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PREFACE 

 

This thesis was written as the author's doctoral dissertation at the University of the Free State. 

The study was conducted in the Witbank coalfield restricted to the ROC, a sub catchment of 

the OPC, which is located on the western side of Mpumalanga Province, and consists of the 

towns of Emalahleni, Middleburg, Kriel, Hendrina, Bethal, and Arnot. Understanding the fate 

of metals from their geological source to the receiving environment is the primary objective of 

this study. Understanding the processes for metal receipt in water streams from anthropogenic 

and/or geogenic sources and developing techniques for mitigation and, if feasible, avoidance 

of the increasing element load are the intents of the present work. It is also meant to stimulate 

a discussion on the possibility of amending section 36 of the Mineral and Petroleum Resources 

Development Act No. 28 of 2008 and section 24 (1) of the National Environment Management 

Act of 1998, in order to compel the characterization of geological units and receptor realm, to 

be encountered during exploitation, prior to the granting of mining rights to a potential 

applicant. The study has achieved its objective, highlighting that characterization of the 

lithogical units, receptor realm, and understanding of the deportment processes can be used to 

assign a potential source of metals in the receptor environment. The wastes resulting from the 

lithological units, can be classified according to the level of management required, and allow 

metal input in the receptor realm that does not exceed the determined standards. Continuous 

monitoring has been highly recommended. The author studied part-time at the University of 

the Free State for more than five years. The first three years of the project were devoted to data 

mining, fieldwork, and analysis. Humidity cell leach, a kinetic test of 31 weeks had been 

conducted at the fifth year. The study was presented abroad, resulting in 3 peer-reviewed 

papers and 1 book chapter (referenced); further publications are expected. The author 

supervised and directed MSc project under restricted promoter monitoring as part of the 

learning process for autonomous scientific activity. This text contains the subsequent chapters: 

1) introduction; 2) geological setting of ROC; 3) petrography and geochemistry of the source 

rock; 3) mine drainage: case study Geodehoop colliery; 5) stream sediments geochemistry; 6) 

summary and recommendations; 7) waste management framework guideline proposal. 
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EXECUTIVE SUMMARY 

 

The study aims to understand the element deportment's geochemical characteristics from the 

source, pathway and receptor realm in the Riet-Olifants catchment (ROC) drainage system. 

The ROC is part of the Olifants primary catchment (OPC) area that extends over the border 

between South Africa and Mozambique and covers a total area of approximately 87000 km2. 

The ROC is the area most influenced by coal mining activities surrounding the major towns of 

Emalahleni (formerly Witbank) and Middleburg. The geological units of the Vryheid 

Formation, Ecca Group of the Karoo Supergroup dominate the area, with the Witbank coalfield 

being the primary resource for coal. The focus herein is directed on identifying the geochemical 

characteristics of the source rocks, the pathways of mobilization and transport and the receiving 

environment. The key to this study is to identify the mobile elements in minerals occurring in 

different sedimentary units of the source rock geological units, with the assessment of its 

contribution to the elevated metal concentrations in the receiving environment of the drainage 

area. The results are also tested in determining the geogenic element entry of naturally 

occurring source rocks from an anthropogenic source. In recent years, the area has been under 

regulatory verification over high pollution levels through coal mine drainage (MD). Previous 

studies show that although the land use of industrial and agricultural activities is also essential, 

the contribution to water and sediment contamination from the mining activities within the 

catchment is significant and yet needs to be fully understood.  

 

The lithological units of the Witbank coalfield consist of sandstones, coal, shale, dolerite, 

til lites, and basement granite. Coal seams contain the following minerals: kaolinite, quartz, 

pyrite, calcite, dolomite, siderite, anatase, and mica. Notably, the pyrite content in coal ranges 

from 4 to 51 wt.%. Sandstones/siltstones and shales make up the hanging and footwalls of coal 

seams. Clay group (kaolinite/chlorite, smectite), carbonates group (calcite, dolomite, and 

siderite), quartz, potassium feldspar, plagioclase, pyrite, mica minerals, hematite, anatase as an 

accessory. The classification schemes of terrigenous shales and sandstones using Fe2O3/K2O 

vs SiO2/Al 2O3 reveals that the majority of the sediments are shales with minor Fe-rich, arkose 

with minor subarkose, wacke and minor litharenite. 
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The ABA and kinetic test of lithological units were used to determine the MD generating 

potential. A total of 65 samples were assessed represented by borehole ZFN1510. The samples 

were assessed based on the NPR vs. Sulphur, NNP vs. paste pH and AP vs. NP. With the 

exception of coal seam number 5, coal seams 4, 3 and 2 can generate acid MD. Coal seam 

number 5 contains an excess of carbonate minerals, making up 19% of its modal mineralogy. 

The shale units and sandstones above or below the coal seams are classified into areas with 

acid MD production uncertainty. These units have the potential to strongly increase the acid 

generation while excess carbonates minerals act as a buffer in the process. The humidity cell 

leach test confirms a continuous leaching of metals during the 31-week experiment, modelled 

over 100 years. The reaction processes involved in the transportation of elements include but 

not limited to: sulphide oxidation, acid neutralization and alkalinity, ion exchange or 

adsorption, precipitation metal hydroxides and salts, and hydrolysis. Metal influxes and 

effluxes from GWB and calculated metal loads (mg.kg-2.yr) reveals that the metal contributions 

to the receptor realm is largely from the coal seams and above or below lithological units. 

 

A total of 246 stream sediments samples were collected to represent the receiving environment 

at a scale of three samples per 10 km2 to assess metal accumulation. The bedrock geology 

partly controls the downstream sediment geochemistry. The major elements of Ca, Na, K, and 

Mg, are enriched in the stream sediments due to their mobility as they are leached, transported 

and precipitated. The trace elements of As, Br, Co, Hf, Nb, Nd, Ni, Se, Sm, Ta, Pb, Zn, U, V 

and Yb are also enriched in the stream sediments. Pb, Zn, As, and U exhibit abnormal 

concentrations in Karoo sandstones, and probability plots of element concentrations indicate 

multiple populations, which may indicate a geogenic input. Positive correlations exist between 

U and Nd, Nb, W, Hf, Br, Se, Yb, Cs, and Co, whereas As has a significant relationship with 

Sm, Ta, Mo, Ge, Pb, Cs, and Zn. Elements with high aqueous mobility towards the sedimentary 

sink, such as Pb and Zn, each with an enrichment factor (EF) greater than 1.5, show a 

significant correlation with Ta, Mo, and Ge. Pb and Zn are very valuable for recognizing the 

human effect on a river, such as urban runoff and mining input. However, their EF implies a 

nearby geological origin. Certainly, As, Pb, Cd, Tl, and other metals are derived from the 

biological content of the coal seams when they are leached by mining. 
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The bedrock contribution, also on average, in the study area to the average downstream 

sediment concentrations can be qualified. The possible coal seam, above and below lithological 

units's contributions to the downstream sediment geochemistry include Ca, Na, K, Mn, Mg and 

SO4
2- (also contributions by chalcophile elements such as As, Fe, Cu and Zn). The large 

quantity of these elements is from the coal seams. As, shows a significant increase from the 

maximum value of 36 ppm on average bedrock to the maximum of 680 ppm in average stream 

sediment. The possible source of the hanging and footwall of the coal seams include U from 

the maximum concentrations of 11 ppm in the average bedrock to 1898 ppm in the average 

stream sediments. Pb in the hanging and footwall of the coal seam shows significant 

concentrations increase from the maximum concentrations of 38 ppm on average bedrock to 

98 ppm in average stream sediments. The other elements, which are possibly sourced from a 

mafic source include V, Cr and Co as reflected by the significant increase of concentrations 

from the maximum value of 489 ppm, 189 ppm, 42 ppm in average bedrock to the maximum 

value of 1028 ppm, 3207 ppm, 1273 ppm in average stream sediments, respectively. The latter 

mafic element input in the streams may be anticipated for base metals and steel refining metals, 

for anthropogenic input.  

 

The source, pathway and receiving environment approach adopted herein representing the 

ROC aims at achieving the objectives set in this study has been successful. To ensure minimal 

contamination, it is necessary to group materials with similar geochemical properties, as some 

may demand a greater level of treatment than others. 
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1 INTRODUCTION 

 

The introduction part covers the motivation of the research, the introduction to the study area, 

research background, geological context, and a summary of prior work through a literature 

search. 

 

1.1 RESEARCH MOTIVATION 

 

Transport of metals from the source to the receiving environment in active and remediated 

mines may be done by elucidating the mobilization processes involved and predicting mine 

drainage (MD), which plays a role in the area of investigation, in this example, the Riet-

Olifants catchment (ROC). As per the Mineral and Petroleum Resources Development Act 

(MPRDA) of 2008, the prediction of MD is not required for the development or exploitation 

of a mineral deposit in South Africa. The management requirements for environmental impacts 

are stipulated in the National Environment Management Act (NEMA) of 1998. However 

section 36 of the MPRDA Act of 2008, the minister of Department of Mineral Resources and 

Energy (DMRE), in consultation with the minister of Department of Forestry, Fisheries and 

the Environment (DFFE) may intervene when there is identified impact during prospecting, 

mining, reconnaissance, exploration or production operations or activities incidental thereto 

cause or results in ecological degradation. According to section 24 (1) of the NEMA Act of 

1998, mining licenses in South Africa must be issued prior to the submission of an MD report, 

which includes detailing all potential consequences and the management thereof. However, 

MD assessment is not explicitly defined as a method or technique for identifying the 

environmental consequences caused by the extraction of mineral resources. In "developed 

nations" such as Canada, it is doubtful that a mining licence would be issued if the MD issues 

are not adequately handled (MEND, 1995; 1996). Notably, the latter criterion was also a 

requirement of the Environmental Impact Assessment (EIA) law of the National 

Environmental Policy Act (NEPA) in the United States at the end of 1969.  
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In succeeding years, this trend continued 

(https://www.westerncape.gov.za/eadp/files/atoms/files/EIA 2015.pdf): 

¶ Administrative steps by Japan in 1972 (EIA guidelines only; law not enacted until 

1997), Canada in 1973 (Federal Directive), and New Zealand in 1974 (Cabinet Minute). 

¶ Legislation: 1974 for Australia, 1974 for Colombia, 1975 for West Germany, and 1991 

for all of Germany 

 

More than a hundred countries assess mine drainage (MD) as part of their Environmental 

Impact Assessment (EIA) or Environmental Management Plan (EMP) procedures, in terms of 

mining law (MEND, 1995; 1996). Environmentally competent waste rock management plans 

are necessary to effectively, economically, and efficiently estimate the quality of drainage 

generated by the lithologies or rock units mined to reach the ore and the possibility for future 

unfavorable effects (MEND, 1995). As prevention is preferable to treatment, failure to apply 

this method has shown to cost governments billions of rands to remedy the environmental 

effects created. 

 

In South Africa, the issues associated with MD are enormous. Many gold mines in the 

Witwatersrand Basin and the coalfields, for instance, are abandoned and ownerless, with or 

without monitoring or water treatment. These mines constantly contribute metals and acidity 

to the receiving environment or waterways. Environmental worries have been expressed for 

the future of mining in the Witbank coalfield, which greatly contributes to the country's 

economic growth (McCarthy and Pretorius, 2009). The abandoned mines are flooded, and 

metals are transported through seeping into the receptor zone as sediments and water are 

enriched (Netshitungulwana et al., 2013). 

 

This research focuses mostly on the ROC, which is dominated by rocks of the Karoo 

Supergroup, with the Witbank coalfield serving as key coal resource in the investigation area. 

Similar initiatives have been a subject of preliminary research in the Witbank coalfield. Recent 

research by Pinetown and Boer (2006) focuses more on the quantitative evaluation of minerals 

in coal and the possibility for acid production, but does not dispute the quantity and mobility 

https://www.westerncape.gov.za/eadp/files/atoms/files/EIA%202015.pdf
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of the metals connected with the geological units of the Witbank coalfield and the receptor. 

This study is new in that it examines the fate of metal transport from its origins to its receiving 

environment. This thesis discusses the geochemical characterisation of the Witbank coalfield 

geological strata and the geochemistry of stream sediments representing the receiving 

environment. 

 

The results of this study should inspire future mining in South Africa to integrate a prediction 

of the future environmental effect associated with element mobility from geological units that 

would be encountered during the value chain of mineral exploitation. As severe pollution has 

detrimental effects on socio-economic progress and the ecology, the findings of this study can 

also serve as a guide for the government entities in amending the applicable laws of MPRDA 

and NEMA so that South Africa can become one of the countries with little or no pollution. 

 

1.2 THE STUDY AREA 

 

The Witbank coalfield is situated in the ROC, a sub catchment in the upper reaches of the 

Olifants primary catchment (OPC). The Witbank coalfield is located on the western side of 

Mpumalanga Province, which consists of the towns of Witbank, Middleburg, Kriel, Hendrina, 

Bethal, and Arnot (Figure 1-1). The Little Olifants-Riet sub-catchments include the area 

drained by the upper sections of the Olifants, Little Olifants, and Riet rivers and its tributaries, 

down to where the Olifants River joins the Wilge River at the Loskop dam (Ashton et al., 

2001). The sub-catchment receives additional water from the Vaal and Crocodile/Komati 

catchments through three inter-basin transfer projects (Ashton et al., 2001). All rivers or 

streams within this sub-catchment are perennial, and each river or stream has several tiny 

wetlands (Ashton et al., 2001; Marneweck et al., 2001). Currently, the Witbank coalfield is the 

most important producing coalfield in the country. The coalfied extend 180 kilometers from 

Brakpan to the Springs region in the west, to Belfast in the east, and roughly 40 kilometers 

north to south. The watershed sits inside the Karoo basin's Witbank and Highveld coalfields. 

These coalfields generate 48% of the nation's total electrical generating capacity (Hobbs et al., 

2008). With over 55 collieries, the Witbank coalfield is the most significant center of South 
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Africa's contemporary coal mining activities (Banks et al., 2011). In the Mpumalanga Province 

of South Africa, near Witbank and (to the northeast) Middelburg are several coal-related and 

other resources. 

 

 

Figure 1-1: A map of the research region, the ROC, Mpumalanga Province highlighted in blue. 

 

According to the most recent study by the DMRE, more than 75% of South Africa's residual 

coal deposits are located in the Highveld and Witbank coalfields. Nonetheless, these resources 

will be depleted within the next century (Ratshomo and Nembahe, 2016). Historically, the 

Witbank coalfield's No. 2 seam was the primary objective for mining. However, its reserves 

have diminished dramatically over the past two decades, causing the No. 4 Seam to become 

the principal export source (Figure 1-2). The seam No. 4 in situ coal is reported to have more 

ash and inertinite than, for instance, the No. 2 seam in situ coal (Pinetown and Boer, 2006). 
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Industrial and agricultural land usage in the region is diverse and extensive. The Highveld Steel 

and vanadium processing factory located west of Witbank and the stainless steel mill in 

Middelburg are the most noteworthy (Banks et al., 2011). Several Eskom power plants, 

including Kendal, Matla, Kriel, Duvha, Arnot, Hendrina, and Komati, get coal from nearby 

mines. Energy content is a major factor in determining the price of coal (Banks et al., 2011). 

The majority of the converted natural land is under agriculture, including commercial 

plantations, and maize is the primary crop produced in the catchment region. Some sections 

are used for mixed agricultural, including cattle, dairy, poultry, corn, and potatoes (Banks et 

al., 2011). 
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Figure 1-2: A map showing a location for the OPC area, South Africa. 
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1.3 RESEARCH BACKGROUND 

 

The ROC is part of the OPC area, which includes nine sub-catchments labeled B1 through B9 

and stretches over the South African and Mozambican borders (Ashton et al., 2001; 

Netshitungulwana et al., 2015; Netshitungulwana and Yibas, 2012). It has an approximate 

overall size of 87,000 km2. The ROC is designated as a B1 catchment, where the majority of 

mining activity are concentrated around the cities of Witbank (Emalahleni) and Middleburg, 

which in turn straddles the provinces of Mpumalanga and Limpopo (Netshitungulwana et al., 

2015). In South Africa, the OPC region is home to extensive mining operations for a variety 

of minerals, including coal, gold, and base metals. It is comprised of nine subcatchments 

(Figure 1-2). In recent years, the watershed has been scrutinized for its high degree of metal 

pollution. Although industrial and agricultural activities are also significant, the contribution 

of contamination to the OPC from mining activities within the catchment is significant as a 

result of intense coal, gold, and base metals mining and from ferrochrome and Vanadium 

processing plants located in Emalahleni and Middleburg towns within the catchment area 

(Figure 1-2) and has not yet been fully quantified (Netshitungulwana and Yibas, 2012). 

 

Recently, the OPC have been the subject of intense public criticism. Despite clear indications 

that the Olifants river's water quality has been decreasing due to industrial, mining, and 

agricultural operations, the cause of periodic fish and crocodile mortality in the river system 

remains unknown (de Villiers and Mkwelo, 2009; Yibas et al., 2013; Netshitungulwana and 

Yibas, 2012). The effects are visible in the Witbank region, where there are several operational, 

abandoned, and ownerless coal mines. The asbestos mining areas (not active) of the Penge and 

other areas in Mpumalanga, the heavy mineral sand operations (not active), and areas of 

extensive smaller-scale mining such as the Barberton and Giyani greenstone belts and the 

Pilgrim's Rest Goldfield as potential pollution contributors all drain into the OPC 

(Netshitungulwana and Yibas, 2012). 

 

Using a catchment-by-catchment methodology, the Council for Geoscience (CGS) and the 

DMRE initiated a research in 2012 to examine the severity of the mining impacts on the 
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country's water resources and ecology (Yibas et al., 2013). The OPC area has been prioritized 

for study because of the high concentration of mining activities within its territory (Yibas et 

al., 2013). Although contamination has been investigated, little or no effort has been made to 

comprehend the fate of metal transport from sources to the receiving environment. 

Understanding the geological and geochemical processes of the various geological units can 

aid in better managing the element load discharged by present and future mining. As 

implemented by the United States Environmental Protection Agency (US EPA), the outcome 

of this reseach can benefit the government in formulating coal mining effluent guidelines and 

regulations. For a little to no-contamination strategy, it is necessary to characterize in the new 

coal-mining areas. In so-called "intelligent cities," a zero-waste / zero-contamination attitude 

is currently on the rise (https://www.epa.gov/transforming-waste-tool/how-communities-

have-defined-zero-waste). In order to reach such aims in coal mining in South Africa, it is 

essential to comprehend the relevant geological processes as highlighted above. Consequently, 

this research is the initial step towards reaching such objectives. 

 

The processes that lead to contamination are mainly enhanced by weathering processes of the 

geological materials. Under conditions of element leach through oxidation and weathering, the 

impact of released metals on the hydrosphere and atmosphere may be minimal. In a mining-

related scenario of ground disturbance, leaching and mobility of coalbed-contained elements 

increase due to exposure to environmental conditions such as air infiltration and oxidation. 

With the aid of water and air, mine drainage occurs, damaging the receiving environment. The 

transport medium may be seepage to subsurface water or runoff.  

 

 

 

 

 

 

 

https://www.epa.gov/transforming-waste-tool/how-communities-have-defined-zero-waste
https://www.epa.gov/transforming-waste-tool/how-communities-have-defined-zero-waste
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1.4 RESEARCH OBJECTIVES 

 

The research focuses on the ROC region, which is situated in the upper parts of the OPC. The 

primary objective is to identify components in the source rocks and stream sediments of the 

drainage area that are enriched relative to their naturally occurring source rocks and represent 

an anthropogenic vs a geogenic input. To fulfill the primary goals, threshold determination of 

stream sediments and static and kinetic testing for acid base accounting of coalbed core 

samples will be employed. The specific goals are as follows: 

¶ Determine the geochemistry, mineralogy, and petrology of the source rocks by 

deciphering the lithological units of the drilled core at the Goedehoep Colliery (chapter 

3). 

¶ To determine the mine drainage capability of the lithological units of the source rock 

utilizing the drilled core of the Goedehoop coal mine and conducting static tests and 31 

weeks of kinetic test leaching experiments (chapter 4). 

¶ Determine the element concentrations of the stream sediments and differentiate 

between background concentrations and anomalies (anthropogenic and geogenic 

enrichment) using conventional geochemical exploration techniques (chapter 5). 

¶ Outline a framework for the management of mine waste deposits in the Emalahleni 

coalfields of South Africa (chapter 7). 

 

1.5 CONCEPTUAL MODEL 

 

To fulfill this study's primary objective, it is necessary to understand the source, pathway, and 

receptors of elements in the source rocks, stream flows, and sediments of the ROC as shown 

in Figure 1-3. The paradigm is depicted in Figure 1-4 (after Morin and Hutt, 1999), which 

investigates the paths of element transport in the context of mine drainage chemistry prediction. 

For environmental concerns, Morin and Hutt (1999) identify three fundamental aspects that 

must be addressed for each risk: 



10 | P a g e  
 

¶ A pollutant (source) is a substance in, on, or under the lithosphere that has the potential 

to cause harm or contamination to the surrounding environment. 

¶ A pathway is "a conduit for the movement of contaminants, including geological 

features, hydrogeology, and surface water streams." 

¶ The presence of a pollutant affects a receptor. 

 

1.6 HYPOTHESIS 

 

The sediment-water interaction mechanisms include dissolution or chemical weathering, 

element complexation in addition to sediment particle adsorption or precipitation. To 

appreciate these processes, it is necessary to know the geological and geochemical processes 

of element leaching of the geological units of the Witbank coalfield. The stratigraphic sequence 

in the Witbank coalfield show uniformity in the cross section, and is syngenetic. In this study 

it is represented by the stratigraphic core from the Goedehoop region. This may be 

accomplished by determining the element concentrations in sediments in the receiving 

environment. The Witbank coalfield is composed of five coal seams (seams 1 through 5), 

which were formed under oxidizing conditions and are distinguished by the presence of 

inertinite, vitrite, and sulphide minerals. The hanging and footwall units comprise sandstones 

and shales composed of sulphide minerals. S, As, and F elements from coal and subsequent 

stratigraphic units may be leached and concentrate in effluent and receptor. Under favorable 

environmental conditions (oxidation or reduction), mobile elements can be complexed, 

transported, and subsequently precipitated or adsorbed by clay or fine sediments. Two 

significant aquifers, the upper and lower Ecca aquifers, interact continuously with the 

stratigraphic strata. The water dissolves, complex, and transports elements to recharge 

neighboring streams and bodies of water. The processes of desorption/dissolution and 

precipitation/adsoption are particularly applicable to the coal waste rock dumps and tailing 

facilities in the catchment area. In order to characterize the aforementioned process and enable 

the prediction of mine drainage, this thesis will focus on the assessment, development, and 

implementation (Figure 1-3) of static and kinetic leaching studies of coal beds and related rocks 

as well as on stream sediment composition.  
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Figure 1-3: Simplified conceptual model highlighting the sources pathways and receptor environment for the metals. 
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Figure 1-4: The mine drainage chemical prediction wheel (adapted from Morin and Hutt, 1999). 
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2 GEOLOGICAL SETTING OF THE ROC 

 

As indicated in Figure 2-1, the Vryheid Formation of the Ecca Group, Karoo Supergroup is the 

predominant geology in the ROC. These rocks sit on pre-Karoo basement rocks. The dolomite 

rocks of the Transvaal Supergroup are exposed south of Delmas. In the core region of 

Emalahleni, the exposed Bushveld felsites and granites on the eastern side of Emalahleni town, 

as well as the Transvaal sedimentary rocks, are visible. 

