2. Table 5.6 shows an increase in 

oxidation of pyrite with increasing depth. This is evident through the decrease in sulphur and 

increase in iron (Fe) in the ratio with depth (Ply E S-L to H S-L and Seam 11 to Seam 10).  

Table 5.6: Fe:S ratio to assess oxidation of pyrite 
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

 

This chapter focused on the study's findings and recommendations for corrective and 

mitigating actions to address the identified environmental problems. 

6.1 Conclusions 

 

The purpose of the research was to determine the acid mine water generation potential of the 

Sekoko coal mine lithostratigraphy within the Waterberg coalfield. The overall outcome of the 

study shows that coal has a potential for long-term acid generation whereas host rock has low 

potential for acid generation. The following conclusions are reached. 

• The coal studied contains significant concentrations of pyrite with minimum and maximum 

concentrations of 1.10 and 9.40 Wt % respectively. The south portion of seam 10 contains 

more pyrite than the west portion. Mineralogical and optical studies of host rock revealed 

no evidence of pyrite. In addition, no carbonate minerals were found in host rocks and 

coal. 

• Pyrite is abundant in coal, from seam 11 to seam 10, the concentration of pyrite increases 

with depth. Scanning electron microscopy revealed that pyrite in coal has a framboidal 

morphological structure. Because of this it is more susceptible to weathering and 

oxidation, framboidal pyrite exhibits etching. The Fe:S ratio indicates that pyrite is being 

oxidized with increasing depth. 

• The results of X-ray fluorescence spectroscopy show that coal is enriched in Fe2O3, with 

a mean concentration of 1.18 Wt%. However, host rocks are depleted in Fe2O3, with a 

mean concentration of 0.45 Wt%.  

• The ratio of major oxides in both coal and host rocks indicates that deposition occurred 

under stable conditions. Furthermore, the chemical index of alteration, plagioclase index 

of alteration, and chemical index of weathering indicate that the source rock was severely 

weathered. Based on the Plagioclase index of alteration, kaolinite occurs as a secondary 

mineral as a by-product of chemical weathering. The Al2O3/TiO2 ratio demonstrates that 

the detrital material in both coal and host rocks came from a felsic to intermediate rock. 

• Proximate analyses show that the moisture content of coal is low (2.98) and within 

Eskom's specified maximum of 10%. Pearson's correlation matrix reveals that fixed 

carbon content and calorific value have a strong positive relationship (0. 95). This simply 

means that an increase in fixed carbon content is accompanied by an increase in coal 

heating value. Ash content and calorific value have a perfect negative correlation (-1). 

Both volatile matter and fixed carbon content have a strong negative relationship with ash 
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content. This translates to an increase in calorific value, fixed carbon, and volatile matter 

with decreasing ash content. 

• Coal from the Sekoko coal mine in the Waterberg coalfield is classified as medium sulphur 

coal with an average sulphur content of 1.53%. The mean concentration of total sulphur 

in coal exceeds Eskom's specified requirement of 1.00%, but it is also below the 2.00% 

rejection range. According to the results of the sulphur form analysis, pyritic sulphur is the 

dominant form of sulphur, followed by organic sulphur and, at much lower concentrations, 

sulphate sulphur. The sulphur in coal is most likely caused by sulphate-rich seawater 

flooding of the peat mire on occasion. 

• The average amount of heat produced (calorific value) in MJ/Kg was found to be 22.69. 

The average value meets the recommended value of 21 MJ/Kg for domestication of South 

African coal. Sekoko coal falls below grade D in terms of proximate and calorific value. 

• According to organic petrology, coal is dominated by inertinite macerals, specifically inert 

semifusinite. According to a mean random reflectance study, coal from the Sekoko coal 

mine can be classified as medium rank bituminous C with potential applications as soft 

coking coal. Pyrite is abundant within cracks, indicating epigenetic deposition. Pyrite 

grains are present with vitrinite macerals, indicating a syngenetic deposition. When 

compared to total sulphur, vitrinite macerals have a strong positive correlation, whereas 

inertinite has a negative correlation. This relationship works best when the depositional 

environment of pyrite is the same as that of coal (syngenetic). 

• The initial measurement of paste pH and EC shows that coal underwent oxidation 

because the initial pH was less than 3.5. Acid can be produced by coal and host rock 

samples. The revealed that NNP values were less than - 20 kg CaCO3. The neutralisation 

potential ratio (NPR) showed that coal has a potential to generate acid. 

• The results of static acid base accounting were supported by a correlation of acid 

production potential with total sulphur, sulphur forms, and Fe2O3 concentrations. Pyritic 

sulphur has a strong positive correlation with acid production potential (0.99. This implies 

that pyritic sulphur is the primary contributor to acid formation. With R2=1, there is a strong 

positive correlation between sulphur and acid production potential. 

 

• Iron oxide (Fe2O3) was found to have a strong positive correlation with acid production; it 

is more likely that the Fe2O3 concentration is related to pyrite. The high acid production 

potential and negative neutralising potential led to the conclusion that there aren't enough 

carbonates to buffer the acid produced. The acid production potential generated through 

quantitative mineralogy has a strong positive correlation with the acid production potential 

generated through acid base accounting with R2=0.9628. This shows that quantitative 
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mineralogy can be used to give preliminary results on the acid generating nature of host 

rocks and coal. 

6.2 Recommendations  

 

Following the results, this study recommends: 

• Further testing the material using the long period kinetic tests. 

• Using phreeQC to simulate the oxidation and weathering of pyrite to determine its state 

and form. 

• Drastic modelling to determine groundwater vulnerability to the acid mine water 

generated. 

• Screening and washing of coal prior utilization can help improve coal quality. 
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A.2: X-ray diffraction patterns for Ply A S-L 

 

A 3: X-Ray diffraction patterns for ply A F-R. 
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A 4: X-ray diffraction patterns for shale F-R. 

 

A 5: X-ray diffraction patterns for Ply C F-R 
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Appendix 6: X-ray diffraction patterns for Ply E S-L 

 

Appendix 7: X-ray diffraction patterns for Ply H S-L 
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Appendix 8: X-ray diffraction patterns for Seam 10 composite 

 

Appendix 9: X-ray diffraction patterns for Seam 11 composite 
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A.10: Combined Static Acid Base Accounting Screening Parameters with a Verdict 
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