 

2.1 PRE-KAROO GEOLOGY 

 

The Pretoria Group (2.4 to 2.1 Ga) contains the ROC's oldest shale and quartzite rocks (2.4 to 

2.1 Ga) (Martini, 1998; Eriksson et al., 1995). The Rooiberg Group overlies the Pretoria Group, 

possibly disconformably (Cheney and Twist, 1991) and is composed of volcanics with a slight 

sedimentary disconformity composed of shale and greywacke (Twist and French, 1983; Twist, 

1985; Harmer and Farrow, 1995; Schweitzer et al., 1995; Hatton and Schweitzer, 1995). In the 

eastern portion of the Cullinan-Witbank basin, the Rooiberg Group conformably grades into 

the Loskop Formation, which consists of 1100 m of red shale intercalated with conglomerate 

in the lower portion and mostly impure quartzite in the top portion (Clubley-Armstrong, 1977). 

 

The Loskop Formation series was considered to be part of the Rooiberg Group. It was 

deposited in a continental environment (Eriksson et al., 1995). It consists of minor lava flows 

and granophyre intrusions across the stratigraphic Formation. Similar to the Loskop Formation, 

the earliest portion of the Waterberg Group consists of red beds. 
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Figure 2-1: The regional geological map of the ROC.  
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The Loskop Formation is dated between 2.0 and 1.7 Ga and is unconformable with all earlier 

stratigraphic levels (Jansen, 1982; Cheney and Twist, 1986; Cheney and Twist, 1991). The 

Bushveld Complex is also present in this research, as seen in Figure 2-1. In this research, the 

Bushveld Complex is represented by two major lithological units: ultramafic to mafic rocks of 

the Rustenburg Layered Suite and granophyric to felsic volcanic rocks of the Bushveld granites 

to granophyres and Rooiberg felsites. 

 

The Witbank coalfield in South Africa's Mpumalanga Province is situated in the northern 

portion of the major Karoo Basin, which was invaded by dolerite dykes and sills during the 

early stage of Gondwana breakup (Du Plessis, 2008). The Karoo basin's layers are 

predominantly composed of sandstone, carbonaceous shale, siltstone, minor conglomerate, and 

many coal seams (Cairncross, 2001; Schmidt, 2006). Figure 2-2 and Table 2-1 demonstrate 

stratigraphic columns for several regions of the coalfield. This diverse array of sedimentary 

and structural environments, in which coal seams were formed, has a variety of ages (see Table 

2-1). 

 

The Palaeoproterozoic (2.06 Ga) Rooiberg Group is characterized by exceptionally high-grade 

lavas and ignimbrites (Buchanan and Reimold, 1998; Lenhardt et al., 2017). It forms the basis 

of the strata of the Witbank coalfield. The regional stratigraphy is also established based on 

geochemistry (chemostratigraphy) as follows; the volcanic rocks of Rooiberg have been split 

into base rhyolite, high-Ti basalt, low-Ti basaltic andesite, high-Fe-Ti-P andesite, high-Mg and 

low-Mg felsite, and high-Fe-Ti-P andesite (Schweitzer et al., 1995; Hatton and Schweitzer, 

1995). 
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Figure 2-2: Generalized stratigraphic columns of the Witbank coalfield (after Smith and Whittaker, 1986).  
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Table 2-1: Classification of the Karoo Supergroup's lithostratigraphy (after Azzie, 2002). 

 

Supergroup              Age (Ma) Group Formation 

 

 

 

 

 

 

Karoo 

140 Jurassic and Upper 
Triassic 

Drakensberg Drakensberg 

195 Clarens 

225 Triassic Elliot 

230 Upper Permian and 

lower Triassic 

Beaufort Burgersdop  

Katberg  

Balfour 

Koonap & Middleton 

260 Middle Permian Upper Ecca Volksrust 

Middle Ecca Vryheid 

Lower Ecca Pietmaritzburg 

300 Late Carboniferous Dwyka   

 

 

According to Hatton and Schweitzer (1995), "petrographic examinations of these rocks show 

that the majority of Dullstroom Formation units are metavolcanics and consist of fine-grained 

groundmass with filled amygdales and phenocrysts. Common constituents of the fine-grained 

groundmass are green pleochroic amphibole, lath-shaped feldspar, opaques, and quartz. The 

majority of phenocrysts are sericitized feldspars. Amygdales are composed of green, 

pleochroic amphibole encircled by quartz; amphibole in amygdales is petrographically 

identical to amphibole in the groundmass, but with bigger grains. Occasionally, secondary 

carbonates are present in amygdala. High-Ti basalts often have a higher percentage of opaques 

than other Dullstroom types. In certain localities, Dullstroom Formation units contain 

considerable amounts of biotite. 

 

Schweitzer et al. (1995) state that ñthe lowest portion of the Damwal Formation consists of 

low-Mg felsites as flows and pyroclastic units intercalated with metasediments and high-Fe, 

Ti, P volcanics. Petrographic investigations reveal that these units are mostly fine-grained, with 

pyroclastic, spherulitic, or glassy textures, and are infrequently flow-banded. Some units 

contain zoned amygdales or secondary quartz veins". Eriksson et al. (1995) have characterized 

and mapped sedimentary units, which are often metamorphosed and include quartzites. This 

formation is exclusive to the eastern regions of the Bushveld Complex (Eriksson et al., 1995). 
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Kwaggasnek Formation is found across the Bushveld Complex and consists mostly of low-Mg 

felsites intercalated with sedimentary layers (Buchanan and Reimold, 1998). According to 

Buchanan and Reimold (1998), "volcanic units are often fine-grained and may exhibit 

pyroclastic textures, such as lapilli tuffs, spherulitic textures, zonal amygdales, or flow-

banding." Several of these units consist of volcanic breccias. Many of the volcanic units feature 

euhedral to subhedral feldspar phenocrysts that are partly or fully sericitized. Fractures filled 

with secondary quartz are seen throughout the formation, indicating post-crystallization 

silicification. The Union Tin Member, which consists of an agglomeration layer overlying a 

shale, marks the top of the Kwaggasnek Formation. 

 

The Waterberg Group's geochemistry has been carefully researched (Faure 1993; Stratten 

1986). Clay minerals (kaolinite and montmorillonite or illite), quartz, iron carbonates and iron 

sulphides, calcite, and trace minerals comprise the mineralogy. Traces of apatite, ankerite, 

microcline, and anatase were discovered (Faure, 1993). The proximal facies of this slowly 

sinking shelf platform is coarse, fluviodeltaic sandstone, which wedges out into siltstone and 

mudstone facies (Pietermaritzburg and Volksrust Formation) in the south (Snyman, 1998). The 

formation is predominantly formed of coarse-grained arkose, conglomerate, micaceous 

siltstone, carbonaceous shale, coal seams, and thin layers of limestone (Stratten, 1986). Clay 

assemblages dominate the mineralogical components of coal samples and are significantly 

more prevalent in most sedimentary regions. In the Witbank coalfield, these assemblages vary 

from kaolinite-free to kaolinite-dominated, with subordinate mica and chlorite and small signs 

of illite/smectite interstratification (Pinetown and Boer, 2006). 

 

Examining the link between clay and non-clay fractions based on the presence or lack of 

kaolinite. Potassium feldspar is more prevalent in kaolinite-rich samples, whereas plagioclase 

proportions are greater in kaolinite-free samples (Pinetown and Boer, 2006). 

 

There is no direct relationship between pyrite and clay minerals, however the presence of pyrite 

indicates maritime impact or a reducing environment. Mica and chlorite are both considered 

to be detrital components that originated under conditions of poor chemical weathering, which 
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resulted in the lack of kaolinite in an environment containing sea water. The presence of fresh 

water caused illite/chlorite and smectite to convert into kaolinite (Bühmann & Bühmann, 

1988). Apatite and a variety of alumino-phosphate minerals are the most prevalent phosphates 

in coal and have been detected in a number of coal seams across the world, sometimes in large 

quantities in certain coal bed sub-sections (Ward et al., 1996; Rao and Walsh, 1997; 1999; Dai 

et al., 2007). In the cell and pore infillings, apatite and Sr-Ba-Ca-aluminophosphate minerals, 

occasionally interacting with clay minerals, predominate (Zhao, 2012). 

 

At general, accessory minerals occur in modest quantities. Some may be undetectable by XRD 

and can only be noticed by optical and electron microscopy. In some parts of coal seams, 

however, accessory minerals may sometimes exist in substantial amounts. Other than iron 

sulphides, sulphide and associated minerals in coal include sphalerite, galena, millerite, 

stibnite, chalcopyrite and clausthalite (Spears and Caswell, 1986; Hower et al., 2001; 

Lawrence et al., 1960; Karayigit et al., 2000; Cressey and Cressey, 1988; Kolker and 

Finkelman, 1998; Dai et al., 2007). Typically, these minerals precipitate as epigenetic veins 

generated later in the diagenetic stage, as well as syngenetically in cell and pore lumens, and 

as discrete crystals in macerals. Boehmite, diaspore, and gibbsite have been detected in coals 

as Bauxite-group minerals. Al-rich solutions in peat can precipitate gibbsite (Ward, 2002). 

 

The Witbank coalfield is located in South Africa's Mpumalanga Province. It is found in the 

Karoo Basin, which was invaded by dolerite dykes and sills during the earliest stage of 

Gondwana's disintegration in the Jurassic (about 180 million years ago) (Du Plessis, 2008). 

The geological units consist of sandstone, carbonaceous shale, siltstone, a small amount of 

conglomerate, and multiple coal seams (Graham and Lategan, 1931b; Viljoen and Reimold, 

1999; Cairncross, 2001; Vorster, 2003). In Figure 2-3, stratigraphic columns are depicted. This 

large variety of sedimentary and structural contexts was deposited under a variety of ages, 

climates, and plant life, which resulted in various variances in terms of organic and inorganic 

content, as well as the degree of maturity of the coal seams (Winter, 1985; Falcon, 1986). 

 

The Ecca Group of the Karoo Supergroup sediments were formed on an undulating Karoo 

floor, which impacted the distribution and thickness of the sedimentary layers as well as the 
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coal seams (Pinetown and Boer, 2006). Even though post-Karoo erosion has removed 

considerable quantities of coal, no more than 180 meters of Karoo strata have been retained. 

In the region where the thickest Dwyka deposits are found in the deepest palaeo valley, many 

main glacial valleys are known. 

 

Numerous ridges, composed primarily of igneous rocks, with the felsite-lithified ridge forming 

the southern edge of the coalfield (Pinetown and Boer, 2006). The five seams are confined 

inside a 70-meter sequence, and the thickness of the separation between seams is rather 

consistent across the field (Smith and Whittaker, 1986). 

 

In the Witbank coalfield, sediments above sills have been moved and raised, whereas layers 

under sills have remained untouched. The dolerite dykes of the Witbank region display modest 

vertical displacement. The heat emitted by dolerite dykes and sills hastened metamorphism 

and depleted coal seams' volatile components. The coal reserves of the Witbank coalfield are 

found in the Vryheid formation, Ecca group, and Karoo Supergroup. Normal seams in the 

Witbank Coal Basin are numbered 1 through 5. Typically, coal seams weaken toward minor 

palaeoridges and finally pinch out against major palaeoridges (Snyman, 1998). Seals 

interlayers (15-50 m) transgress seams; dykes of 0-1 m thickness are abundant, moving east, 

northeast, and north; the most significant dyke is the Ogies dyke (15 m thick, 100 km long and 

strikes east-west) Transgressive sealing interlayers caused the tilting and displacement of seam 

mining blocks at various altitudes, resulting in significant mining issues. The volume and 

intensity of coal combustion caused by intrusions provide a significant challenge to mining 

and resource assessment (Smith et al., 1994; Smith and Whittaker, 1986). 

 

The Ecca Group conformably rests on the Dwyka tillite or the pre-Karoo basement is the 

Rooiberg Felsites (Cairncross, 1989). Figure 2-2 depicts stratigraphic sections for several 

regions of the coalfields illustrating the coal seams and non-coal layers described before. The 

sandstones and siltstones vary in coarseness, can be dark or light, and range in thickness from 

a few meters to 70 meters; they are separated by shale layers and coal seams (Graham and 

Lategan, 1931b). 
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There are five coal seams, as seen in Figure 2-2. Seam No. 1 is the lowest and is either 

supported by tillite or Dwyka Group shale and sandstone bands (Graham and Lategan, 1931a). 

Seam No. 1 is patchily developed across the coalfield with the exception of the northern portion 

of the coalfield, near to the town of Witbank, and the eastern portion of the Optimum and Arnot 

collieries (Figure 2-3), where it attains a thickness of 3 m. (Pinheiro, 1999). The majority of 

seam No.1 is comprised of lustrous to dull coal with shaly sandstone partings, resulting in a 

localized lower seam No. 1 in the Arnot region. According to Pinheiro (1999), seam No. 1 has 

an exceptionally low phosphorus level and is frequently exploited as a metallurgical feedstock. 

Falcon (1989) hypothesized that seam No. 1 originated in a freshwater peat bog that covered a 

platform of sediment produced from an old braided glacial river system. 

 

2.2 WITBANK COALFIELD  

 

The South African province of Mpumalanga is home to the Witbank coalfield. It is discovered 

in the Karoo Basin where dolerite dykes and sills from the early Jurassic period of Gondwana 

fragmentation (about 180 million years ago) were intruded (Du Plessis, 2008). Sandstone, 

carbonaceous shale, siltstone, minor conglomerate, and a number of coal seams are among the 

geological units (Graham and Lategan, 1931a; Viljoen and Reimold, 1999; Cairncross, 2001; 

Vorster, 2003). Figure 2-3 shows an illustration of stratigraphic columns. There are many 

variations in terms of organic and inorganic content as well as the degree of maturity of the 

coal seams due to the vast variety of sedimentary and structural environments in which they 

were formed, as well as a range of ages, climates, and plants (Winter, 1985; Falcon, 1986). 

 

The location and thickness of the sedimentary formations as well as the coal seams were 

impacted by the distribution and thickness of the Ecca Group of the Karoo Supergroup 

deposits, which were deposited on an undulating Karoo floor (Pinetown and Boer, 2006). 

Although significant amounts of coal have been lost to post-Karoo erosion, up to 180 m of 

Karoo strata have been retained. The region where the Dwyka deposits are the thickest in the 

deepest palaeo valley has a number of significant glacial valleys. 
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Numerous ridges, mostly made of igneous rocks, constitute the Southern limit of the coalfield, 

with the felsite ridge being the most lithified (Pinetown and Boer, 2006). The five seams are 

separated by a sequence of 70 meters, and the parting thickness between them is essentially 

consistent across the field (Smith and Whittaker, 1986). 

 

The sediments above sills in the Witbank coalfield have been moved and raised, while the 

sediments under the sills have not been affected. On the Witbank region's dolerite dykes, 

vertical displacement is barely noticeable. The volatile components of the coal seams were 

depleted by the heat generated by dolerite dykes and sills, which also promoted metamorphism. 

Within the Karoo Supergroup's Vryheid formation, Ecca group, and coal reserves are found in 

the Witbank coalfield. The Witbank Coal Basin's typical seams are numbered 1 to 5. Typically, 

coal seams get thinner as they approach smaller palaeo-ridges and finally pinch out against the 

larger palaeo highs (Snyman, 1998). Seams range from flat to moderately sloping; seals 

interlayers (15ï50 m) cross seams; dykes with a thickness of 0ï1 m are frequent and tend east, 

northeast, and north; the Ogies dyke is the most noticeable dyke (15 m thick, 100 km long and 

strikes east-west) Significant mining issues were created by transgressive seal interlayers, 

which produced tilting and displacement of seam mining blocks at various altitudes. Resource 

estimates and mining are severely hampered by the intensity and scale of coal combustion 

caused by intrusions (Smith et al., 1994; Smith and Whittaker, 1986). 

 

According to Cairncross (1989), the Dwyka tillite or Rooiberg Felsites, which is a pre-Karoo 

basement, is where the Ecca Group rests. Figure 2-2 shows stratigraphic sections for several 

coalfield regions that show the above-mentioned coal seams and non-coal layers. Shale beds 

and coal seams split the sandstone and siltstone layers, which range in coarseness from mild 

to extreme, can be light or dark, and range in thickness from a few meters to 70 meters (Graham 

and Lategaan, 1931a). 

 

There are five coal seams, which are depicted in Figure 2-2. The lowest seam, seam No. 1, is 

either overlain by a tillite or by bands of shale and sandstone from the Dwyka Group (Graham 

and Lategan, 1931b). Except for the northern portion of the coalfield near Witbank town and 

in the east in the Optimum and Arnot collieries, where it achieves 3 m in thickness, seam No. 
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1 is patchily developed across the coalfield (Pinheiro, 1999; Figure 2-3). With shaly sandstone 

partings that produce a localized lower seam No. 1 near the Arnot region, seam No. 1 is mostly 

composed of lustrous to dull coal. According to Pinheiro (1999), seam No. 1 is commonly 

mined as a metallurgical feedstock because of its extremely low phosphorus level. According 

to Falcon's (1989) theory, the seam No. 1 developed in a freshwater peat bog over a platform 

of sediment from a long-ago braided glacial river system. 
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Figure 2-3: A map showing the approximate position (shown by an arrow) of the Geodehoop boreholes ZFN1510 and 1512 project at Zondagfontein farm close to the ROC catchment devide, as well as the Goedehoop Colliery in the Zondagfontein project 

area and Witbank coalfield cross-section with seams No. 1ï5 (after Graham and Lategan, 1931a). 



 
 

The No. 2 seam has been extensively mined and remains economically vital, while seams No. 1, 

4, and 5 include additional economic seams (Uludag et al., 2001). Thin seam No. 3 (usually less 

than 0.5 m in thickness) is of good grade locally, where it attains a thickness of around 0.8 m, and 

is a significant opencast resource (Uludag et al., 2001). The No. 2 seam holds approximately 60% 

of the Witbank coalfield's coal deposits and a fraction of the highest quality coal (Uludag et al., 

2001). Seam No. 2 is composed of several sandstone and shale partings, with the deepest splitting 

occurring locally in the top portion of the seam, so dividing the seam into No. 2 and No. 2 upper 

seam (Smith and Whittaker 1986; Snyman, 1998; Xaba, 2004). The entire thickness of the No. 2 

seam might exceed 10 meters (Pone et al., 2007). 

 

The top seam No. 4 also attains a total thickness of 10 m, but its mining is restricted due to 

exceedingly poor roof conditions, substantial variation in coal quality, and devolatilization 

associated with an overlaying dolerite sill (Pone et al., 2007). The No. 4 seam is divided into the 

No. 4 lower, No. 4 higher, and No. 4A sub seams by the deposition of fine-grained silt inside an 

embayment and, subsequently, shale and sandstone during the buildup of the coal bed. The No. 4 

seam comprises many shale and sandstone fragments (Pone et al., 2007). The primary No. 4 Seam 

consists of dull to dull lustrous coal with a typical thickness ranging from 2.5 meters in the field's 

center to 6.5 meters outside (Pinetown and Boer, 2006). This results in mining being restricted to 

the lowest 3.5 m of the coal seam, which is mostly used as power plant fuel and household steam 

coal (Smith and Whittaker, 1986; Xaba, 2004). 

 

The contribution of Coal seam No. 5 to the total coal resources of the Witbank coalfield is 

negligible. This seam is approximately 1.5 to 2.0 m thick and is approximately 25 m above coal 

seam No. 4. (Pone et al., 2007). The No. 5 seam is generally present in the basement right above 

palaeo-topographic highs (Cairncross, 1990). The coal seam is overlain by laminated sandstone, 

creating weak mine-roof conditions that need extensive support if mined underground (Pone et al., 

2007). The No. 5 seam consists mostly of brilliant, banded coal with thin shale and mudstone 

separations (Smith and Whittaker, 1986; Xaba, 2004). According to Smith and Whittaker (1986), 

seam No. 5 has been mined as a source of blend coking coal and for metallurgical purposes, 

especially in the central Witbank region, where it is of better grade (Xaba, 2004). The bottom seam 

(No. 1) is formed as a single seam in the deeper portion of the coal basin, although in certain 
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sections it is divided into three distinct coal units by interbedded sediment (up to 3.5 m thick) 

(Pone et al., 2007). 

 

The geological setting of the study area support the overall abjective of the research. The coal 

seams and associated geological strata, which have been identified as the source of contaminants 

in the catchment area, will be tested in this study.  



 
 

3 PETROGRAPHY AND GEOCHEMISTRY OF THE SOURCE ROCK UNITS 

 

3.1 INTRODUCTION 

 

To unravel the fate of metals in the receptor realm, it is necessary to comprehend the geochemical 

properties of the source rock units. The primary purpose is to geochemical characterize the 

geological units of the source rock. According to the geological context of the ROC covered in 

chapter 2, about 80 percent of the geology consists of the Karoo Supergroup's Vryheid Formation. 

The drillcores donated by Anglo Coal (Pty) Ltd., Zondagsfontein project, Geodehoep Colliery 

were used in this study. The data of several lithological units were reported in Appendix B-D. 

Appendix A is the summary focussed more on coal petrology as part of the MSc project, which is 

vital in understanding the genesis and the depositional environment of coal of the study area. The 

investigation reveals that the rank of coals ranges from subbituminous to high-volatile bituminous. 

Maceral groups of vitrinite, inertinite, and liptinite predominate in the coals. Due to the high 

groundwater table levels in the peat bog, the coal seams developed in anaerobic conditions. 

However, the presence of fusinite and semi-fusinite macerals suggests that the groundwater level 

was shifting, reverting to lower groundwater and increasing oxygen ingress, hence activating 

oxidizing conditions. 

 

3.2 METHODOLOGY 

 

A total of 123 samples were taken from the two boreholes ZFN1512 and ZFN1510 of the 

Geodehoop coal mine, which represent the Ecca Group lithostratigraphic units (Figures 2-3; 3-1). 

The two boreholes reveal comparable geological units, which will be discussed together. Sampled 

rocks of the Bushveld Complex include sandstones/siltstone, siltstone, shale, sandstone, dolerites, 

coal, shaly coal, tillite, and basement granite (felsites). The representative samples of the 

stratigraphic units' lithos were gathered. XRF and XRD were used to examine the elemental 

concentrations and mineralogy of the samples, respectively. Coal analyses for proximate and 



28 | P a g e  
 

ultimate analysis was done to achieve the MSc research objective and is presented in Appendix A, 

largerly based on ALS Coal Technology (2011).    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-1: The sampled stratigraphic units of the Zondagsfontein project (Geodehoop colliery) from Anglo Coal 

Pty.Ltd. 

 

3.2.1 Borehole core samples description 

 

Anglo-American Coal (Pty) Ltd constructed a 140 m well and a 138.2 m borehole, labelled 

ZFN1512 and ZFN1510, for the Zondagsfontein project in the Witbank Goedehoop region. The 

majority of the stratigraphy of the Witbank coalfield is represented by the boreholes, which include 

significant coal seams. The unrecovered portion of the boreholes was around 15 to 25 m thick. The 

two boreholes yielded a total of 65 and 58 samples, respectively. The sample technique was 
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undertaken at the CGS core shed as part of an internal initiative analyzing the environmental effect 

of mining using a comprehensive approach. Appendix H has a description of the boreholes. 

 

3.2.2 Analytical Procedure 

 

This research uses a mix of analytical approaches to comprehend the geochemistry of the 

geological units. X-ray diffraction (XRD) and X-ray fluorescence (XRF) were utilized to 

determine the elemental composition and mineralogy of each stratigraphic unit using the lithology. 

 

In addition ultimate analysis, the coal seams' analytic approach also incorporates proximate 

analysis. The proximate analysis was undertaken to determine the concentration of sulphur, 

moisture, volatile matter, ash, and fixed carbon, while the ultimate analysis quantified the carbon, 

hydrogen, sulphur, oxygen, and nitrogen content of the coal samples. 

  

3.2.2.1 X-ray diffraction (XRD) 

 

XRD was utilized to determine the composition of the material. In this study, the method of 

analysis described by Brime (1985) was utilized. On a BRUKER D8 Advance equipment with a 

2.2 kW Cu long fine focus tube and LYNXEYE detector, XRD measurements were conducted. 

The system had a main monochromator and a sample changer with a 90° position. Using CuK 

radiation at a speed of 0.02° 2 step size/0.5sec and generator settings of 40kV and 40mA, samples 

were scanned from 2° to 70°. The system is computer-controlled using the software package 

BRUKER DIFFRACPlus. The solid samples were crushed, processed, and homogenized into a 

fine powder with a particle size of roughly 10 to 15 m. To guarantee random orientation, a 

subsample was squeezed into a shallow plastic sample holder against rough filter paper. Using the 

BRUKER DIFFRACPlus - EVA assessment tool, phase identification was conducted. For 

search/match, the inorganic/organic database was utilized; the PDF-2, data sets 1-50 were 

accessible on CD-ROM. Using relative peak height/area ratios, semi-quantitative estimations of 

phase concentrations were derived (Jenkins, 2000). 

 

 



30 | P a g e  
 

 

3.2.2.2 X-ray fluorescence spectrometry (XRF) 

 

XRF is a method of elemental analysis that assesses the presence and concentration of various 

elements by measurement of secondary radiation from the sample that has been excited by an X-

ray source (Smith, 1990). Major and trace element concentrations in the coal and non-coal samples 

were also determined using XRF. 

 

The method allows the quantification of a given element by first measuring the emitted 

characteristic line and then relating this intensity to elemental concentration. X-Ray fluorescence 

is particularly well-suited for investigations that involve: Bulk chemical analyses of major 

elements (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, P and Cr) in rock and sediment. Bulk chemical 

analyses of trace elements (in large quantities >1 ppm; As, Ba, Be, Cd, Co, Cr, Cu, Ga, Ge, Mo, 

Ni, Pb, Rb, Sc, Se, Sm, Sr, Ta, Th, U, W, V, Y, Zr, Zn) in rock and sediment - detection limits for 

trace elements are typically on the order of a few parts per million. 

 

The glass disks and wax pellets was prepared on milled sample  of less than 75 ɛ fraction and then 

analyzed by a PANalytical wavelength dispersive Axios X-ray fluorescence spectrometer 

equipped with a 4 kW Rh tube for a major and traces. The full method is described in Cloete and 

Truter, (2001). The Lower Limit of Detection (LLD) (minimum (min), maximum (max) and 

average (av)) is presented in Table 3-1 and Table 3-2. The resulting stability of analyses was 

monitored on a daily analysis, per batch of 300 samples analysed. XRF data is represented in 

Appendix D. 
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Table 3-1: Presents the LLD and the XRF standards in CGS for some majors and largely trace elements. 

 
LLD for application - Traces_2013 

Compound 

Min. LLD Standard Max. LLD Standard Av. LLD 

(ppm)   (ppm)   (ppm) 

CaO 3.26 GSR-4_2014 17.67 SARM-40 5.67 

Sc 0.95 GSR-4_2014 1.4 GSR-3_2014 1.1 

TiO 2 1.65 NBS-99a_2014 17.15 TRMAC-004 2.68 

V 0.98 GSR-4_2014 1.8 SARM-40 1.16 

Cr 1.6 GSR-4_2014 2.66 SARM-40 1.87 

MnO 2.67 CRM-782-1 6.1 SARM-51 3.5 

Fe2O3 5.96 NBS-99a_2014 73.31 TRMAC-005 10.45 

Co 1.15 NBS-99a_2014 1.97 GSR-3_2014 1.44 

Ni 1.7 GSS-3_2014 3.14 SARM-51 2.06 

Cu 1.29 GSR-4_2014 2.06 SARM-51 1.49 

Zn 1.31 GSR-4_2014 2.04 SARM-51 1.5 

Ga 0.88 GSR-4_2014 1.39 SARM-51 1.02 

Ge 0.66 GSR-4_2014 0.98 SARM-40 0.75 

As 3.57 GSR-4_2014 5.16 SARM-40 4.03 

Se 1.04 GSR-4_2014 1.47 GSR-3_2014 1.15 

Br 0.75 GSS-3_2014 1.03 GSR-3_2014 0.83 

Rb 0.44 GSR-4_2014 0.66 SARM-40 0.5 

Sr 0.43 GSR-4_2014 0.62 SARM-40 0.48 

Y 0.42 GSR-4_2014 0.65 GSD-2 0.52 

Zr  0.4 GSR-4_2014 0.8 SARM-40 0.48 

Nb 0.35 GSR-4_2014 0.49 SARM-40 0.39 

Mo 0.36 GSR-4_2014 0.48 SARM-40 0.39 

Cs 3.69 GSR-4_2014 5.11 GSR-3_2014 4.17 

Ba 2.88 GSR-4_2014 5.3 GSR-3_2014 3.54 

La 5.63 GSR-4_2014 10.55 SARM-40 6.57 

Ce 8.3 GSR-4_2014 13.9 SARM-40 9.55 

Nd 4.54 GSR-4_2014 7.63 SARM-40 5.24 

Sm 3.39 GSR-4_2014 5.46 SARM-40 3.79 

Yb 4.16 GSS-3_2014 6.86 GSR-3_2014 4.95 

Hf 4.54 GSR-4_2014 6.82 GSR-3_2014 5.17 

Ta 2.15 GSR-4_2014 3.42 GSR-3_2014 2.5 

W 2.18 GSS-3_2014 3.39 GSR-3_2014 2.53 

Tl 2.11 GSR-4_2014 3.06 SARM-40 2.38 

Pb 1.14 GSR-4_2014 1.68 SARM-51 1.28 

Bi 1.66 NBS-99a_2014 2.47 SARM-40 1.89 

Th 1.01 NBS-99a_2014 1.43 SARM-40 1.13 

U 0.89 GSR-4_2014 1.23 GSR-3_2014 0.99 
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Table 3-2: The lower LLD and the standards used by XRF in CGS for the major oxide. 

 

LLD for application - Majors2013_ 

Compound 

Min. LLD Standard Max. LLD Standard Av. LLD 

(ppm) 
 

(ppm) 
 

(ppm) 

Al 2O3 10.45 1084 17.06 1065 12.41 

CaO 0.69 1074 1.07 1062 0.78 

Cr 2O3 1.15 1072 1.94 1068 1.37 

Fe2O3 1.64 1072 3.09 1084 2.18 

K 2O 1.03 1069 1.2 1084 1.14 

MgO 3.76 1069 7.14 1065 4.68 

MnO 0.25 1079 2.22 1068 1.235 

Na2O 6.53 1076 11.17 1063 7.76 

P2O5 1.46 1074 6.18 1079 1.97 

SiO2 2.55 1062 4.81 1075 3.48 

TiO 2 1.17 1072 1.75 1062 1.34 

 

3.3 RESULTS 

 

3.3.1 Mineralogy of stratigraphic units 

 

The mineral concentrations generally ranges as follows: dominant mineral is less than 50%, major 

minerals from 20% to 50%, minor minerals from 10% to 20%, accessory minerals from 2% to 

10%, and the rare minerals up to 2%. The mineral concentrations determined by XRD for the two 

boreholes are presented in Table 3-3, with all results presented in Appendix A. The following 

minerals were identified in the geological units for both ZFN1510 (samples marked ñMò) and 

ZFN1512 (samples marked ñWò): calcite, dolomite, hematite/goethite, potassium feldspar/rutile, 

plagioclase, quartz, mica, kaolinite/chlorite, kaolinite, anatase, siderite, pyrite, smectite, 

interstratification, and amorphous material. The most prevalent minerals are potassium 

feldspar/rutile, plagioclase, quartz, mica, and kaolinite/chlorite, although calcite is prevalent in 

sandstones and coal. Plagioclase is the most prevalent mineral in dolerites, comprising around 54% 

of the average percentage. On coal seam no. 5 and the stratigraphic levels below, sulphide minerals 

are prevalent. 
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3.3.1.1 Inorganic geological unit 

 

The inorganic geological is represented by the sedimentary and the igneous rocks of the study area. 

Dywka tillite and the feisc rock form part of the basement rocks in the boreholes ZFN1512 and 

1510 (Figure 3-1). The classification schemes of terrigenous shales and sandstones using 

Fe2O3/K2O vs SiO2/Al 2O3 reveals that the majority of the sediments are shales with minor Fe-rich, 

arkose with minor subarkose, wacke and monor litharenite (Figure 3-2). This is due to intermediate 

to low SiO2/ Al2O3 values, sediments are regarded as relatively mature, and strongly weathered as 

shown in their predominantly low Fe2O3/K2O ratios reflecting a feldspar dominance over 

ferromagnesian minerals as discussed for the Rosh Pinah sedimentary rocks (Gauert, 2005). 

According to this classification, the majority of the coal seams are plotting on the Fe-shale due to 

high ratio of Fe2O3/K2O and less SiO2/Al2O3 (Figure 3-2). The shale units is notable below or above 

coal seam No. 5 (samples W27 and M34) and is confirmed by the logged geological unit for the 

boreholes. In these shale samples, the XRD results indicate the mineral dorminance of 26% quartz, 

38% kaolinite/chlorite, 20% mica, 6% k-felspar and 5% plagioclase for W27 (Table 3-3). The 

sandstone logged in the boreholes below coal seam No. 5, especially above coal seam No. 4 is in 

the field of litharenite or sublitharenite. This unit is characterised by the presence of up to 62% 

quartz, 29% K-feldspar, and 5% plagioclase with minor pyrite up to 2% (Table 3-3). The rest of 

the siltstones logged on the boreholes is classified as arkosic or subarkiose and is composed 

commonly of quartz and kaolinite, with tiny amounts of mica, potassium feldspar, plagioclase, and 

interstratification, as well as anatase, chlorite, siderite, and hematite minerals (Appendix A). 

Plagioclase and calcite are the predominant minerals in dolerite, with kaolinite, pyroxene, siderite, 

and mica as minor minerals, and the uncommon minerals smectite, chlorite, and anatase (Table 3-

3; Appendix B). The sediments logged as sandstone/ siltstone are dominated by quartz and clay 

minerals (kaolinite interstratification), with minor carbonates (dolomite, calcite), potassium 

feldspar, plagioclase, and mica, and minor minerals including siderite, anatase, pyrite, and smectite 

(Table 3-3; Appendix B). Quartz and kaolinite are the predominant minerals in mudstone, with 

mica and potassium feldspar serving as accessory phases, which is typical of the Karoo rocks 

(Baiyegunhi et al., 2017). The tillite (M62) is likewise dominated by quartz and kaolinite, as well 

as minor minerals including dolomite, plagioclase, and mica, and accessory minerals like anatase, 

siderite, potassium feldspar, and pyrite (Table 3-3; in Appendix B). Quartz, minor plagioclase, 
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siderite, potassium feldspar, and the uncommon minerals pyrite and mica dominate the granite 

M63) at the base of the borehole (Appendix B). Dolerite constitutes sample W23, with 

clinopyroxene as a minor mineral (Appendix B). 

 

Table 3-3: The results (wt.%) of X-ray diffraction analyses of coal seams with the footwall and the extends above 

(ZFN1512 and 1510) 
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W25 - - - 11 6 42 10 26 - - - - - 5 -   

W26 7 7 - - - 34 - 32 - - 12 - - 9 - Seam5 

W27 - - 1 6 5 26 20 38 2 - - - - 2 -   

W30 - - 1 6 - 58 - 23 - - - 12 - - -   

W31 3 3 - - - 9 - 24 - - 51 4 5 - *  Seam4 

W32 - 2 - 1 - 27 4 66 - 1 - - - - -   

W40 - - - 13 - 71 1 15 - - - - - - -   

W41 - 1 - 31 - 8 3 48 - - 5 4 - - *  Seam3 

W42 - - - 11 - 32 8 45 - trc - 4 - - -   

W48 - - - 8 - 73 1 18 - - - - - - -   

W49 - - - 1 - 44 2 53 - 1 - - - - - Seam2 

W50 - - - 6 - 65 3 21 - - 4 - - - -   

Z
F

N
1
5
1
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M34 -     8 13 51 5 10       2   11     

M35 9 10       9 5       21       *  Seam5 

M36 34 3   10   33 14 trc     1           

M43       29 5 62         2 1         

M44       2   47       1 2     2   Seam4 

M45       8   41 4     1             

M52       8   45 6                   

M53   6       15 3       10 14     *  Seam3 

M54       7   28 12 53       0         

M60   9   3   62 2       2 2     *    

M61 3 10       28 5       11         Seam2 

M62   3   6   66 3     1             

 

   

 



 
 

 

 

Figure 3-2: Witbank coalfied metasediments compositions for BH1510 and 1512 (valid N = 123) in the classification schemes of terrigenous shales and sandstones using 

Fe2O3/K2O vs SiO2/Al 2O3 by Herron (1988) after Gauert  (2005).



 
 

 

3.3.1.2 Organic geological unit 

 

3.3.1.2.1 Coal Seam No. 5 

 

The mineralogical composition of coal deposits around the world is dominated by carbon, quartz, 

kaolinite, clay minerals, sulphides, carbonates, and phosphates, as well as certain uncommon 

minerals indicative of the depositional environment or source material (Pinetown, 2003). Seam 

No. 5 (ZNF1510, sample M35) has two important minerals, kaolinite and pyrite, with carbonate 

minerals (calcite and dolomite), quartz and mica minerals as accessory minerals (Table 3-3). Seam 

No. 5 (ZNF1512, sample W26) comprises quartz and kaolinite as the principal minerals, pyrite as 

a minor mineral, and calcite and dolomite as accessory minerals (Table 3-3). The sandstone-

siltstone represented by sample M34 is the rock, which extends above seam No. 5 and is dominated 

by quartz, with kaolinite, interstratification, and plagioclase as minor clay minerals, and potassium 

feldspar, mica, and siderite as accessory minerals. The footwall of seam No. 5 is a sandstone 

(ZNF1510, sample M36) with quartz and calcite as the principal minerals, mica and potassium 

feldspar as minor minerals, and plagioclase, pyrite, and dolomite as accessory minerals. For 

borehole ZNF1512, the footwall of coal seam No. 5 is composed of sandstone (sample W27) with 

quartz, mica, and kaolinite as the major minerals, potassium feldspar and plagioclase as the minor 

minerals, and hematite and chlorite as the rare minerals. 

 

3.3.1.2.2 Coal Seam No. 4 

 

Seam No. 4 of borehole ZFN1512 is composed of the major minerals pyrite and kaolinite with 

minor minerals of carbonates (calcite and dolomite), quartz, siderite and smectite (Table 3-3), 

whereas seam No. 4 of borehole ZFN1510 is composed of quartz and kaolinite as major minerals 

with potassium feldspar, pyrite and interstratification as minor (Table 3-3). The sandstone-siltstone 

below seam No. from borehole ZFN1510 represented by M45 has quartz and kaolinite as the major 

minerals, mica and potassium feldspar as the minor minerals, and anatase as the accessory mineral 

(Table 3-3). Shale which is the footwall of borehole ZFN1512 (sample W32) is dominated by 

kaolinite with quartz as the primary material and minor amounts of dolomite, potassium feldspar, 
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and anatase as accessory minerals (Table 3-3). The sample above represented by M43 of ZNF1510 

is composed of sandstone is dominated by quartz and potassium feldspar, with kaolinite and pyrite 

as minor minerals and siderite as an accessory mineral.  

 

3.3.1.2.3 Coal Seam No. 3 

 

The predominant mineral in seam No. 3 is kaolinite, with quartz, pyrite, siderite, and dolomite as 

important minerals and mica as a minor mineral (Table 3-3; Appendix A). In seam No. 3 of 

ZNF1512, kaolinite and potassium feldspar are the predominant minerals, pyrite, siderite, mica, 

and quartz are the minor minerals, and dolomite is the accessory mineral (Table 3-3). The rocks 

that extends above represented by sample M52 is composed of sandstone-siltstone with quartz and 

kaolinite as main minerals and potassium feldspar and mica as minor minerals (Table 3-3), whereas 

sample W40 is composed of sandstone dominated by quartz with potassium feldspar and kaolinite 

as minor minerals (Table 3-3). The footwall is composed of sandstone (sample W42) with quartz 

and kaolinite as the primary minerals, and potassium feldspar, mica, and siderite as minor minerals 

(Table 3-3). Sample M54 is a sandstone-siltstone that is dominated by kaolinite material, has 

quartz as its main mineral, mica as its minor mineral, and potassium feldspar as its accessory 

mineral (Table 3-3). 

 

3.3.1.2.4 Coal Seam No. 2 

 

In the No. 2 seam, kaolinite, calcite, and dolomite are the predominant minerals (Pinetown, 2003). 

ZNF1510 is dominated by quartz and kaolinite, with dolomite, pyrite, calcite, and mica as 

accessory minerals (Table 3-3; Appendix B). On sample W49, kaolinite was identified as the main 

mineral, with quartz, potassium feldspar, mica, and anatase as uncommon minerals (Table 3-3). 

The rock which extends above is composed of sandstone-siltstone (sample M60), with quartz and 

kaolinite as the primary minerals and potassium feldspar, mica, pyrite, siderite, and dolomite as 

the minor minerals. The rocks above represented by sample W48 is composed of sandstone that is 

dominated by quartz with modest quantities of kaolinite and potassium feldspar as accessory 

minerals, and microscopic amounts of mica (rare mineral). The below unit of Dwyka tillite 

represented by sample M62, which is dominated by quartz and kaolinite, with potassium feldspar, 
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mica, and dolomite serving as accessory minerals (Table 3-3). The ZNF1512 footwall is sandstone 

(sample W50) and is characterized by quartz with kaolinite as the primary mineral and pyrite, 

potassium feldspar, and mica as accessory minerals (Table 3-3). 

 

3.3.2 Geological units petrology 

 

For discusion in this section, the minerals has been abbreviated as follows: plagioclase (Plag), 

clinopyroxene (Cpx), and potassium feldspar (Kfs) phenocryst with Orthoclase twining; quartz 

(Qtz), and carbonates minerals (Cb), pyrite (Pyrit), mica, chlorite (Chl), inertinite (In) and vitrinite 

(v). 

 

3.3.2.1 Above Coal Seam no. 5 

 

The upper strata around coal seam No. 5 are enormous reddish-brown to light brown sandstone 

with medium grains (samples W22-W24, W10-W15 for borehole ZFN1512 and samples M12-

M16, M22, M29, and M31 for borehole ZFN1510). In addition, they contain a light greenish-gray 

porphyritic dolerite dyke (W7, W9, and W23 for ZFN1512 and M30 for borehole ZFN1510) 

composed primarily of pyroxene, plagioclase, siderite, and interstratification (Tables 3-3; 

Appendix B), along with minor sandstone clasts and fractures, and fine-grained siltstone. The third 

kind consists of cross-laminated and minor flat-laminated materials. A very well-sorted and fine-

grained black shale (W6 and W8 for borehole ZFN1512 and M4, M11 & M28 for borehole 

ZFN1510) composed primarily of potassium feldspar, plagioclase, quartz, mica, kaolinite, anatase 

and interstratification (Tables 3-3; Appendix B) with interlaminated beds and minor cross beds. 

Fine to medium-grained, light to gray siltstone (W25 for borehole ZFN1512 and M5-M6 for 

borehole ZFN1510) with minimal cross-lamination is present. It is mostly composed of quartz, 

plagioclase, potassium feldspar, mica, kaolinite, and interstratified illite/smectite, along with trace 

amounts of carbonate minerals, anatase, and siderite (Table 3-3; Appendix B). 

 

Pyrite is the sulphide mineral found in coal, sandstone, and shales in the Goedehoop region, 

according to this study. However, it is connected with early or syngenetic depositional origins as 
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a minor mineral. As seen through a microscope, sandstone and coal include fragmentoid pyrite 

grains, but shale rocks are often composed of small, disseminated, euhedral pyrite grains. 

 

The dolerite specimen labeled M30, W7, W9, and W23, consists mostly of pyroxene, plagioclase, 

siderite, and interstratification (Tables 3-3; Appendix B). Under a microscope, a cross-polarized 

transmitted light image of dolerite reveals elongated plagioclase with parallel pairs of albite 

twining, subhedral to anhedral clinopyroxene, potassium feldspar phenocryst, and carbonates 

minerals with anhedral quartz (Figure 3-3). 

 

 

Figure 3-3: A dolerite sample represented by M30 exhibits plagioclase, clinopyroxene, and potassium feldspar 

phenocryst with orthoclase twining in A; quartz, elongated plagioclase, and carbonates minerals in B; and elongated 

phenocryst of plagioclase with albite twining in C. 

 

Shale sample M28 consists mostly of plagioclase, quartz, mica, kaolinite, anatase, and 

interstratification (Appendix B). As seen in Figure 3-4, (A) is a view of reflected plane-polarized 

light revealing framboidal pyrite grains, the sole identifiable sulphide, and (B) is a view of crossed-

polarized transmitted light revealing quartz, mica, plagioclase, and chlorite. 



40 | P a g e  
 

Figure 3-4: Shale represented by sample M28 exhibiting framboidal pyrite grains in A and showing quartz, mica, 

plagioclase and chlorite in B under crossed-polarised transmitted light.  

 

The sandstone-siltstone above seam No. 5. Sample M33 is predominantly constituted of quartz, 

plagioclase, potassium feldspar, mica, kaolinite, and interstratified illite/smectite (I/S), with traces 

of carbonate minerals, anatase, and siderite, as determined by XRD (Appendix B). Under reflected 

light, the detected minerals are partially decomposed pyrite, however under transmitted light, seen 

minerals are clasts of quartz and mica altering to chlorite, although plagioclase (albite twining) 

and clay (kaolinite) constitute the majority of the matrix filling material (Figure 3-5). 

 

 

Figure 3-5: Sandstone represented by sample M33 exhibits spongy pyrite in A, and quartz, mica, kaolinite and 

plagioclase in B under crossed-polirased transmitted light. 
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3.3.2.2 Coal Seam No. 5 

 

The XRD analysis of this seam (sample M35) revealed that the predominant mineral is kaolinite, 

followed by pyrite, a minor quantity of mica and quartz, and carbonates (calcite and dolomite) 

(Table 3-3; Appendix B). This is corroborated by the petrographic findings that the bulk of 

identified minerals are clays, quartz, mica, and pyrite, and that no carbonates were detected (Figure 

3-6). 

 

 

 

Figure 3-6: The seam No. 5 represented by sample M35 exhibits kaolinite, quartz, and mica in A, and pyrite elongation 

in B, under reflected light. 

 

3.3.2.3 Within No. 5 and No. 4 Coal Seam 

 

Between seams No. 5 and 4, the sandstone depicts the below and the rocks that extends above 

(sample M41). XRD revealed that the mineral matter composition of this sandstone consists of 

potassium feldspar, carbonates (calcite and dolomite), and quartz, with traces of pyrite, minor 

quantities of muscovite and kaolinite, and siderite (Appendix B). The findings are verified by 

petrographic mineral group studies, in which the bulk of minerals detected are clastic grains of 

potassium feldspars and quartz in a matrix of carbonates and mica minerals, with pyrite primarily 

showing in framboidal form (Figure 3-7). 
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Figure 3-7: A framboidal pyrite in A under reflected light; potassium feldspar and quartz in B, and displaying 

potassium feldspar and quartz in carbonates and muscovite matrix of sandstone represented by sample M41. 

 

3.3.2.4 Coal Seam No. 4 

 

XRD analysis revealed that seam No. 4 represented by M44 has a preponderance of quartz and 

kaolinite, with potassium feldspar, anatase, pyrite, and interstratification (I/S) as minor minerals 

(Table 3-4; Appendix B). Under reflected plane-polarized light, pliable pyrite is shown by 

petrographic mineral group analysis (Figure 3-8). 
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Figure 3-8: Coal seam No. 4 represented by sample M44 display spongy pyrite under a reflected light. 

 

3.3.2.5 Within coal seam No.4 and No.3 

 

The geological unit here is reprented by sample M46, which is composed of a sandstone dominated 

by quartz and including minor quantities of potassium feldspar, mica, and kaolinite. Under 

transmitted light, fragments of quartz are visible, but plane-polarized light reveals clusters of 

dispersed pyrite particles (Figure 3-9). 

  

 

 

Figure 3-9: Quartz grains showing pyrite matrix under reflected light in B. 
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3.3.2.6 Coal Seam No. 3 

 

Sample M53 revealed that this seam has large quantity of kaolinite with siderite, quartz, and pyrite 

as minor minerals and dolomite and mica as trace minerals (Table 3-3; Appendix B). Under 

reflected light, petrographic mineral group studies reveal pyrite vein filling (Figure 3-10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-10:  Coal seam No. 3 represented by sample M53 exhibiting vein fillings of pyrite in A and spongy pyrite in 

B under a reflected light. 

 

3.3.2.7 Coal Seam No. 2 

 

The XRD data indicate that seam No. 2 comprises kaolinite and quartz as the principal minerals, 

dolomite and pyrite as minor minerals, and calcite and mica as accessory minerals (Table 3-3; 

Appendix B). The mineral visible in the thin slice under reflected light is pyrite embedded in 

macerals (Figure 3-11). 

 

Figure 3-11: The spongy pyrite in A and spongy pyrite with inertinite and vitrinite in B under reflected light. 
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3.3.2.8 Basement rocks 

 

This geological unit represented by sample M64 is a glacial deposit known as tillite and has a large 

quantity of kaolinite along with siderite, plagioclase, potassium feldspar, anatase, smectite, and 

mica as trace minerals (Table 3-3; Appendix A). Quartz is the predominant mineral in the sample, 

with minor quantities of plagioclase and potassium feldspar and traces of muscovite (Figure 3-12). 

 

 

Figure 3-12: Dwyka tillite represented by sample M64 under transmitted light exhibiting plagioclase notably albite 

twining, potassium feldspar, quartz and muscovite in A; grains of quartz notably clastic in B. 

 

The XRD data indicate that the granite is predominantly made of quartz, plagioclase, potassium 

feldspar, and siderite, with trace amounts of mica. Granite (M65) seen under transmitted light 

reveals data supporting the XRD observations, as granite is dominated by quartz with plagioclase 

(parallel sets of albite twining), potassium feldspar, and minor quantities of muscovite 

transforming into chlorite (Figure 3-13). 
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Figure 3-13: Granite reprented by sample M65 presenting muscovite (Ms) altering to chlorite and intersertal or 

granophyric intergrowth of feldspar and quartz in A; and also showing plagioclase notably albite twining, potassium 

feldspar and quartz in B. 

 

3.3.3 Geochemical elements distribution 

 

A drill core of the coalbed lithologies reveals that SiO2, Al2O3, Fe2O3 and K2O dominate the 

samples, with minor levels of TiO2, CaO, MgO, Na2O, MnO, P2O5 and Cr2O3, SiO2, Al2O3 and 

Fe2O3. Correlation matrix reveals the existence of positive and negative linear relations between 

the main elements or between the major and trace elements, as shown by positive and negative 

realationships denoted (r) (Table 3-4 and Table 3-5). Feldspar and clay minerals are responsible 

for the modest correlation between SiO2 and K2O. This relationship is supported by K2O in drill 

hole ZFN1510, which is strongly connected to SiO2 and Al2O3 and Na2O. The predominant 

mineralogy of quartz and clay minerals constitutes this fundamental geochemistry. The increased 

Fe2O3 contents in the samples may be attributable to the presence of hematite in the ferruginous 

sandstone, pyrite in the coal seams, and dolerite in particular. CaO and MgO concentrations may 

be caused by the presence of carbonate minerals, and high amounts can lead to alkaline drainage. 

Corrections between CaO, MgO, Fe2O3, and MnO indicate a relationship with carbonate minerals 

(Tables 3-4 and 3-5; Appendix C). The high positive association between Fe2O3 and MnO, r = 

0.81, may be attributable for an example to the carbonate mineral siderite (8%) in sample M41 

(Appendix B; Figure 3-7). A high LOI suggests a high concentration of volatile materials (i.e. 

carbonate/hydrous minerals). 
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Table 3-4: The colour map Pearson correlation matrix of major in wt.% and traces in ppm for the Witbank coalfield geologial units in ZFN 1510, significant at p < .05, classifications after Moore et al. (2013). 

 
                                          

  SiO2 TiO2 Al2O3 Fe2O3  MnO MgO CaO Na2O K2O P2O5 Cr2O3 LOI Total As Ba Bi Ce Co Cr Cs Cu Ga Ge Hf La Mo Nb Nd Ni Pb Rb Sc Se Sm Sr Ta Th U V Y Yb Zn Zr S C  

SiO2 1,0                                                                                         

TiO2 -0,1 1,0                                                                                       

Al2O3 -0,1 0,7 1,0                                                                                     

Fe2O3  -0,4 0,3 0,1 1,0                                                                                   

MnO -0,3 0,2 -0,1 0,8 1,0                                                                                 

MgO -0,4 0,0 -0,1 0,5 0,4 1,0                                                                               

CaO -0,4 -0,1 -0,3 0,5 0,7 0,6 1,0                                                                             

Na2O 0,2 0,1 0,1 0,4 0,3 0,1 0,0 1,0                                                                           

K2O 0,5 0,1 0,3 -0,2 -0,1 -0,2 -0,2 0,5 1,0                                                                         

P2O5 -0,3 0,0 -0,1 0,6 0,6 0,3 0,7 0,0 -0,2 1,0                                                                       

Cr 2O3 -0,1 0,6 0,7 0,2 0,1 0,0 -0,2 0,0 0,0 0,0 1,0                                                                     

LOI  -0,9 -0,2 -0,2 0,0 -0,1 0,1 0,1 -0,4 -0,6 0,1 -0,1 1,0                                                                   

Total 0,3 0,0 0,0 0,0 0,1 0,0 0,1 -0,1 0,0 0,1 0,0 -0,3 1,0                                                                 

As -0,5 0,0 0,0 0,1 0,0 -0,1 0,1 -0,3 -0,5 0,2 0,1 0,6 -0,1 1,0                                                               

Ba 0,4 0,1 0,3 -0,1 0,0 0,0 -0,1 0,4 0,9 -0,1 -0,1 -0,6 0,1 -0,5 1,0                                                             

Bi 0,0 0,2 0,0 -0,1 -0,1 0,0 -0,1 0,0 0,0 -0,1 -0,1 0,1 0,1 0,3 0,1 1,0                                                           

Ce -0,2 0,5 0,7 0,2 0,0 -0,1 -0,2 -0,1 0,0 0,1 0,5 0,1 0,0 0,1 0,1 0,0 1,0                                                         

Co -0,4 0,5 0,4 0,5 0,3 0,2 0,0 0,2 -0,2 0,0 0,6 0,2 -0,2 0,2 -0,2 -0,1 0,3 1,0                                                       

Cr -0,1 0,7 0,8 0,1 0,0 -0,1 -0,2 -0,1 0,0 0,0 0,8 -0,1 -0,1 0,2 0,0 0,0 0,6 0,5 1,0                                                     

Cs -0,2 0,4 0,7 0,2 0,0 0,0 -0,3 0,0 0,1 -0,1 0,7 0,0 -0,1 0,3 0,0 0,0 0,6 0,4 0,6 1,0                                                   

Cu -0,2 0,6 0,3 0,5 0,4 0,2 0,1 0,3 -0,3 0,0 0,5 0,0 0,0 0,0 -0,2 -0,1 0,2 0,6 0,4 0,2 1,0                                                 

Ga -0,3 0,6 0,9 0,1 -0,1 -0,1 -0,3 0,1 0,1 -0,1 0,7 0,1 -0,1 0,2 0,2 0,1 0,7 0,6 0,8 0,7 0,3 1,0                                               

Ge -0,4 -0,2 -0,2 0,0 -0,1 -0,1 -0,1 -0,1 -0,3 -0,1 -0,1 0,5 -0,2 0,4 -0,3 0,1 0,0 0,4 0,0 -0,1 0,0 0,2 1,0                                             

Hf  0,1 0,6 0,3 -0,1 -0,1 -0,1 -0,2 -0,1 0,3 -0,1 0,2 -0,2 -0,1 -0,1 0,2 0,3 0,4 0,0 0,4 0,1 -0,1 0,3 -0,1 1,0                                           

La -0,2 0,5 0,6 0,2 0,1 -0,1 -0,2 0,0 0,1 0,1 0,5 0,0 0,0 0,1 0,1 0,0 1,0 0,3 0,5 0,6 0,2 0,7 0,0 0,4 1,0                                         

Mo -0,2 0,2 0,2 0,1 -0,1 0,0 -0,1 -0,2 -0,2 -0,1 0,3 0,2 0,0 0,7 -0,2 0,3 0,2 0,2 0,3 0,5 0,1 0,2 0,0 0,0 0,1 1,0                                       

Nb -0,1 0,7 0,7 -0,1 -0,2 -0,2 -0,3 -0,1 0,2 -0,1 0,5 -0,1 -0,1 0,2 0,1 0,3 0,7 0,2 0,7 0,6 0,0 0,7 -0,1 0,7 0,7 0,3 1,0                                     

Nd -0,2 0,6 0,7 0,2 0,0 -0,1 -0,2 0,0 0,1 0,0 0,5 0,0 0,0 0,1 0,2 0,1 1,0 0,3 0,6 0,6 0,2 0,7 0,0 0,4 1,0 0,1 0,7 1,0                                   

Ni -0,4 0,5 0,6 0,4 0,1 0,1 -0,1 0,0 -0,2 0,0 0,7 0,1 -0,2 0,3 -0,2 -0,1 0,5 0,9 0,7 0,5 0,5 0,7 0,3 0,1 0,4 0,3 0,4 0,4 1,0                                 

Pb 0,2 0,2 0,6 -0,2 -0,2 -0,3 -0,4 0,2 0,5 -0,2 0,3 -0,3 0,0 -0,2 0,6 0,1 0,5 0,0 0,3 0,5 -0,1 0,5 -0,1 0,1 0,5 0,1 0,4 0,5 0,1 1,0                               

Rb 0,3 0,3 0,5 0,0 -0,1 -0,1 -0,3 0,5 0,9 -0,1 0,2 -0,6 0,0 -0,4 0,8 0,0 0,3 0,0 0,3 0,4 -0,2 0,4 -0,3 0,3 0,4 -0,1 0,4 0,4 0,0 0,6 1,0                             

Sc -0,6 0,4 0,2 0,7 0,7 0,5 0,8 0,1 -0,3 0,7 0,3 0,2 0,0 0,2 -0,1 0,0 0,2 0,5 0,3 0,1 0,5 0,3 0,0 0,0 0,2 0,0 0,1 0,2 0,4 -0,1 -0,1 1,0                           

Se -0,2 0,2 0,2 0,0 -0,1 0,0 -0,1 -0,1 -0,2 -0,1 0,2 0,2 0,0 0,7 -0,2 0,3 0,2 0,1 0,2 0,5 0,1 0,3 0,1 0,0 0,2 0,9 0,3 0,2 0,1 0,1 -0,1 0,1 1,0                         

Sm -0,2 0,3 0,4 0,2 0,1 0,0 -0,2 -0,1 0,0 0,0 0,5 0,0 0,1 0,0 0,1 0,1 0,7 0,2 0,3 0,5 0,2 0,4 0,0 0,1 0,6 0,0 0,3 0,6 0,3 0,4 0,2 0,1 0,1 1,0                       

Sr -0,2 0,0 0,1 0,5 0,6 0,5 0,5 0,3 0,1 0,4 0,0 -0,1 0,1 -0,1 0,3 -0,1 0,1 0,1 -0,1 0,0 0,2 0,0 -0,1 -0,1 0,1 -0,1 -0,3 0,1 0,1 0,2 0,2 0,5 -0,1 0,3 1,0                     

Ta -0,1 0,6 0,1 0,2 0,3 0,1 0,1 0,2 -0,1 0,0 0,3 0,0 0,1 0,2 0,0 0,4 0,2 0,3 0,1 0,2 0,4 0,2 0,0 0,3 0,2 0,3 0,3 0,3 0,2 0,1 0,0 0,3 0,3 0,3 0,1 1,0                   

Th -0,1 0,7 0,6 0,0 0,0 -0,1 -0,2 -0,1 0,0 -0,1 0,5 0,0 0,0 0,2 0,1 0,3 0,9 0,2 0,6 0,5 0,1 0,6 -0,1 0,6 0,8 0,2 0,8 0,9 0,4 0,5 0,2 0,2 0,3 0,6 0,0 0,5 1,0                 

U -0,3 0,5 0,6 0,2 0,0 -0,1 -0,2 -0,2 0,0 0,0 0,6 0,1 -0,1 0,2 0,1 0,1 0,8 0,4 0,6 0,7 0,2 0,7 0,1 0,2 0,8 0,3 0,5 0,8 0,5 0,5 0,3 0,2 0,3 0,8 0,1 0,3 0,8 1,0               

V -0,2 0,7 0,5 0,5 0,4 0,2 0,0 0,3 -0,1 0,0 0,6 -0,1 -0,1 0,0 -0,1 0,0 0,3 0,8 0,6 0,3 0,9 0,6 0,0 0,1 0,3 0,1 0,2 0,3 0,6 0,0 0,0 0,5 0,1 0,3 0,2 0,5 0,3 0,4 1,0             

Y -0,3 0,6 0,6 0,2 0,1 0,0 -0,1 0,0 0,0 0,1 0,6 0,1 -0,1 0,1 0,0 0,1 0,9 0,3 0,7 0,5 0,3 0,7 0,1 0,5 0,9 0,1 0,7 0,9 0,5 0,3 0,2 0,4 0,2 0,5 0,0 0,3 0,8 0,7 0,5 1,0           

Yb -0,2 0,3 0,3 0,1 0,0 -0,1 0,0 -0,1 0,0 0,1 0,3 0,0 0,0 0,1 0,0 -0,1 0,6 0,2 0,3 0,2 0,1 0,4 0,1 0,4 0,6 0,0 0,5 0,6 0,3 0,1 0,2 0,1 0,1 0,5 0,1 0,0 0,5 0,4 0,2 0,7 1,0         

Zn -0,1 0,6 0,8 0,4 0,2 0,0 -0,1 0,2 0,3 0,0 0,6 -0,2 -0,1 -0,1 0,3 -0,1 0,8 0,5 0,6 0,6 0,4 0,8 -0,2 0,3 0,8 0,0 0,6 0,8 0,6 0,4 0,5 0,3 0,0 0,5 0,2 0,2 0,6 0,7 0,6 0,7 0,4 1,0       

Zr  0,1 0,6 0,3 0,0 0,0 0,0 -0,1 -0,1 0,3 0,0 0,2 -0,2 0,0 -0,1 0,3 0,3 0,4 0,0 0,4 0,1 0,0 0,3 -0,1 1,0 0,4 0,0 0,7 0,5 0,1 0,1 0,3 0,0 0,0 0,2 -0,1 0,3 0,6 0,2 0,1 0,5 0,4 0,4 1,0     

S -0,5 -0,2 -0,3 -0,1 -0,3 -0,1 -0,1 -0,4 -0,6 -0,1 -0,2 0,8 -0,2 0,7 -0,6 0,2 -0,1 0,0 -0,2 -0,1 -0,1 -0,1 0,3 -0,2 -0,1 0,4 -0,1 -0,2 0,0 -0,3 -0,6 -0,1 0,4 -0,1 -0,3 0,0 -0,1 0,0 -0,2 -0,1 -0,1 -0,4 -0,2 1,0   

C  -0,7 -0,2 -0,3 -0,1 -0,2 -0,1 0,0 -0,3 -0,6 -0,1 -0,2 1,0 -0,3 0,6 -0,6 0,1 0,0 0,1 -0,2 0,0 0,0 0,0 0,5 -0,2 0,0 0,2 -0,1 -0,1 0,1 -0,3 -0,5 0,0 0,2 0,0 -0,2 0,0 -0,1 0,1 -0,1 0,0 0,0 -0,3 -0,2 0,8 1,0 

 

 

 

 
Very strong (Ó8) 

 
Strong (Ó6<8  

Average (Ó5<6  
Weak (Ó4<5)  

Very weak (>4) 
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Table 3-5: The colour map Pearson correlation matrix of major in wt.% and traces in ppm for the Witbank coalfield geologial units in ZFN1512, significant at p < .05, classifications after Moore et al. (2013). 

 
  SiO2 TiO2 Al2O3 Fe2O3  MnO MgO CaO Na2O K2O P2O5 Cr 2O3 LOI  Total As Ba Bi Ce Co Cr  Cs Cu Ga Ge Hf  La Mo Nb Nd Ni Pb Rb Sc Se Sm Sr Ta Th U V W Y Yb Zn Zr  S C 

SiO2 1,0                                                                                           

TiO2 -0,1 1,0                                                                                         

Al2O3 0,0 0,7 1,0                                                                                       

Fe2O3  -0,4 0,1 -0,1 1,0                                                                                     

MnO -0,4 0,3 -0,1 0,8 1,0                                                                                   

MgO -0,3 0,2 0,1 0,7 0,6 1,0                                                                                 

CaO -0,3 0,3 -0,1 0,5 0,8 0,5 1,0                                                                               

Na2O 0,0 0,2 0,0 0,3 0,5 0,4 0,5 1,0                                                                             

K2O 0,7 -0,2 0,2 -0,2 -0,3 -0,2 -0,3 0,1 1,0                                                                           

P2O5 -0,3 0,1 0,1 0,8 0,7 0,6 0,5 0,2 -0,1 1,0                                                                         

Cr 2O3 -0,1 0,6 0,7 -0,1 -0,1 0,0 -0,1 -0,2 -0,1 0,0 1,0                                                                       

LOI  -0,8 -0,2 -0,3 0,0 -0,1 -0,1 -0,1 -0,3 -0,6 -0,1 -0,1 1,0                                                                     

Total -0,1 -0,2 -0,1 0,2 0,2 0,2 0,2 0,3 -0,1 0,1 -0,1 0,1 1,0                                                                   

As -0,2 0,2 -0,1 0,0 0,5 -0,1 0,5 0,2 -0,3 0,1 0,0 0,1 0,0 1,0                                                                 

Ba 0,6 -0,1 0,2 -0,1 -0,2 -0,1 -0,2 0,0 0,9 0,0 -0,1 -0,6 -0,1 -0,3 1,0                                                               

Bi -0,2 0,3 0,0 0,1 0,6 0,0 0,6 0,3 -0,3 0,1 0,1 0,0 0,1 0,9 -0,2 1,0                                                             

Ce 0,1 0,1 0,5 -0,1 -0,2 -0,2 -0,3 0,0 0,3 0,0 0,3 -0,1 -0,1 -0,2 0,2 -0,1 1,0                                                           

Co -0,3 0,6 0,3 0,3 0,5 0,5 0,5 0,4 -0,3 0,3 0,2 0,0 0,0 0,4 -0,3 0,4 -0,1 1,0                                                         

Cr -0,1 0,6 0,7 -0,1 -0,1 -0,1 -0,1 -0,2 0,0 0,0 0,9 0,0 -0,3 0,0 0,0 0,0 0,4 0,3 1,0                                                       

Cs 0,0 0,3 0,7 0,0 -0,1 0,1 -0,3 -0,1 0,2 0,2 0,4 -0,1 -0,2 -0,2 0,3 -0,1 0,4 0,1 0,5 1,0                                                     

Cu -0,2 0,8 0,3 0,3 0,5 0,5 0,6 0,6 -0,3 0,3 0,3 -0,1 0,0 0,4 -0,3 0,4 -0,2 0,8 0,3 0,0 1,0                                                   

Ga -0,3 0,6 0,8 -0,1 -0,1 0,0 -0,1 0,0 0,0 0,0 0,6 0,0 -0,3 0,0 0,0 0,0 0,5 0,4 0,6 0,5 0,3 1,0                                                 

Ge -0,5 -0,1 -0,2 -0,1 -0,1 -0,2 -0,1 -0,2 -0,4 -0,2 0,0 0,7 -0,2 0,1 -0,4 0,0 -0,2 0,2 0,0 -0,1 -0,1 0,3 1,0                                               

Hf  0,1 0,1 0,3 -0,3 -0,3 -0,3 -0,4 -0,2 0,1 -0,2 0,6 0,0 -0,2 -0,1 0,1 -0,1 0,5 -0,2 0,4 0,2 -0,2 0,3 0,1 1,0                                             

La 0,1 0,0 0,4 -0,1 -0,2 -0,2 -0,3 0,0 0,4 0,0 0,2 -0,2 -0,1 -0,2 0,4 -0,1 1,0 -0,1 0,3 0,3 -0,2 0,4 -0,2 0,4 1,0                                           

Mo 0,1 0,1 0,0 -0,1 -0,2 -0,2 -0,2 -0,2 0,0 -0,1 0,2 0,0 -0,2 0,1 -0,1 0,0 0,0 -0,1 0,2 0,0 0,0 0,0 0,0 0,5 0,0 1,0                                         

Nb 0,1 0,2 0,6 -0,3 -0,4 -0,3 -0,5 -0,3 0,2 -0,2 0,5 -0,1 -0,2 -0,2 0,1 -0,2 0,7 -0,2 0,5 0,4 -0,3 0,6 -0,1 0,7 0,6 0,3 1,0                                       

Nd 0,1 0,0 0,4 -0,1 -0,2 -0,2 -0,3 0,0 0,4 0,0 0,3 -0,2 -0,1 -0,2 0,3 -0,1 1,0 -0,1 0,4 0,3 -0,2 0,4 -0,2 0,4 1,0 0,0 0,6 1,0                                     

Ni -0,4 0,6 0,5 0,2 0,3 0,4 0,3 0,2 -0,4 0,3 0,5 0,2 -0,1 0,3 -0,3 0,3 0,2 0,9 0,5 0,4 0,6 0,7 0,2 0,1 0,0 0,1 0,2 0,1 1,0                                   

Pb 0,2 -0,1 0,3 -0,4 -0,5 -0,4 -0,5 -0,2 0,4 -0,2 0,2 -0,1 -0,1 -0,2 0,4 -0,2 0,5 -0,3 0,3 0,4 -0,4 0,3 -0,1 0,4 0,4 0,4 0,6 0,4 0,0 1,0                                 

Rb 0,6 -0,1 0,3 -0,1 -0,3 -0,1 -0,4 0,0 0,9 0,0 0,0 -0,6 -0,1 -0,3 0,9 -0,3 0,4 -0,3 0,1 0,5 -0,4 0,2 -0,4 0,1 0,5 0,0 0,4 0,5 -0,2 0,5 1,0                               

Sc -0,4 0,7 0,3 0,3 0,6 0,4 0,7 0,5 -0,4 0,4 0,3 0,1 0,0 0,5 -0,3 0,5 -0,1 0,8 0,3 0,1 0,8 0,4 0,0 -0,2 -0,2 -0,1 -0,2 -0,1 0,7 -0,3 -0,4 1,0                             

Se -0,1 0,3 0,1 0,1 0,5 0,1 0,6 0,3 -0,3 0,2 0,1 0,0 0,1 0,9 -0,2 1,0 -0,1 0,5 0,1 0,0 0,5 0,0 0,0 -0,1 -0,1 0,0 -0,2 -0,1 0,4 -0,2 -0,2 0,6 1,0                           

Sm -0,1 -0,1 -0,1 0,5 0,4 0,2 0,1 0,2 0,1 0,3 -0,1 -0,1 0,1 -0,1 0,0 0,1 0,3 0,0 0,0 -0,1 0,0 0,0 0,0 -0,1 0,4 -0,1 0,0 0,4 0,0 -0,1 0,1 0,0 -0,1 1,0                         

Sr -0,1 0,2 0,1 0,4 0,5 0,4 0,5 0,4 0,0 0,6 0,0 -0,2 0,0 0,3 0,2 0,3 -0,1 0,4 -0,2 0,2 0,4 0,0 -0,2 -0,2 -0,1 -0,3 -0,4 -0,1 0,2 -0,2 0,0 0,5 0,4 -0,1 1,0                       

Ta -0,2 0,8 0,3 0,2 0,4 0,3 0,4 0,5 -0,3 0,2 0,4 -0,1 0,0 0,1 -0,3 0,2 -0,1 0,6 0,3 -0,1 0,9 0,3 0,0 0,0 -0,2 0,0 -0,1 -0,1 0,5 -0,3 -0,4 0,7 0,2 0,0 0,2 1,0                     

Th -0,1 0,1 0,7 -0,2 -0,2 -0,2 -0,3 -0,1 0,0 0,0 0,5 0,0 -0,1 -0,2 0,0 -0,1 0,8 -0,1 0,4 0,6 -0,2 0,6 -0,1 0,5 0,6 0,0 0,8 0,6 0,3 0,6 0,2 0,0 -0,1 0,0 0,0 -0,1 1,0                   

U -0,2 0,2 0,5 -0,1 -0,2 -0,2 -0,3 -0,2 -0,1 0,1 0,4 0,2 -0,1 -0,1 -0,1 -0,1 0,7 0,0 0,4 0,5 -0,1 0,6 0,2 0,4 0,6 0,1 0,6 0,6 0,3 0,5 0,1 0,1 0,0 0,0 0,0 -0,1 0,8 1,0                 

V -0,3 0,9 0,5 0,2 0,4 0,3 0,5 0,4 -0,3 0,2 0,4 -0,1 -0,1 0,3 -0,2 0,4 -0,1 0,7 0,5 0,1 0,9 0,5 -0,1 -0,2 -0,1 0,0 -0,1 0,0 0,7 -0,3 -0,3 0,9 0,4 0,0 0,2 0,8 0,0 0,0 1,0               

W -0,4 0,2 0,1 -0,1 -0,1 -0,2 -0,1 -0,2 -0,2 -0,2 0,1 0,4 -0,3 0,0 -0,2 0,0 0,0 0,1 0,2 0,1 0,1 0,5 0,6 -0,1 0,0 0,0 0,1 0,0 0,2 0,0 -0,2 0,1 0,0 0,0 -0,2 0,1 0,1 0,3 0,2 1,0             

Y -0,1 0,2 0,4 -0,1 -0,1 -0,2 -0,2 0,0 0,0 -0,1 0,4 0,0 -0,1 0,0 -0,1 0,1 0,8 0,1 0,5 0,2 0,1 0,5 0,1 0,5 0,8 0,2 0,6 0,8 0,3 0,4 0,1 0,1 0,0 0,4 -0,2 0,1 0,6 0,7 0,2 0,1 1,0           

Yb 0,0 0,2 0,2 -0,1 -0,1 -0,2 -0,2 -0,1 -0,1 -0,1 0,3 0,0 -0,2 -0,1 -0,1 -0,1 0,4 0,1 0,4 0,0 0,1 0,3 0,2 0,6 0,4 0,4 0,5 0,4 0,2 0,2 0,0 0,0 -0,1 0,2 -0,2 0,3 0,3 0,4 0,2 0,1 0,6 1,0         

Zn 0,1 0,3 0,2 0,1 0,1 0,1 0,0 0,1 0,1 0,1 0,2 -0,2 -0,1 0,1 0,0 0,1 0,4 0,3 0,3 0,2 0,2 0,2 -0,2 0,4 0,3 0,7 0,4 0,3 0,4 0,4 0,2 0,2 0,1 0,2 0,0 0,2 0,2 0,3 0,2 -0,1 0,5 0,5 1,0       

Zr  0,2 0,1 0,3 -0,3 -0,4 -0,3 -0,4 -0,2 0,2 -0,2 0,6 -0,1 -0,2 -0,1 0,1 -0,1 0,5 -0,2 0,4 0,2 -0,2 0,3 0,1 1,0 0,5 0,5 0,8 0,5 0,1 0,5 0,2 -0,2 -0,1 0,0 -0,2 0,0 0,5 0,5 -0,1 -0,1 0,6 0,6 0,5 1,0     

S -0,2 0,0 -0,2 -0,1 -0,1 -0,2 -0,1 -0,2 -0,2 -0,2 0,1 0,4 -0,2 0,2 -0,2 0,0 -0,1 0,0 0,0 -0,1 0,0 0,0 0,4 0,5 -0,2 0,7 0,2 -0,2 0,1 0,0 -0,2 -0,1 0,0 -0,1 -0,1 0,1 -0,1 0,0 -0,1 0,1 0,0 0,3 0,4 0,4 1,0   

C -0,7 -0,2 -0,3 -0,1 -0,1 -0,2 -0,1 -0,3 -0,6 -0,2 0,0 0,9 0,1 0,1 -0,5 0,0 -0,2 0,0 -0,1 -0,2 -0,1 0,0 0,7 0,2 -0,2 0,0 -0,1 -0,2 0,1 -0,2 -0,6 0,0 0,0 -0,1 -0,2 0,0 0,0 0,1 -0,1 0,4 0,0 0,1 -0,3 0,1 0,5 1,0 

 

 

 

 

 

 
Very strong (Ó8) 

 
Strong (Ó6<8  
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Weak (Ó4<5)  

Very weak (>4) 



49 | P a g e  
 

 

 

 

Figure 3-14:  Borehole profiles indicate the large quantity of major elements (in weight percent) at the Geodehoop Colliery, Witbank coalfield. 
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A significant association occurs between TiO2 and Al2O3, suggesting that Ti-bearing minerals 

are connected with clay minerals. 

 

Sandstones and siltstones contain quartz, feldspar, and clay minerals, together with a 

significant concentration of main oxides (Figure 3-14). Also, Fe2O3 and MnO exhibit a high 

positive correlation, which may be attributed to the presence of the carbonate mineral siderite 

(Figure 3-14). The distribution pattern of CaO and P2O5 suggests their relationship in 

phosphate and carbonate minerals in siltstones and shale (Figure 3-14; Tables 3-4 amd 3-5), 

and their presence in coals has also been observed (Ward et al., 1996). In specific layers of 

sandstones/siltstones, P2O5 is frequently found in high amounts (Figure 3-14). There are lower 

concentrations of C, S, As, and LOI in the top half of the profile and larger concentrations in 

the lower half of the profile, with the coal seams containing the majority of the significant 

concentrations (Figure 3-15). 

 

In this study, Ce, Cs, Ga, Nb, Nd, and Zn are among the elements identified in shales. These 

elements are associated favorably with Al2O3 (Tables 3-4 and 3-5). These trace elements are 

inversely associated with C and S. 

 

REEs have been detected in coal (Seredin, 1996; Seredin and Finkelman, 2008; Seredin and 

Dai, 2012). In this study, rare earth elements are connected with carbonates, apatite, and 

goethite, as demonstrated by the interaction between the main oxides CaO, Fe2O3, MnO, and 

P2O5 (Figure 3-14). Significant correlations between K2O and Rb indicate that Rb is present in 

potassium feldspar or clay minerals in which potassium is the predominant carrier. These trace 

elements Cu, Hf, Nb, Th, V, Yb, and Zn exhibit a significant positive connection with TiO2, 

indicating that their concentrations are governed by the presence of Fe- and Ti-rich oxides 

(Tables 3-4 and 3-5). Cr2O3 has a strong association with the trace elements Cu, Ga, Ni, U, V, 

and Zn, indicating that they are mostly housed by the mineral chromite (Tables 3-4 and 3-5). 

 

The existence of trace elements in coal has been recorded (Nicholls, 1968; Swaine (1990); 

Conaway, 2001; Zhao, 2012), and their origin in the coal matrix has been postulated. The 
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elements C, S, As, Co, and Ni are related with coal seams in this research. Arsenic has a 

significant link with Mo, Se, C, and S, and a weak correlation with mafic minerals (Co and 

Ni). In contrast, Co and Ni have a substantial positive connection with Al2O3, indicating that 

they are present in clay minerals. Their high positive connection with V and Cu suggests that 

their presence in dolerite mafic minerals (Figure 3-15). S and As correlation of 0.7 confirm the 

presence of sulphide minerals and the correlation of S and C of 0.8, As and C of 0.6 suggest 

that sulphides are mainly in the coal seams (Table 3-4). Co and Ni correlation of 0.9 have the 

same distribution pattern as Cu and V with correlation of 0.9, which may suggest a mafic 

source (Table 3-4; Figure 3-15). The mafic elements such as Co, Cu, V, Ni are moderately 

correlated with Fe (Table 3-4; Table 3-5) It has also been noted that the base metals are 

connected with sulfides and carbonates in Cu sulfides and oxides (Zhao, 2012). 

 

Uranium has a close relationship with Ce, Nd, La, and Y. These elements exhibit parallel 

distribution with Cs, Th, and U, and distributions that are almost identical to Nb and Pb (Figure 

3-16 and 3-17). These elements are predominantly found in sandstones, siltstones, and clay 

minerals, and they have significant relationships with Ba and Rb (Figure 3-5). Several studies 

have demonstrated that trace elements Ba, U, Th, V, Rb, Sr, and Cs are linked to 

aluminosilicates (Dale, 1999; 2003; Swaine, 1990; Palmer, 1985; Tables 3-4 and 3-5). 

 

The trace elements Zn and Ga have a similar distribution pattern to Cr (Figure 3-17), which is 

corroborated by their positive, moderate correlation with Cr, showing that they are associated 

with the mineral chromite (Table 3-4; Table 3-5). Zr has the same pattern of distribution as Hf 

(Figure 3-17). The positive association between Hf and Zr may be owing to its incorporation 

into zircon. 
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Figure 3-15: Borehole profile showing the large quantity of elements C, S, and LOI (in weight percent) and Co, Ni, Cu, and V (ppm) at the Geodehoop mine, Witbank coalfield.
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Figure 3-16: Depicts fluctuation profiles of trace element large quantity (ppm) in the Witbank Coalfield.. 
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Figure 3-17: Profile variation plots illustrating the large quantity of key minerals (kaolinite, kaolinite/chlorite, mica, anatase, and smectite, in weight percent) in the Witbank coalfield. 
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3.4 DISCUSSIONS AND CONCLUSSION 

 

3.4.1 Mineralogical profile distribution  

 

The following are the principal minerals found on the vertical section of the Geodehoop mine: 

 

a) Clay elements 

 

Clay minerals are the most common minerals found in coal and shale (Gluskoter, 1975). Figure 

3-18 depicts the presence of kaolinite clay in the ZFN1510 borehole. Despite accessory 

proportions of interstratified smectite, kaolinite is the predominant clay mineral in the 

Goedehoop coal seams, while kaolinite, chlorite, and interstratified smectite are accessory clay 

minerals in the non-coal strata (Figure 3-18). The clay minerals in the seams occur as thin 

bands that may have been transported into the coal by water or wind, indicating that the 

majority of the clay minerals are the result of neutral-acidic water altering feldspar and mica. 

Some of the kaolinite in the coals must have originated from the alteration of feldspar from 

arkoses or granite, or it could have been formed in-situ if the acidic waters of the peat contain 

sufficient aluminum (Ward, 1989; Speight, 2013). Clay minerals are the most prevalent 

mineral group in coal and associated lutites. They may be detrital in the form of bands, laminae, 

and lenticels, authigenic as cell infillings, or late diagenetic veins. The clay minerals may 

originate from the weathering of feldspars and micas (Mackowsky, 1982). The most prevalent 

clay minerals in coal are kaolinite, illite, and illite/smectite mixed layer (Zhao, 2012). 

 

b) Chlorite 

 

Figure 3-18 also displays the presence of chrorite. There are two naturally occurring chlorite 

species, clinochlore (Mg-rich) and chamosite (Fe-rich), with compositional variations within 

each (Zhao, 2012). Chlorite can be found in coals formed in either freshwater or marine 

environments, although its proportions are typically higher in marine-influenced coals 

(Renton, 1982). 
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c) Carbonate minerals 

 

According to the XRD results, the coal seams and non-coal strata contain trace amounts of 

carbonate minerals (Figure 3-19). The coals are composed of the most common carbonate 

minerals, calcite, dolomite, and siderite. According to Taylor et al. (1998), the majority of 

these carbonates are of authigenic origin and have diverse chemical compositions. These 

carbonate minerals are distributed in minor proportions throughout the majority of coal seams 

and non-coal strata, with the exception of samples M40, M41, and M56, which contain 

dolomite as the major mineral, and samples M8 and M36 (Sandstone-siltstone and sandstone), 

which contain calcite as the major mineral. Calcite occurs in accessory amounts in seams No. 

2 and 5, displays rare to significant amounts above seam No. 4, and dolomite is present in 

accessory to significant amounts below the dolerite ( 60 km), with seams Nos. 2, 3 and 5 

exhibiting peaks (Figure 3-19). Numerous carbonate minerals have been discovered in coal. 

Common minerals include siderite, calcite, dolomite, and ankerite. The majority of these 

carbonates are of authigenic origin and have various chemical compositions. They can form in 

conjunction with deposition, coalification, and post-coalification processes (Taylor et al., 

1998). 

 

Siderite is most prevalent in seam No. 2 (sample M53), whereas it is almost nonexistent in the 

other three seams. Siderite in non-coal strata ranges from minor to major minerals, with the 

exception of dolerite, where it is a major mineral (sample M30). Syngenetic siderite formation 

results from the interaction of iron and dissolved CO2, and it may only be prevalent when the 

activity of reduced sulphur species is insufficient to produce pyrite (Ward, 1984; Spears, 1987; 

Spears and Zheng, 1999). 

 

d) Feldspars 

 

Feldspar is the second-most abundant detrital component in non-coal strata, and it occurs in a 

variety of grain sizes and types. Feldspars are less abundant in coal seams than in non-coal 

strata, where they are common as minor to major constituents (Figure 3-19). Lamellar twinning 
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as is typical of plagioclase was observed in the dolerite, granite and sandstone under a plane 

polarized, transmitted light (Figures 3-3, 3-7 and 3-13). There is a rare amount of feldspar in 

seam No. 4 (Figure 3-19). Plagioclase appears to be more abundant in the dolerite than in the 

other rock types (Figure 3-19). Potassium feldspar is the major mineral in the sandstones next 

to quartz (sample M10, M41 and M43) (Appendix A). Feldspar minerals are frequently present 

in coal as minor phases, but rarely in concentrations >1 or 2% (Renton, 1982). Albite and 

orthoclase are mostly of epiclastic origin (e.g. Vassilev and Vassileva, 1996). Feldspar 

minerals (e.g. sanidine, albite and anorthoclase) in coal may also be relic pyrogenic minerals. 

 

e) Quartz 

 

Quartz is the most dominant mineral within the sandstone, shale, granite, siltstone and Dwyka 

tillite samples, and is a major mineral in the Goedehoop coal seams (Figure 3-19). Detrital 

quartz in the non-coal strata commonly occurs as relatively large grains (Figures 3-3, 3-5, 3-7 

and 3-9). Quartz usually occurs in the form of sub-angular to sub-rounded and, occasionally, 

well-rounded grains, indicating the reworked sedimentary origin (Figures 3-3, 3-5 and 3-7). 

Coal seams No. 2 and 5 have quartz as major mineral, whereas seams No. 3 and 5 have quartz 

as minor mineral. Quartz is the most common oxide mineral occurring in coal. It largely occurs 

as discrete grains of detrital origin, as biogenic or authigenic cell or pore infillings, or as veins 

in the form of crystalline quartz. A high proportion of the quartz commonly occurs in coal plies 

near the top and the bottom of coal beds (Zhao, 2012). 

 

f) Sulphides 

 

Pyrite is the dominant sulphide mineral in coal while marcasite has also been reported to be 

present in many coals (Stach et al. 1975; Spears, 1994; Spears et al. 1999). Pyrite in the coal 

samples, particularly where it is a major, minor and accessory mineral (Appendix A), typically 

occurs as spongy crystals (Figure 3-4), euhedral crystal (Figure 3-6) and vein fillings (Figure 

3-6). Pyrite occurs as a dorminant mineral in seam No. 5, and as a minor mineral in seams No. 

2 and 3, and as accessory mineral in seam No. 4 (Figure 3-19). The sandstones/siltstones and 

sandstones between seam No. 4 and 5 have trace to rare amounts of pyrite. 
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According to Zhao (2012), all of these forms of occurrence indicate that the pyrite is, to a great 

extent, a syngenetic precipitate formed during peat deposition or shortly after peat 

accumulation. The sandstone and siltstone, also with shale, have pyrite which occurs as cleat-

cell fillings, cementing or coating framboids, euhedral minerals (Figures 3-5, 3-7 and 3-9). 

During the formation of syngenetic pyrite ferrous iron is dissolved, as well as H2S from the 

bacterial reduction of sulphate in the peat swamp (Zhao, 2012). Pyrite and, to a lesser extent, 

marcasite are the most important iron sulphides in coal, and can be especially abundant in coal 

seams formed under marine influence (Zhao, 2012). Pyrite has been noted as an alteration 

product of other syngenetic minerals, such as siderite and ferro-dolomite/ankerite, and 

sometimes occurs as a replacement of cellular or wood structures or bacteria and algae (Smyth, 

1966; Wiese and Fyfe, 1986; Kostova et al., 1996; Taylor et al., 1998; Goodarzi, 2002; Dai 

and Chou, 2007). Marcasite is intimately associated with pyrite in some coals and most of the 

metals (noble and toxic) are associated with the sulphides (Zhao, 2012). The element sulphur 

is present in almost all coals, it is usually present in the organic fraction of the coal, but 

inorganic or mineral sulphur is in the form of pyrite (Thomas, 2012). 

 

g) Other minerals 

 

There are rare amounts of mica minerals in coal seams No. 2, 3 and 5 and with ranges of 

accessory minerals in the non-coal strata (Figure 3-18). Muscovite is the most common mica 

mineral identified in the coal, and is found particularly as accessory minerals and in the non-

coal strata ranges from accessory to minor minerals (Appendix A). Muscovite and biotite may 

both be of detrital origin, while muscovite may also result from the diagenetic weathering of 

feldspars (Vassilev & Vassileva, 1996; Vassilev et al. 2010). A rare occurrence of anatase is 

present in seam No. 4 (M44) and in some coal seams and their immediate footwall, and is 

persistently present in almost all of the associated non-coal samples (Appendix B). 
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Figure 3-18: Profile variation plots showing an large quantity of major minerals (kaolinite, kaolinite/chlorite, mica, anatase and smectite in wt.%) in the Witbank coalfield. 
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Figure 3-19: Profile variation plots showing major minerals (carbonates, quartz, feldspar and pyrite in wt %) in wt.%, in the Witbank coalfield. 
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3.4.2 Major elements distribution 

 

The major element associations as displayed in Appendix C symbolizes the presence of the 

above mineralogy. A moderate, and positive correlation exists between TiO2 and Al2O3 in the 

Goedehoop coal samples (Tables 3-4 and 3-5). This may indicate that the Ti-bearing minerals 

are associated with clay minerals. Accordingly, most of clay minerals in the coal are of 

authigenic origin with some of anatase may be authigentic origin (Zhao, 2012). There is also a 

rare occurrence of hematite which is observed in the sandstone above the dolerite (Appendix 

C). The XRF data confirms the interpretation of the XRD analysis as the samples are dominated 

mostly by SiO2, Al2O3, Fe2O3 and K2O with smaller amounts of TiO2, CaO, MgO, Na2O, MnO, 

P2O5 and Cr2O3. The major carriers of SiO2, Al2O3 and Fe2O3 are quartz, clay minerals, and 

pyrite. The amount of Fe2O3 in the samples appears to present as hematite in the ferruginous 

sandstone and as pyrite in the coal seams and non-coal strata. The contents of CaO and MgO 

may indicate carbonate minerals since they are the main constituents of the carbonate (calcite 

and dolomite) minerals. 

 

Positive and negative linear connections occur among the major elements and even between 

the major elements and trace elements (Table 3-4 and 3-5). The correlation of K2O with SiO2 

is moderate on the sandstone and shale, pointing to their association in feldspar and clay 

minerals (Appendix C). SiO2 is negatively correlated with TiO2, Al2O3, Fe2O3, MnO, MgO, 

Cr2O3 and P2O5 (Tables 3-4 and 3-5). A significant correlation exists between TiO2 and Al2O3, 

indicating that the Ti-bearing minerals are associated with clay minerals. Shales are higher in 

K2O, Fe2O3 and TiO2 contents than sandstones, which reflect their association with clay-sized 

phases (Madhavaraju and Lee, 2010; Cardenas et al., 1996). The correlations that exist between 

CaO, MgO, Fe2O3 and MnO point to their association in carbonate minerals. 

 

In addition, Fe2O3 and MnO show a strong, positive correlation of 0.81 which may be due to 

the carbonate mineral siderite. Relatively higher Na2O content occurs in the dolerite and 

granite, which contain high proportions of plagioclase. TiO2 appears to be more abundant in 

the non-coal strata samples than in the coal seams. In certain strata of the sandstone-siltstone, 
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P2O5 concentrations are often higher in the non-coal layers than in the coal seams. This can be 

by presence of apatite or monazite (high density minerals). 

 

The higher concentrations of SiO2 are mostly caused by the presence of relatively abundant 

clay minerals and quartz. Al 2O3 and K2O generally show a high degree of consistency, due to 

the presence of relatively abundant clay minerals (mainly biotite, kaolinite) and potassium 

feldspar (Figure 3-14). The good correlation shown between CaO, MgO and F2O3 is 

respectively associated with pyrite-rich and carbonate-rich rocks. The highest concentration 

that is observed on MnO, CaO, MgO and Fe2O3 is due to the presence of carbonate minerals 

(Figure 3-14). 

 

The presence of plagioclase and potassium feldspars is also indicated by the higher 

concentrations shown on Na2O and K2O (Figure 3-14; Figure 3-19). The association of CaO, 

MnO, Fe2O3 and P2O5 on the sandstone-siltstone is due to the presence of hematite and 

carbonate mineral (Figures 3-18 and 3-19). P2O5 is showing higher concentrations which show 

an association with carbonates and clay minerals on the sandstone-siltstone (Figure 3-14). The 

high concentration of TiO2 in coal seam No. 4 is due to the presence of anatase. 

 

3.4.3 Trace elements distribution 

 

The following are trace elements distribution also in coal as indicated by Swaine (1990) 

indicates how trace elements were included in the coal matrix by several possible processes. 

For example, biological and/or chemical processes could have taken up trace elements from 

the original vegetation that makes up the coal matrix (Lyons et al. 1989; Conaway, 2001). 

During the early stages of coal formation restricted drainage in peat swamps could also have 

enhanced the uptake of several trace elements into the peat (Conaway, 2001). The binary trace 

element variation diagrams indicating the correlation of elements are in Appendix B. It is 

important to note that there is constrained information accessible on the matter of trace 

elements in South African coals (Bergh et al., 2011). These trace elements Hg, Zr, Zn, Cd, As, 

Pb, Mn, and Mo were found to be concentrated on the mineral matter in the coal (Bergh et al., 

2011). Previous work on a variety of South African coals and particularly on the Highveld 
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coals gave a better sign of the likely concentrations of the trace elements in South African coal 

(Cairncross et al., 1990). 

 

a) Sulphur 

 

There are high concentrations of sulphur in the coal seams, which is present in a form of pyritic 

sulphur due to the present of pyrite minerals. Seam No. 5 has the highest sulphur concentration 

and seam No. 3 having low concentration of sulphur (Figure 3-15). Carbon and loss of ignition 

also show higher concentrations on the coal seams (Figure 3-15). There is a positive correlation 

between sulphur and carbon which indicates that some of the sulphur is present in a form of 

organic compound (Appendix C). 

 

b) Arsenic 

 

Higher concentrations of As are shown found in sandstone-siltstone and all the four coal seams 

with coal seam No. 4 having the higher concentration of As (Appendix D). Arsenic has a 

moderate positive correlation with sulphur (Appendix C) which indicates the association with 

pyrite in bituminous coals. Wagner and Hlatshwayo (2005) indicated As, as one of the toxic 

trace elements in five Highveld coals (the coal seam adjacent to the Witbank coalfield). Pyrite 

is predominantly associated with As, with small amounts that might be organic sulphur and 

this relationship is illustrated clearly via the similar trends in Figure 3-15. There is immediate 

evidence and a considerable amount of indirect evidence for the relationship of As with the 

pyrite in coal (Finkelman, 1994). Arsenic is predominantly associated with the mineral matter, 

with little amounts that might be organics associated (Swaine, 1990). Finkelman (1994) has 

stated that in most cases, As is associated with the pyrite for most United States (US) coals 

(also Palmer and Wandless, 1985). 

 

c) Cobalt 

 

The dolerite has the highest concentrations of cobalt (Figure 3-15). According to the observed 

concentration on coal seam No. 3 (Figure 3-15), the closest correlation is with the mineral 



64 | P a g e  
 

pyrite and organic sulphur bearing coal matter. Cobalt has a positive correlation with TiO2, 

Al 2O3 and Fe2O3 which suggest that cobalt is associated with clay minerals in the coal and 

plagioclase in the dolerite. Most of the information gathered to date propose that cobalt is 

associated with the sulphide minerals present in coal (Finkelman, 1994). Nonetheless, cobalt 

additionally demonstrates some level of association with the organic matter in coal and the 

clays present in coal (Finkelman, 1994). Swaine, (1990) indicated that cobalt is associated with 

the mineral matter in coal and cobalt concentration for most coal is in the range of 0.5-30 ppm. 

 

d) Nickel 

 

In literature there is significant uncertainty about the most likely association of Ni in 

bituminous coals. Nickel has a moderate positive correlation with TiO2 and Al2O3 which 

suggest association with Ti-bearing minerals, adhesively bound to Fe-Mn-oxyhydroxides, 

sulphides and clay minerals (Tables 3-4 and 3-5). Nickel has a moderate positive correlation 

with Cr2O3 which has an association with clay minerals (Appendix B). Coal seam No.3 also 

has a high concentration of nickel and also shows similar trends as cobalt (Figure 3-14). 

 

e) Copper 

 

According to literature this element should be present as chalcopyrite (Rose et al. 1979; 

Levinson, 1974). In this study, copper has a positive correlation with Cr2O3 (Appendix C), 

TiO2, Fe2O3 and MnO (Tables 3-4 and 3-5) which may suggest association with carbonate and 

possibly with magnetite or hematite or ilmenite, or in pyrite or marcasite. There is high 

concentration of copper on the dolerite, possibly in the form of sulphides. There are low 

concentrations of copper in the coal seams which may suggest that it is associated with clays 

and organic matter in the coal.  

 

f) Vanadium 

 

Vanadium and Copper have similar modes of occurrence in coal (Figure 3-15) and they may 

occur with both clays and the organic matter. Vanadium has a positive correlation with Cr2O3, 
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TiO2, Al2O3, Fe2O3 and MnO (Tables 3-4 and 3-5) which may suggest its association with clay, 

carbonate and Ti-bearing minerals. As discussed above vanadium and Cr have similar modes 

of occurrence in coal. 

 

g) Lead 

 

According to literature this element is associated with sulphides (galena) in coal. Lead has a 

moderate positive correlation with K2O which suggests association with potassium feldspar. 

In this research pyrite is the only sulphide found and there might be a relationship between 

lead and pyrite. Elements such as Ce, Nd, Th, U, Nb and La show similar trends to Pb below 

the coal seam No. 4 (Figure 3-16). 

 

h) Chromium 

 

The high concentration of chromium is shale below coal seam No. 4 (Figure 3-17). There is a 

moderate positive correlation between chromium with TiO2 and Al2O3 (Tables 3-4 and 3-5) 

which suggests association with Ti-bearing and clay minerals. There is no clear mode of 

occurrence of chromium in coal (Swaine, 1990). Finkelman (1994) expect chromium to either 

be associated with the organic matter in coal or with the clays in coal. Gluskoter and Lindahl 

(1973) classify chromium as an intermediate mineral, which implies it is neither strongly 

associated with the organic or inorganic material. Most coals have concentrations of chromium 

in the range of 0.5-60 ppm (Swaine, 1990). 

 

i) Zinc 

 

Zinc has a moderate positive correlation with TiO2, Al2O3 and Cr2O3 which indicates its 

association with Ti-bearing and clay minerals (Appendix C). There is a relationship between 

zinc and chromium illustrated by trends shown on Figure 3-17. The common mineral that is 

dominated by zinc is sphalerite, which is relatively common in coal (e.g. Swaine, 1990; Hower 

et al., 2001; Dai et al., 2008). It is also sometimes associated with pyrite (Finkelman, 1995), 

clay minerals, particularly illite, and carbonate minerals (Spears and Zheng, 1999). 
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j) Gallium 

 

Gallium is showing similar trends to chromium and zinc which suggest a relationship between 

these elements (Figure 3-17). Gallium also has a moderate to strong positive correlation with 

TiO2, Al2O3 and Cr2O3 which indicate association with Ti-bearing and clay minerals 

(Appendix C). Coal seam No. 3 has higher concentration of gallium than coal seam No. 2, 4 

and 5. Nicholls (1968) suggested that Ga has to have a mixed organic and an inorganic affinity, 

or a strong organic affinity (Zubovic, 1966). Gallium is assumed to have a dominant inorganic 

affinity in many coals, as it has been regularly shown a positive correlation with ash yield 

(Zubovic, 1966). As concluded by Finkelman, (1980) that the affinity of Ga shows significant 

variation. 

 

k) Cesium 

 

There is a moderate positive correlation between Cs and Al2O3 which indicates the association 

of Cs with feldspar and clay minerals (Appendix C). Cs has higher concentrations on the 

sandstone-siltstone, shale and coal seam No. 4 (Figure 3-17). 

 

l) Barium 

 

There is a relationship between Ba and Rb illustrated by similar trends on Figure 3-17. Coal 

seam No. 4 has higher concentration of Ba than coal seam No. 2, 3 and 5. Ba has a strong 

positive correlation with K2O, positive correlation with Na2O and SiO2 indicating its 

association with potassium feldspar minerals (Appendix C). 

 

m) Zirconium 

 

Zirconium and hafnium have a relationship illustrated by similar trends on Figure 3-17 and 

their correlation coefficient of 0.99 (Tables 3-4 and 3-5). TiO2 has a moderate positive 
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correlation with Zr and Hf (Appendix B), which indicates that these elements are associated 

with Ti-bearing minerals. 

 

n) Scandium 

 

Scandium has a moderate positive correlation with Fe2O3, MnO, MgO, CaO and P2O5 (Table 

3-5) indicating association with carbonate minerals. The high concentration of scandium is 

which sandstone-siltstone that has carbonate mineral (calcite) as a major mineral (Tables 3-4 

and 3-5). Coal seam No. 4 and 3 have a higher concentration of scandium than coal seam No. 

2 and 5. 

 

3.5 SUMMARY OUTCOMES 

 

 

This study validates the association between major and trace elements and the minerals found 

in coal in Table 3-6, hence validating the relationship between major and trace elements in 

Tables 3-4 and 3-5. C, S, and As, Co, Ni, Pb, V, Cu, Mo, and Zn, as well as Sc, Ce, and La are 

discovered to be connected with coal beds in this research. As, Co, Ni, Pb, Cu, and Zn are trace 

elements related with sulphides (Tables 3-4 and 3-5). The presence of these components 

downstream of a point source is regarded as harmful. The relationships between these elements 

with Al2O3 indicate that they are present in clay minerals. 

 

Significant concentrations of the trace elements U, Pb, Ce, Y, Nb, and La are also found in 

sandstones and siltstones above and below coal seams (Figure 3-16). The majority of these 

trace elements have a significant positive connection with TiO2, suggesting that their 

concentration is governed by the presence of Ti-Fe-oxides and anatase. 

 

Ni, V, Co, and Cu are indicative of a mafic source, dolerites in this instance. These elements 

are present in clays due to their close relationship with Al2O3, Fe2O3, and TiO2. The 
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relationship between these elements suggests their existence in the absorbed components of 

clay minerals and Fe-Mn hydroxides, as well as the in-situ connection of Ni with sulphides. 

 

The major oxides and trace elements outlined in chapter 3 are the source of some of the mobile 

major and trace elements that can be carried and are absorbed by stream sediments farther 

downstream. Carbonates, sulphides, and silicates are the principal mineral families in host 

rocks that are related with the trace elements Ba, Sc, Sr, V, and Zn; As, Cr, Cu, Mo, Ni, Pb, 

and Zn; and Rb, U, Cr, Ni, Cu, and Ga (Tables 3-4 and 3-5).   

 

Table 3-6: Trace elements associated with minerals in Australian and South African coals (after Dale, 1999, 2003; 

Swaine, 1990; Palmer 1985; and present study). 

 

Mineral Group  Mineral Type 

Trace elements 

Australia 

(Dale, 1999) 

Australia 

(Swaine, 1990) 

US 

(Palmer and 

Wandless, 

1985) 

South 

Africa 

(Dale 

2003) 

Goedehoop 

colliery 

Carbonates 
Calcite, 

dolomite, siderite 

Ba, Sr, Mn, 

Co, Ni, V, Cr 
Ba, Mn, St Ca, Mn, Zn  Ba, Sc, Sr, V, Zn 

Sulphides Pyrite, sphalerite 

Cu, Zn, Pb, 

As, Se, Cd, 

Hg, Mo 

As, Cd, Co, 
Cu, 

Pb, Hg, Mo, 

Se, Ag, Th, Sb, 
Zn 

As, Fe, Hg, 

Se, Co, Mn, Sb 

Zn 

As, Cd, Co, 

Cu, Hg, 

Mo, Ni, Pb, 

As, Cr, Co, Cu, 

Ge, 
Mo, Ni, Pb, Se, 

Zn 

Silicates/ 

aluminosilicates 

Illite, feldspars, 
quartz, kaolinite, 

montmorilonite 

Be, B, Cr, 

Co, 
V, Ni, U, Th, 

F, refractory 

elements 

V 
Al, Cs, K, 

Na, Rb, Ba, Ca, 

Sr 

Se, Cr 

Ba, Cs, Cr, Rb, 

Zr, Y, V, U, Th, 

Nb, Ta, Nb, Cu, 
Ga, Zn, Ni, La 

Organic  Sb, Se, Hg, 
Cl 

Be, B, Cr, Se, 
V 

   

Aluminophosphate 
Apatite, 

monazite 
   U, Th, F,Cl Sc, Sr 
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4 MINE DRAINAGE: CASE STUDY GEODEHOOP COLLIERY  

 

This chapter seeks to explain the processes involved in metal mobilization and transport. This 

would be accomplished by conducting static and kinetic tests of the geochemistry of the source 

rocks, as detailed in chapter 3. This chapter also examines the capacity of lithological units to 

generate or neutralize acid, as well as the evidence of metals forming complexes throughout 

time. The boreholes ZFN1510 and 1512 were sampled for static and kinetic tests. Due to not 

having enough material for the coal seams, ZFN1510 was used for ABA testing, and both 

boreholes used for kinetic test, for all lithological unitsô representation. The kinetic prediction 

of the drilled core strata of source rock from the Goedehoop coallieryôs lithological units, 

achieved by the completing of static tests and a 31-week kinetic test leaching experiment to 

confirm mechanisms involved in the transport of metals to the recieving environment. As part 

of the government's reaction to MD, the ABA and conventional kinetic methods may be 

employed for scientific examination and mining permit applications. Thus, legal disputes 

between government and industry can be eliminated, since the approach assures a certified 

process and precision in test result interpretations (Hornberger and Brady, 1998). Its 

implementation in this study will improve the management of mine waste in the ROC's 

coalfields. 

 

4.1 INTRODUCTION 

 

Pollution as a result of MD can contaminate groundwater and drinking water and harm aquatic 

life and habitat. MD happens when sulphide-bearing minerals in a rock are exposed to air and 

water, oxidizing the sulphide sulphur to sulphuric acid, as is well known (Evangelou, 1995; 

Evangelou and Zhang, 1995; Hadley and Snow, 1974; Moses et al., 1987; Robertson, 1996). 

The metals are dissolved in groundwater and surface water by the acid (Hadley and Snow, 

1974). The presence of ferric hydroxide precipitates gives water a reddish-brown to brilliant 

orange type (Evangelou, 1995; Nordstrom and Alpers, 1999). At low pH levels, metal ions 
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remain soluble, and some naturally occurring bacteria play a role in enhancing the oxidation 

rate and precipitation. 

 

Metal leaching from the MD process is a global concern (Domvile et al., 1994; Lawrence and 

Wang, 1997; Schafer Laboratory Testing, 1997; Zhang et al., 2004). The issue impacts the 

environment of the receptor realm (Lawrence and Day, 1997; Evangelou, 1995). 

 

MD associated with coal and other sulphide-containing mineral in mining operations, which is 

mostly caused by pyrite oxidation. MD is a significant environmental contamination issue in 

the studied area. It is estimated that the wet cleaning of coal alone in the United States generates 

waste slurries containing at least 10 million tons of pyrite every year (Evangelou and Zhang, 

1995). 

 

4.2 ACID BASE ACCOUNTING (ABA) 

 

The static test was utilized to measure the acid-generating potential of rock samples from the 

research area. In order to achieve the goal, the samples were exposed to acid-generating and 

total acid-neutralizing potential tests, and their potential was determined using Table 4-1. 

(Zhao, 2012). 

 

According to Zhao (2012), acid-base accounting is a screening technique in which the acid-

neutralizing and acid-generating potentials of rock samples are evaluated and the difference in 

Net Neutralization Potential (NNP) is computed. 

 

Relevant experts (e.g. Miller, 1998; Price and Errington, 1995; Brady et al., 1994; Steffen, 

Robertson and Kirsten, 1991) have produced rules and recommendations for ABA procedures, 

which have been provided by Usher et al. (2003) and used in this work. 



71 | P a g e  
 

4.2.1 Screening criteria 

 

Price and Errington (1995), Morin and Hutt (1994), and Usher et al. (2003) provide exhaustive 

descriptions of the screening criteria for every type of test. The most crucial factors are as 

follows: 

"For NNP, if NNP =NP-AP is less than zero, the sample has the potential to create acid, 

whereas if NNP =NP-AP is greater than zero, the sample has the potential to neutralize acid." 

Specifically, any sample with NNP of -20 may not create acid, but any sample with NNP > -

20 may generate acid. There is a clearly defined "grey region" between -20 and 20 kg/t CaCO3 

due to the nature of static testing and field variability, which makes it dangerous to ascribe 

potentially acid-generating or non-acid-generating qualities to such samples. The 

categorization of samples for NPR is governed by the criteria indicated in Table 4-1. 

 
Table 4-1: Provides parameters for ABA screening (after Price et al., 1997b). 

  

ARD POTENTIAL  NPR SCREENING 

CRITERIA  

COMMENTS  

Likely <1:1 Likely AMD generating 

Possibly 1:1 - 2:1 AMD formation if NP is inadequately reactive or depleted quicker than 

sulphides. 

Low 2:1 - 4:1 Not likely AMD-generating unless considerable preferential exposure 

of sulphides along fracture planes, or highly reactive sulphides in 

conjunction with inadequately reactive NP. 

None >4:1 No additional AMD testing necessary unless materials are to be 

utilized as an alkalinity source. 

 

4.2.2 Results  

 

The likelihood of ZFN1510 drill core was selected as a guide for ABA testing. The samples 

were tested material producing AMD was evaluated utilizing the NPR vs. Sulphur (Figure 4-

1), NNP vs. paste pH (Figure 4-2), and AP vs. NP correlations (Figure 4-3). Table 4-2 

demonstrates the ABA's findings. 
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4.2.2.1 Coal seams 

 

The NPR against S in Figure 4-1 defines coal seams 2, 3, and 4 as having a very high chance 

of acid production. The following geological units produce acid: coal seam number 4, which 

contains 2% pyrite and 1.64% sulphur; coal seam number 3, which contains 10% pyrite and 

1.07% sulphur; and coal seam number 2, which contains 11% pyrite and 1.03% sulphur. When 

the acid potential is greater than the neutralising potential, the features of acid-generating coal 

seams develop. This is demonstrated by the fact that coal seam number 4 has an acid potential 

of 51.25 and a neutralization potential of 0.15, coal seam number 3 has an acid potential of 

33.44 and a neutralization potential of 17.93, and coal seam number 2 has an acid potential of 

32.2 and a neutralisation potential of 15.4. As was mentioned in the preceding chapter, coal 

seams include a high amount of kaolinite, quartz, siderite, and calcite. These minerals possess 

a strong neutralizing capacity. Utilizing the NPR against S wt.%. The coal seams numbered 4, 

3, and 2 have an extremely high possibility of producing acid. The coal seam No. 5 has distinct 

features. It has a high neutralizing potential of 22.23, a low acidic potential of 0.94, and a NNP 

of 21.2, indicating a probable surplus of neutralisation materials. NPR vs S wt.% connection 

indicates coal seam No. 5 as having acid potential under certain conditions (Figure 4-1), 

however the NNP versus paste pH correlations classify coal seam number 5 as being just 

beyond the region of uncertainty (Figure 4-2). In Figure 4-1, the NNP vs Paste pH plot 

classifies coal seams 4, 3, and 2 according to the uncertainty range. The AP vs NP classifies 

coal seams 4, 3, and 2 as having a high chance of acid production. The NNP of the latter coal 

seams falls within the negative range, indicating ambiguity over their acid-generating capacity. 

 

In Figure 4-2, the NP versus AP categorize coal seam No. 5 according to the uncertainty range. 

The mineral composition of coal seam No. 5 is as follows: 21% pyrite, 46% kaolinite, 5% 

mica, 9% quartz, 10% dolomite, and 9% calcite. The No. 5 coal seam is characterized as a 

lithological unit that can produce acid under favourable conditions, i.e. when exposed to 

oxygen and water. 
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4.2.2.2 Other geological units  

 

The bulk of geological units above coal seam 5 exhibit NNP, with likely excess of neutralising 

potential units (Figure 4-1 to Figure 4-3). On units above and below the dolerite sill, as well as 

in the dolerite, the greatest neutralizing potential is seen. The sandstone units above the dolerite 

include 4% calcite, K-plagioclase, plagioclase, quartz, and mica, while the unit below the 

dolerite has 9% dolomite, K-plagioclase, plagioclase, quartz, mica, and kaolinite. The dolerite's 

mineral makeup consists of 54% plagioclase, 8% quartz, 21% siderite, and 17% I/S. On the 

latter geological units there are no sulphide minerals. The NNP against S weight. The majority 

of units above coal seam number 5 are classified as having a low risk of producing acid 

according to the % diagram. By NNP interpretation, these geological units are classed within 

a range of uncertainty. This consists of all shales above coal seam number 5. Under a 

microscope, the shales include fromboidal pyrite grains, along with quartz, mica, plagioclase, 

and mica that has been transformed into chlorite. There are sandstones that are classed similarly 

to shale; these samples do not have a fizz rating (access to carbonates) and XRD examination 

reveals no calcite. In the rocks above of seam 5, sample M33 is mostly comprised of quartz, 

plagioclase, potassium feldspar, mica, kaolinite, and interstratified illite/smectite (I/S), with 

trace amounts of carbonate minerals, anatase, and siderite, as determined by XRD. Under 

polarised light, the recognized minerals are partially decomposed pyrite; under crossed polar, 

the observed minerals include sub-rounded quartz, mica minerals changing to chlorite, 

plagioclase (albite twining), and clay (kaolinite) is the principal matrix filling material. There 

are examples of 24, 25, and 26 with robust carbonation characteristics (Table 4-2). These are 

examples of sandstones and sandstones graded to siltstone that are located above coal seam 

number 5. The calcite concentration of these samples ranges from 4% to 42%, whereas the 

siderite content ranges from 1% to 21% and is mostly confined to units from a depth of 32 

meters. 

 

Under specific conditions, the lithological layers between coal seam No. 2 and coal seam No. 

4 are also classed as having the capacity to generate acid. NPR vs S wt.% categorize the bulk 

of this lithological unit's samples outside the uncertainty range, with less than four samples 

falling inside the range (Figure 4-1). The bulk of samples have an extremely low likelihood of 
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producing acid. The paste pH against NNP classifies coal seams No. 2 to 5 within the 

uncertainty range (Figure 4-2). Some geological unit samples above coal seam No. 5, above 

coal seam No. 4, and a couple above coal seam No. 2 and below coal seam No. 2 map beyond 

the uncertainty range. The bulk of samples are inside the range of uncertainty. The AP versus 

NP categorization reveals that coal seams 2, 3, and 4 are likely to produce acid while coal seam 

No. 5 may generate AMD if NP is insufficiently reactive or is depleted at a quicker pace than 

sulphides (Figure 4-3). 

  

 

 

 

 

Figure 4-1: Acid base accounting static test pre-assessments using NPR vs Sulphur content in weight %. 
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Figure 4-2: Acid base accounting static test pre-assessments using NNP vs Paste pH classification. 

 

 

 

Figure 4-3: Acid base accounting static test pre-assessments using AP vs. NP classification. 
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It is evident from the preceding explanation that the geochemistry covered in the previous 

chapter influences the ABA findings. Hydrolysis is exemplified by the interaction between 

silicate minerals and acid (H+), which results in the disintegration of the minerals and the 

release of metal cations and silica. Potassium feldspar hydrolyzes to generate kaolinite or illite 

plus silicic acid, whereas plagioclase (Na) feldspar hydrolyzes to produce kaolinite or smectite 

plus silicic acid. The lithological units above coal seam No. 5 include up to 20% kaolinite and 

up to 3% chlorite, however the lithological unit of coal seam No. 5 and below contain 

negligible amounts or none of these minerals. The most prevalent alteration type in the layers 

above coal seam No. 5 is kaolinite, indicating the presence of hydrolysis processes, which 

would be tested during kinetic modeling. 
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Table 4-2: The ABA findings for samples from borehole ZFN1510, along with their interpretation. 

 

ACID BASE ACCOUNTING AND INTERPRETATION  BOREHOLE ZFN1510 

Sample 

ID  

Fizz 

Rating 

Total 

Sulphur 

% 

 

Sample 

Weight 

(g)  

Volume 

HCl 

added 

(ml) 

HCl 

Normality 

(N) 

Volume 

NaOH 

added 

to pH7 

(mL) 

NaOH 

Normality 

(N)  

Neutralization 

Potential 

Acid 

Potential 

Net 

Neutralization 

Potential 

Paste 

pH 

Paste 

EC 

µS/cm 

NPR NPR 

Interpretation  

Net 

Neutraliza

tion 

Potential 

NNP 

Interpretation  

Lithology 

(Anglo 

Coal Mine) 

Sample 

no 

Depth of the 

sample 

Length 

of the 

sample 

Depth 

(m) 

Lithology 

Top 

(Meter) 

Bottom 

(Meter) 

Meter 

1 None 0.01 2 40   0.1 41.41 0.1 -3.525 0.3125 -3.8375 7.55 72.4 -11.28 No Acid Potential -3.8375 Uncertain Sandstone/ 

Siltstone 

1 6.46 6.76 0.3 5.940 - 

11.250 

Sandstone/ 

Siltstone 

2 None 0.01 2 40 0.1 39.91 0.1 0.225 0.3125 -0.0875 8.19 52.1 0.72 Likely Acid 

Generator 

-0.0875 Uncertain 2 8.37 8.67 0.3 

3 None 0.01 2 40 0.1 39.45 0.1 1.375 0.3125 1.0625 8.63 45.1 4.4 No Acid Potential 1.0625 Uncertain 3 9.7 10 0.3 

4 None 0.01 2 40 0.1 38.27 0.1 4.325 0.3125 4.0125 8.62 34.9 13.84 No Acid Potential 4.0125 Uncertain 4 10.52 10.82 0.3 

5 None 0.01 2 40 0.1 38.06 0.1 4.85 0.3125 4.5375 7.85 41.9 15.52 No Acid Potential 4.5375 Uncertain Siltstone 5 11.2 11.5 0.3 11.250 - 

15.710 

Siltstone 

6 None 0.01 2 40 0.1 37.47 0.1 6.325 0.3125 6.0125 8.74 80.4 20.24 No Acid Potential 6.0125 Uncertain 6 12.53 12.83 0.3 

7 None 0.04 2 40 0.1 36.87 0.1 7.825 1.25 6.575 9.52 84.9 6.26 No Acid Potential 6.575 Uncertain Sandstone/ 

Siltstone 

7 15.73 16.03 0.3 15.710 - 

17.100 

Sandstone/ 

Siltstone 

8 strong 0.11 2 80 0.5 50.06 0.5 374.25 3.4375 370.8125 9.46 135 108.8727 No Acid Potential 370.8125 Probably 

excess of 

neutralization 

material 

8 16.45 16.56 0.11 

9 None 0.02 2 40 0.1 36.13 0.1 9.675 0.625 9.05 8.74 129.1 15.48 No Acid Potential 9.05 Uncertain 9 16.56 16.76 0.2 

10 None 0.02 2 40 0.1 32.62 0.1 18.45 0.625 17.825 8.8 252 29.52 No Acid Potential 17.825 Uncertain 10 16.76 16.97 0.21 

11 None 0.05 2 40 0.1 36.61 0.1 8.475 1.5625 6.9125 8.87 241 5.424 No Acid Potential 6.9125 Uncertain Shale 11 17.7 18 0.3 17.100 - 

18.620 

Shale 

12 strong 0.02 2 80 0.5 58.98 0.5 262.75 0.625 262.125 9.28 140.6 420.4 No Acid Potential 262.125 Probably 

excess of 

neutralization 

material 

Sandstone 12 18.65 18.95 0.3 18.620 - 

34.000 

Sandstone 

13 None 0.01 2 40 0.1 35.77 0.1 10.575 0.3125 10.2625 9.34 152.8 33.84 No Acid Potential 10.2625 Uncertain 13 21.3 21.6 0.3 

14 None 0.01 2 40 0.1 39.3 0.1 1.75 0.3125 1.4375 9.37 103.4 5.6 No Acid Potential 1.4375 Uncertain 14 23 23.3 0.3 

15 None 0.03 2 40 0.1 38.02 0.1 4.95 0.9375 4.0125 9.24 146.5 5.28 No Acid Potential 4.0125 Uncertain 15 29 29.3 0.3 

16 None 0.01 2 40 0.1 40.11 0.1 -0.275 0.3125 -0.5875 9.52 104.6 -0.88 Likely Acid 

Generator 

-0.5875 Uncertain 16 33 33.3 0.3 

17 None 0.05 2 40 0.1 35.93 0.1 10.175 1.5625 8.6125 8.47 142 6.512 No Acid Potential 8.6125 Uncertain Sandstone/ 

Siltstone 

17 37.7 38 0.3 34.000 - 

42.620 

Sandstone/ 

Siltstone 

18 None 0.03 2 40 0.1 36.2 0.1 9.5 0.9375 8.5625 8.5 154.7 10.13333 No Acid Potential 8.5625 Uncertain 18 39 39.3 0.3 

19 None 0.04 2 40 0.1 36.21 0.1 9.475 1.25 8.225 8.59 171.9 7.58 No Acid Potential 8.225 Uncertain 19 40 40.3 0.3 

20 None 0.02 2 40 0.1 37.06 0.1 7.35 0.625 6.725 8.52 202 11.76 No Acid Potential 6.725 Uncertain 20 41.21 41.51 0.3 

21 None 0.01 2 40 0.1 37.4 0.1 6.5 0.3125 6.1875 8.11 195.6 20.8 No Acid Potential 6.1875 Uncertain 21 42 42.3 0.3 
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22 weak 0.01 2 40 0.1 24.11 0.1 39.725 0.3125 39.4125 9.29 161.5 127.12 No Acid Potential 39.4125 Probably 

excess of 

neutralization 

material 

Sandstone 22 44.93 45.23 0.3 42.620 - 

45.790 

Sandstone 

23 strong 0.01 2 80 0.5 57.11 0.5 286.125 0.3125 285.8125 9.72 653 915.6 No Acid Potential 285.8125 Probably 

excess of 

neutralization 

material 

Sandstone/ 

Siltstone 

23 46.7 47 0.3 45.790 - 

53.620 

Sandstone/ 

Siltstone 

24 strong 0.01 2 80 0.5 72.09 0.5 98.875 0.3125 98.5625 9.88 306 316.4 No Acid Potential 98.5625 Probably 

excess of 

neutralization 

material 

24 47.99 48.23 0.24 

25 None 0.01 2 40 0.1 36.84 0.1 7.9 0.3125 7.5875 9 357 25.28 No Acid Potential 7.5875 Uncertain 25 49 49.3 0.3 

26 strong 0.01 2 80 0.5 76.07 0.5 49.125 0.3125 48.8125 9.52 422 157.2 No Acid Potential 48.8125 Probably 

excess of 

neutralization 

material 

26 49.47 49.63 0.16 

27 None 0.04 2 40 0.1 36.96 0.1 7.6 1.25 6.35 9.28 396 6.08 No Acid Potential 6.35 Uncertain 27 51 51.3 0.3 

28 None 0.11 2 40 0.1 35.4 0.1 11.5 3.4375 8.0625 8.43 391 3.345455 No Acid Potential 8.0625 Uncertain Shale 28 54 54.3 0.3 53.620 - 

54.360 

Shale 

29 strong 0.02 2 80 0.5 71.69 0.5 103.875 0.625 103.25 10.05 362 166.2 No Acid Potential 103.25 Probably 

excess of 

neutralization 

material 

Sandstone 29 57 57.3 0.3 54.360 - 

58.700 

Sandstone 

30 strong 0.02 2 80 0.5 65.53 0.5 180.875 0.625 180.25 9.94 563 289.4 No Acid Potential 180.25 Probably 

excess of 

neutralization 

material 

Dolerite 30 59.7 60 0.3 58.700 - 

60.930 

Dolerite 

31 strong 0.05 2 80 0.5 71.31 0.5 108.625 1.5625 107.0625 10.02 177.1 69.52 No Acid Potential 107.0625 Probably 

excess of 

neutralization 

material 

Sandstone 31 61 61.3 0.3 60.930 - 

61.500 

Sandstone 

32 None 0.02 2 40 0.1 34.36 0.1 14.1 0.625 13.475 9.65 135.3 22.56 No Acid Potential 13.475 Uncertain Sandstone/ 

Siltstone 

32 61.5 61.8 0.3 61.150 - 

63.200 

Sandstone/ 

Siltstone 

33 weak 0.01 2 40 0.1 25.91 0.1 35.225 0.3125 34.9125 10.06 338 112.72 No Acid Potential 34.9125 Probably 

excess of 

neutralization 

material 

33 61.9 62.2 0.3 

34 None 0.01 2 40 0.1 36.13 0.1 9.675 0.3125 9.3625 8.7 212 30.96 No Acid Potential 9.3625 Uncertain 34 62.9 63.2 0.3 

35 None 0.03 2 40 0.1 31.11 0.1 22.225 0.9375 21.2875 7.49 563 23.70667 No Acid Potential 21.2875 Probably 

excess of 

neutralization 

material 

Coal Seam 

5 

35 64.4 64.7 0.3 63.200 - 

64.700 

Coal 

36 strong 0.01 2 80 0.5 55.65 0.5 304.375 0.3125 304.0625 8.6 737 974 No Acid Potential 304.0625 Probably 

excess of 

neutralization 

material 

Sandstone 36 66.7 67 0.3 64.980 - 

74.220 

Sandstone 

37 None 0.05 2 40 0.1 27.44 0.1 31.4 1.5625 29.8375 7.96 552 20.096 No Acid Potential 29.8375 Probably 

excess of 

37 73 73.3 0.3 
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neutralization 

material 

38 None 0.03 2 40 0.1 38.56 0.1 3.6 0.9375 2.6625 4.41 1163 3.84 Acid under Certain 

Conditions 

2.6625 Uncertain Sandstone/ 

Siltstone 

38 78 78.3 0.3 74.220 - 

82.300 

Sandstone/ 

Siltstone 

39 None 0.04 2 40 0.1 33.7 0.1 15.75 1.25 14.5 6.94 553 12.6 No Acid Potential 14.5 Uncertain 39 80 80.3 0.3 

40 strong 0.02 2 80 0.5 45.36 0.5 433 0.625 432.375 9.3 248 692.8 No Acid Potential 432.375 Probably 

excess of 

neutralization 

material 

Sandstone 40 82.3 82.52 0.22 82.300 - 

83.600 

Sandstone 

41 Strong 0.08 2 80 0.5 44.38 0.5 445.25 2.5 442.75 9.48 181.5 178.1 No Acid Potential 442.75 Probably 

excess of 

neutralization 

material 

41 82.52 82.82 0.3 

42 None 0.08 2 40 0.1 31.07 0.1 22.325 2.5 19.825 9.41 133.2 8.93 No Acid Potential 19.825 Uncertain 42 83 83.3 0.3 

43 None 1.08 2 40 0.1 21.69 0.1 45.775 33.75 12.025 4.24 795 1.356296 No Acid Potential 12.025 Uncertain 43 83.52 83.6 0.08 

44 None 1.64 2 40 0.1 39.94 0.1 0.15 51.25 -51.1 7.67 412 0.002927 No Acid Potential -51.1 Uncertain Coal Seam 

4 

44 84.32 84.62 0.3 83.600 - 

90.560 

Coal 

45 None 0.22 2 40 0.1 40.98 0.1 -2.45 6.875 -9.325 7.84 95.9 -0.35636 Likely Acid 

Generator 

-9.325 Uncertain Sandstone/ 

Siltstone 

45 90.7 91 0.3 90.560 - 

91.020 

Sandstone/ 

Siltstone 

46 None 0.09 2 40 0.1 41.4 0.1 -3.5 2.8125 -6.3125 6.52 161.9 -1.24444 Acid under Certain 

Conditions 

-6.3125 Uncertain Sandstone 46 92.5 92.8 0.3 91.020 - 

92.840 

Sandstone 

47 None 0.05 2 40 0.1 41.72 0.1 -4.3 1.5625 -5.8625 4.69 208 -2.752 Acid under Certain 

Conditions 

-5.8625 Uncertain Sandstone 47 94.5 94.8 0.3 92.840 - 

95.070 

Sandstone 

48 None 0.05 2 40 0.1 36.83 0.1 7.925 1.5625 6.3625 7.37 180.4 5.072 No Acid Potential 6.3625 Uncertain Shale 48 95.1 95.4 0.3 95.070 - 

95.730 

Shale 

49 None 0.16 2 40 0.1 40.78 0.1 -1.95 5 -6.95 6.73 185.3 -0.39 Likely Acid 

Generator 

-6.95 Uncertain Sandstone/ 

Siltstone 

49 95.74 95.98 0.24 95.730 - 

96.410 

Sandstone/ 

Siltstone 

50 None 0.19 2 40 0.1 39.97 0.1 0.075 5.9375 -5.8625 8.25 95.9 0.012632 Likely Acid 

Generator 

-5.8625 Uncertain Coaly shale 50 96.6 96.9 0.3 96.410 - 

97.000 

Coaly shale 

51 None 0.09 2 40 0.1 39.69 0.1 0.775 2.8125 -2.0375 7.62 242 0.275556 Likely Acid 

Generator 

-2.0375 Uncertain Sandstone/ 

Siltstone 

51 99.3 99.6 0.3 97.000 - 

99.760 

Sandstone/ 

Siltstone 

52 None 0.06 2 40 0.1 35.63 0.1 10.925 1.875 9.05 8.45 220 5.826667 No Acid Potential 9.05 Uncertain Sandstone/ 

Siltstone 

52 99.6 99.89 0.29 99.760 - 

99.890 

Sandstone/ 

Siltstone 

53 None 1.07 2 40 0.1 32.83 0.1 17.925 33.4375 -15.5125 5.85 290 0.536075 Likely Acid 

Generator 

-15.5125 Uncertain Coal Seam 

3 

53 99.89 100.19 0.3 99.890 - 

100.280 

Coal 

54 None 0.06 2 40 0.1 37.06 0.1 7.35 1.875 5.475 8.23 113.7 3.92 Acid under Certain 

Conditions 

5.475 Uncertain Sandstone/ 

Siltstone 

54 100.29 100.59 0.3 100.280 

- 

103.530 

Sandstone/ 

Siltstone 

55 None 0.03 2 40 0.1 30.88 0.1 22.8 0.9375 21.8625 8.81 88.2 24.32 No Acid Potential 21.8625 Probably 

excess of 

neutralization 

material 

55 101 101.3 0.3 

56 Strong 0.05 2 80 0.5 39.98 0.5 500.25 1.5625 498.6875 9.6 222 320.16 No Acid Potential 498.6875 Probably 

excess of 

56 103 103.3 0.3 
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neutralization 

material 

57 None 0.06 2 40 0.1 35.83 0.1 10.425 1.875 8.55 8.58 116.6 5.56 No Acid Potential 8.55 Uncertain Shale 57 104 104.3 0.3 103.530 

- 

106.120 

Shale 

58 None 0.05 2 40 0.1 36.93 0.1 7.675 1.5625 6.1125 7.98 259 4.912 No Acid Potential 6.1125 Uncertain Sandstone/ 

Siltstone 

58 110.4 110.7 0.3 106.120 

- 

112.140 

Sandstone/ 

Siltstone 

59 None 0.05 2 40 0.1 39.65 0.1 0.875 1.5625 -0.6875 8.02 174.2 0.56 Likely Acid 

Generator 

-0.6875 Uncertain Shale 59 113 113.3 0.3 112.140 

- 

113.600 

Shale 

60 Strong 1.15 2 80 0.5 74.29 0.5 71.375 35.9375 35.4375 8.3 451 1.986087 Acid under Certain 

Conditions 

35.4375 Probably 

excess of 

neutralization 

material 

Sandstone/ 

Siltstone 

60 113.8 114.06 0.26 113.600 

- 

114.090 

Sandstone/ 

Siltstone 

61 None 1.03 2 40 0.1 33.85 0.1 15.375 32.1875 -16.8125 7.75 258 0.47767 Likely Acid 

Generator 

-16.8125 Uncertain Coal Seam 

2 

61 116.65 116.95 0.3 114.090 

- 

124.150 

Coal 

62 None 0.02 2 40 0.1 33.52 0.1 16.2 0.625 15.575 8.95 143.7 25.92 No Acid Potential 15.575 Uncertain Dwyka 

tillite 

62 127.7 128 0.3 124.150 

- 

129.400 

Dwyka 

tillite 

63 None 0.01 2 40 0.1 40.48 0.1 -1.2 0.3125 -1.5125 8.39 9.2 -3.84 Acid under Certain 

Conditions 

-1.5125 Uncertain Siltstone 63 129.3 129.6 0.3 129.400 

- 

134.150 

Siltstone 

64 None 0.03 2 40 0.1 32.48 0.1 18.8 0.9375 17.8625 8.27 208 20.05333 No Acid Potential 17.8625 Uncertain Dwyka 

tillite 

64 134.15 134.45 0.3 134.150 

- 

134.830 

Dwyka 

tillite 

65 Strong 0.01 2 80 0.5 69.95 0.5 125.625 0.3125 125.3125 9.82 284 402 No Acid Potential 125.3125 Probably 

excess of 

neutralization 

material 

Granite 65 136.7 137 0.3 134.830 

- 

140.480 

Granite 
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4.3 HUMIDITY CELL LEACH TESTS  

4.3.1 Background 

 

The li thological units samples have been classified as potentially acid-generating, 

potentially non-acid-generating and uncertain, based on the results of the static ABA tests 

performed in the previous section. The samples where the potential for acid generation is 

uncertain were subjected to kinetic tests in an effort of identifying acid generation 

characteristics by simulating environmental conditions for rock drainage process. A total 

of 27 samples, labeled BH1 through BH27, were chosen to represent the stratigraphy of 

the Geodehoop coalfield, which dominates the ROC geology. The samples were tested for 

31 consecutive weeks.  

 

Kinetic is used to define a set of test techniques in which the acid generation properties of 

a sample are quantified in relation to time (Miller, 1998; Chemex Laboratory, 1997). 

Multiple types of recorded kinetic testing can vary in complexity, time, expense, and sorts 

of data that can be gathered (Usher et al., 2003). 

 

In this work, the kinetic test is utilized to estimate the relative rates of acid production and 

neutralization, the time to ARD start, drainage chemistry, and the consequent downstream 

metal loading for each of the likely geochemical circumstances. The relative rates of acid 

production and neutralization will help determine if the sample material will produce acid 

over time. 

 

4.3.2 Methodology 

 

4.3.2.1 Sampling 

 

A total of 27 samples labeled BH1 through BH27 (Table 4-3), representing the 

stratigraphic units of the ROC, were analyzed for thirty-one consecutive weeks to 

determine the rate of acid production.  
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Table 4-3: The table indicating the 27 samples for the kinetic test. 

  

BOREHOLE LAYER 

SAMPLED 

LITHO- TYPE LAB ID  

ZFN1510 (1-7) Sandstone/Siltstone BH1 

ZFN 1510 (8-12) Shale BH2 

ZFN 1510 (12-21) Sandstone BH3 

ZFN 1510 (27 & 28 &29) Shale BH4 

ZFN 1510 (31-34) Sandstone/Siltstone BH5 

ZFN 1510 (36, 37, 39) Sandstone/Siltstone BH6 

ZFN 1510 (49-52) Sandstone/Shale BH7 

ZFN 1510 (57-60) Sandstone/Siltstone/Shale BH8 

ZFN 1510 (62-64) Dwyka tillite BH9 

ZFN 1512 (W26) Coal seam no. 5 BH10 

ZFN 1512 (31) Coal seam no. 4 BH11 

ZFN 1512 (41) Coal seam no. 3 BH12 

ZFN 1512 (49) Coal seam no. 2 BH13 

ZFN 1512 (1-6) Sandstone/Siltstone BH14 

ZFN 1512 (10-15) [2184] Sandstone BH15 

ZFN 1512 (16-25) Sandstone/Siltstone BH16 

ZFN 1512 (27-30) [1158] Sandstone BH17 

ZFN 1512 (32-34) Coally Shale BH18 

ZFN 1510 (35) Coal seam no. 5 BH19 

ZFN 1512 (36-40) Sandstone/Siltstone BH20 

ZFN 1510 (44) Coal seam no. 4 BH21 

ZFN 1512 (42-47) [1166] Sandstone/Shale BH22 

ZFN 1512 (50-52) [1123] Sandstone BH23 

ZFN 1510 (53) Coal seam no. 3 BH24 

ZFN 1512 (55-57) [2102] Dwyka tillite BH25 

ZFN 1510 (54-56) Shale/Sandstone BH26 

ZFN 1510 (61) Coal seam no. 2 BH27 

 

4.3.2.2 Humidity cell (IGS) 

 

The humidity cells leach (HCL) test was done at the laboratory of the Institute of 

Groundwater Studies (IGS) at the University of the Free State (UFS) according to the 

American Society for Testing and Materials (ASTM) protocol. Usher et al. (2003) and 

Zhao et al. (2010) provided a comprehensive description of the HCL analytical process. 

The purpose of kinetic testing is to simulate the physicochemical processes of weathering, 

often at a sped-up rate. These tests need additional time and are significantly more costly 

than static testing (Usher et al., 2003). 
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The test was conducted to imitate the sample's weathering acceleration by passing 

transiently wet air followed by dry air through the sample chamber for three days, 

followed by dry air for three days and distilled water on the seventh day (Figure 4-4). That 

is three days of dry air and three days of humid air, followed on the seventh day by 

leaching. Then, the pH, conductivity, sulphate, acidity, and dissolved alkalinity of the 

leachate are determined. In this study, this cycle was repeated for 31 weeks. According to 

Lawrence and Day (1997), "it is very uncommon for humidity cell experiments to 

continue for several months or even years." 

 

 

 

 

Figure 4-4: Generic schematic layout for the arrangement of a humidity cell leach (Mills, 1998), as well as 

an HCL test at the IGS University of the Free State. 

 

 

The ASTM procedure stipulates a minimum test time of 20 weeks, although Price et al. 

(1997b) suggest a minimum duration of 40 weeks. The convincing data indicating that in 

many instances, even 40 weeks is insufficient and that the test should be administered until 

stable rate results are established (Morin and Hutt, 1997; 1998; 1999; 2000). The duration 

of the current test was 31 weeks, however it is clear that the the system was stabilized at 

the fouth week. Other nations, such as Canada, have demonstrated that the experiment may 

be conducted for longer than two years (104 weeks) (Miller, 1998). 
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4.3.3 Results  

 

The summary statistics of pH, EC, Malk (total alkalinity), and 25 elements are represented 

in Figures 4-5, 4-6, 4-7, and 4-8 for pH, EC, Malk, and SO4
2-, respectively, and are briefly 

discussed here, with the remainder presented in Appendix F. Appendix E depicts the 

correlation matrix of pH, EC, and 25 elements for all the samples from BH1 to BH27. The 

remaining metal was calculated (% of orginal) as the [initial metal content (mg/kg)-

(cumulative metal leach rate (mg/kg)/initial metal content (mg/kg)]*100% adopted from 

Morin and Hutt, (1997).  

 

4.3.3.1 Leachate quality 

 

In the assessment of the 31-week experiment, the quality of the leachate reveals a pH 

distribution that is about normal, with a minimum pH of 5.12 and a high pH of 9.66. (Figure 

4-5). The median value of 7.62, which is closer to the mean value of 7.64, indicates that the 

data are distributed symmetrically, therefore suggesting a no to minimal change of pH 

during the experimental period. The samples show to have a neutral pH, while pH of less 

than 6 was recorded 20 times during the experimental period. Additionally, the highest pH 

values above 8.76 cannot be discounted in the data. Compared to the South African water 

quality recommendations (DWAF, 1996), the pH range where the abundant of metals are 

in solution is typically between 4.0 and 6.0. According to South African water quality 

recommendations (DWAF, 1996), the increased pH has no major impact on human health 

due to non-toxicity. 

 

Electrical conductivity of all leachates ranges from a minimum of 2.79 mS/m to a mean of 

12.8 mS/m (Figure 4-6). The median value is smaller than the mean value of 21.9 mS/m, 

indicating an asymmetrical (log-normal) data distribution with a rightward skew. The 

majority of home water quality assessments fall within the range of permitted standards. 

However, values more than 70 mS/m up to a maximum of 301 mS/m can be detected, which 

are already harmful for household use (South African water quality recommendations 

(DWAF, 1996). 
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The distributions of the earth-alkali elements are favorably skewed, the bivariate elements 

(Ca, Mg) more so than the monovalent ones (K, Na) (Appendix F). Calcium readings 

expressed in milligrams per liter range from 0.1 mg/L and 442 mg/L. (see also alkalinity in 

Figure 4-7). The median value is lower than the mean value, which is 19 mg/L. Calcium 

concentrations are widely dispersed and positively right-skewed. The minimal Mg 

concentration is 0.1 mg/L, while the highest concentration is 276 mg/L. The median value 

of 0.9 mg/L is smaller than the mean value of 5.6 mg/L, indicating that the asymmetrical 

data distribution is positively right-skewed. 

 

Minimum sodium concentration is 0.35 mg/L and highest sodium concentration is 21.1 

mg/L (Appendix F). The median value of 15.5 mg/L is lower than the mean value of 21.1 

mg/L, indicating that the data are favorably biased to the right. The values of potassium 

range from a minimum of 0.2 mg/L to a high of 5.1 mg/L. The tight relationship between 

the median value of 0.9 mg/L and the mean value of 1.1 mg/L suggests a symmetrical 

distribution of data. According to South African water quality rules, a maximum 

concentration of 5.1 mg/L is within the allowed range for household use (DWAF, 1996). 

 

The kinetic geochemistry data suggests common coal seam correlations (Appendix E): Coal 

seam 5 (BH10 and BH19), Coal seam 4 (BH11 and BH21), Coal seam 3 (BH12 and BH24), 

and Coal seam 2. (BH 13 and BH27). 

 

There are substantial relationships between SO4
2- and the anions in all coal seams; the 

cations include Fe, Mn, Ba, B, Se, Sr, and Zn (Appendix E). The coal seam number 5 

exhibits SO4
2- leachate values ranging between a minimum of 14.5 mg/L to a high of 842 

mg/L for the BH19 sample (Figure 4-8). The coal seam number 4 showed minimum 

leachate SO4
2- concentrations of 100.4 mg/L and highest values of 1810.6 mg/L for sample 

BH11, and minimum concentrations of 6 mg/L and maximum concentrations of 298.1 

mg/L for sample BH 21. The coal seam number 3 reveals minimum leachate SO4
2- values 

of 1.5 mg/L and highest concentrations of 42.5 mg/L for sample BH 12, and minimum 

concentrations of 1.0 mg/L and maximum concentrations of 162.7 mg/L for sample BH 24. 

The coal seam number 2 exhibits lowest SO4
2- concentrations of 30.3 mg/L and highest 

concentrations of 721.7 mg/L for sample BH 13, and minimum concentrations of 2.5 mg/L 

and maximum concentrations of 100.3 mg/L for sample BH 27. 
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The SO4
2- leachate concentrations of the coal seam for the geological strata below coal 

seam number 5 (BH4) and below and above coal seam number 4 (BH5), below coal seam 

number 3 (BH6) and coal seam number 2 (BH7) reveal strong correlations of leachate SO4
2- 

values with the anions and cations comparable to the coal geological units (Appendix E). 

The SO4
2- leachate concentrations for sample BH 4 range from a minimum of 2.3 mg/L to 

a high of 129.3 mg/L. The minimum BH5 sample concentration is 0.6 mg/L and the highest 

is 31.5 mg/L. Minimum of 5.7 mg/L and maximum of 405 mg/L for the BH6 sample. 

Sample BH7 has a minimum of 16.8 mg/L and a maximum of 295.9 mg/L. 

 

The SO4
2- leachate of the geological units above coal seam 5 exhibits connections with Mo, 

Se, and Sr. It is especially intriguing because the latter geological units are composed of 

sandstones/siltstones and/or shales with low SO4
2- concentrations. The designations for 

these units are BH1, BH2, BH3, BH14, BH15, BH16, and BH18. The samples exhibit SO4
2- 

concentrations ranging between 15.9 mg/L and 67.4 mg/L for BH1. In addition, sample 

BH2 has a range between 1.8 mg/L and 31.4 mg/L. Sample BH3 demonstrates a range 

between 0.4 mg/L and 35.4 mg/L. Sample BH 14 has a range between 0.8 mg/L and 12.0 

mg/L. Minimum concentration of 0.2 mg/L and maximum concentration of 11 mg/L for 

sample BH15. BH16 sample has a minimum of 0.7 mg/L and a maximum of 24.0 mg/L. 

Sample BH18 has a minimum of 2.2 mg/L and a maximum of 25.5 mg/L. 
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Graphical Summary for pH

4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5
0

20

40

60

80

100

120

140

160

180

200

220

240

260

4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5

 

Median, Inter-quartile Range & Non-outlier Range

Mean & 95% Confidence Interval

Mean & 95% Prediction Interval

Shapiro-Wilk p: 0.00053

Mean: 7.643

Std.Dev .: 0.700

Variance: 0.490

Std.Err.Mean 0.0242

Skewness: -0.169

Valid N: 837

Minimum: 5.120

Lower Quartile 7.170

Median: 7.620

Upper Quartile 8.100

Maximum: 9.660

95% Conf idence f or Std Dev

Lower 0.668

Upper 0.735

95% Conf idence f or Mean

Lower 7.596

Upper 7.691

95% Prediction f or Observ ation

Lower 6.269

Upper 9.018

 

Figure 4-5: Presents a graphical representation of the pH results of the humidity cell leaching 31 week experiments. 

 

Figure 4-6: Shows a graphical representation of the SO4
2- (mg/L) concentrations in the leachate of the 

humidity cell leach 31 week tests. 
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Figure 4-7: Graphical summary statistics of leachate Alkalinity values of the humidity cell leach 31 week 

tests. 

 

 

Figure 4-8: Graphical summary statistics of leachate SO4
2- (mg/L) concentrations of the humidity cell leach 

31 week tests. 
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4.3.3.2 Acid production lithological units 

 

4.3.3.2.1 Coal seam number 5 

 

BH10 and BH19 samples represented coal seam No. 5. Figure 4-9 indicates initial sulphate 

concentrations in the first 8 weeks that are greater than 600 mg/L. For eight weeks, the 

sulphate remained in the solution. From week 8 to week 31, the concentration of sulphate 

falls below 100 mg/L. The presence of oxygen and water accelerates chemical reactions. 

This is also evidence about the metals Na and Ca, which followed the same pattern as 

sulphate from week 1 to week 31 and stayed below 50 mg/L at the end of week 31. The 

precipitation of this species over the 31-week experiment may have reduced the cation and 

anion concentrations in the leachate (Figure 4-9). Barite, anhydrite, celestite, CdSO4 and 

gypsum, which are the predominant sulphate minerals in coal seams, have been recorded 

in the literature (Matyôsek et al., 2014). According to Matyôsek et al. (2014), gypsum is 

typically found on the surface of coal as small, colorless to whitish, rhombic-shaped 

crystals with a distinct striation that are sometimes elongated or needle-like with a 

maximum length of 0.2 mm, and the dissolution of gypsum crystals along the cleavage 

planes is frequently observed. As shown in Figure 4-9, the drop in anions and sulfate 

concentrations over the first 1-10 weeks can be attributable to the co-precipitation of 

different sulfate minerals.  

 

4.3.3.2.2 Rock units between C5 and C4 (Sandstone) 

 

Figure 4-10 depicts the geological units as shales and sandstones labeled BH4 and BH20. 

The experiment indicates that stability developed during the ninth week of the study. BH4's 

initial sulphate concentrations is greater than 120 mg/L over the first 7 to 10 weeks. It is 

essential to notice that the sulphate concentration suddenly dropped to less than 50 mg/L 

in week 8. In week 21, the concentration of sulphate has fallen to less than 10 mg/L. Initial 

calcium concentrations are above 40 mg/L for the first seven weeks, then decline 

precipitously in week 8 to below 30 mg/L and remain steady between 10 mg/L and 30 

mg/L. 
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As mentioned in chapter 4, the rock unit in contact with coal seam number 5 contains 

sulphide minerals. Quartz and pyrite minerals make up the matrix of the main minerals. 

The decreased percentage of sulphate in the leachate is indicative of the low amounts of 

sulphide minerals that reacted over the experiment's 17-week duration. In the absence of 

sulphate, the Na concentration remained quite high 18 weeks after sulphate depletion. 
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Figure 4-9: The Humidity leach test indicating metal release rate of SO4
2-, EC, Ca, Mg, Na and K per week 

for BH10 and BH19. 

Humidity Cell BH10

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31
-100

0

100

200

300

400

500

600

700

800
R

e
le

a
s
e
 r

a
te

 p
e
r 

W
e
e
k
 (

c
o
n
c
e
n
tr

a
ti
o
n
 i
n
 m

g
/l
)

 SO4-2

 EC

 Ca

 Mg

 Na

 K

Humidity Cell BH19

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31
-100

0

100

200

300

400

500

600

700

800

900

R
e
le

a
s
e
 r

a
te

 p
e
r 

W
e
e
k
 (

c
o
n
c
e
n
tr

a
ti
o
n
 i
n
 m

g
/l
)

 SO4-2

 EC

 Ca

 Mg

 Na

 K



92 | P a g e  
 

 
 
 

 

 

Figure 4-10: The Humidity leach test indicating for SO4
2-, EC, Ca, Mg, Na and K per week of BH4 and BH20.
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4.3.3.2.3 Coal seam number 4 

 

Figure 4-11 depicts coal seam number 4 with samples BH11 and BH21. For the first seven 

weeks of the trial, BH21 had sulphate concentrations exceeding 1000 mg/L. In week 31, 

the sulphate concentration falls below 200 mg/L. According to Appendix A, this seam No. 

4's mineral matter composition included a percentage of sulphide minerals. There is 

evidence on sample BH11 of sulphate concentrations above 1,400 mg/L in the initial weeks, 

as well as reactivation in the sixth week of the trial. In week 31, the sulphate levels 

decreased substantially to less than 200 mg/L. This may reflect the sulphate availability in 

the leachate for further reactions. Calcium in the leachate was at a low concentration in 

BH11 but at a high concentration relative to Mg, K, and Na. BH21 indicates sulphate values 

less than 150 mg/L, with all metals at lower concentrations than BH11, although the trends 

are comparable. 

 

Other lithological units that have the potential to generate MD under favorable conditions 

include coal seam No. 3 represented by BH12 and BH24 (Figure 4-12), rock units between 

C3 and C2 (shale/sandstone) represented by BH17 and 26 (Figure 4-13), below coal seam 

No. 3 (Figure 4-14), and coal seam No. 2 represented by BH13 (Figure 4-15). 
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Figure 4-11: The Humidity leach test indicating metal release rate of SO4
2- (mg/L), EC (mS/m), Ca (mg/L), 

Mg (mg/L), Na (mg/L) and K (mg/L) per week of BH11 and BH21 for coal seam No 4. 
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Figure 4-12: The Humidity leach test indicating metal release rate of SO4
2- (mg/L), EC (mS/m), Ca (mg/L), 

Mg (mg/L), Na (mg/L) and K (mg/L) per week of BH12 and BH24 for coal seam No. 3. 
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Figure 4-13: The Humidity leach test indicating metal release rate of SO4
2- (mg/L), EC (mS/m), Ca (mg/L), 

Mg (mg/L), Na (mg/L) and K (mg/L) per week of BH7 and BH26 rock units between coal seam No. 3 and 2. 
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Figure 4-14: The Humidity leach test indicating metal release rate of SO4
2- (mg/L), EC (mS/m), Ca (mg/L), 

Mg (mg/L), Na (mg/L) and K (mg/L) per week of BH6 and BH23 for rock units below coal seam No. 3. 
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Figure 4-15: The Humidity leach test indicating metal release rate of SO4
2- (mg/L), EC (mS/m), Ca (mg/L), 

Mg (mg/L), Na (mg/L) and K (mg/L) per week of BH13 and BH26 for coal seam No. 2. 

 

 

4.3.3.3 Non-acid generation lithological units  

 

4.3.3.3.1 Rock units above C5 (Sandstone /siltstone, Dolerite) 

 

The overburden rock units above coal seam No. 5 show early sulphate values of around 15 

mg/L on BH1, 32 mg/L on BH2, and approximately 35 mg/L on BH3 in week 1 (Figures 

4-16 and 4-18). During the first three weeks of the experiment, the metal concentrations in 

the latter boreholes decreased dramatically since there was little sulphide to react with and 

the majority of SO4
2- was depleted from the system in week one. 
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From week 2 to week 31, the Na and electrical conductivity (EC) were stable with 

negligible fluctuations. The significant occurrences that occurred in weeks 19 and 25 

following the growth of these metals must be noted. It appears there was no metal to react 

with Na, most likely chlorine below the detection limit of the samples. For the Humidity 

cell leachate data, the presence of BH2 and BH3 suggests that the sulphate content is high 

enough to react with metals. Between weeks 1 and 2, the sulphate concentration in BH2 

and BH3 decreased dramatically from 32 mg/L and 35 mg/L to around 12 mg/L and 17 

mg/L, respectively. There is evidence that precipitates or precipitation processes have 

occurred, eliminating SO4
2- and metals from the system. The basement rocks of the Dwyka 

tillites, seen in Figure 4-18, likewise have a non-acid-generating potential. 

 

 

 

Figure 4-16: The Humidity leach test indicating metal release rate of SO4
2- (mg/L), EC (mS/m), Ca (mg/L), 

Mg (mg/L), Na (mg/L) and K (mg/L) per week of BH1. 
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Figure 4-17: The Humidity leach test indicating metal release rate of SO4
2- (mg/L), EC (mS/m), Ca (mg/L), 

Mg (mg/L), Na (mg/L) and K (mg/L) per week of BH2 and BH3. 
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Figure 4-18: The Humidity leach test indicating metal release rate of SO4
2- (mg/L), EC (mS/m), Ca (mg/L), 

Mg (mg/L), Na (mg/L) and K (mg/L) per week of BH8 and BH9. 
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4.4 DISCUSSION AND CONCLUSIONS 

 

4.4.1 General observation 

 

Samples of coal seam No. 5, rock units between C5 and C4 (sandstone), coal seam No. 4, 

rock units between C3 and C2 (shale/sandstone), and coal seam No. 2 produce acid over 

time (pH values in Appendix E). This is characterized by the presence of high sulphate 

concentrations, which have been measured as high as 1,810.6 mg/L on the coal seams' 

single leachate analysis. There are parallels across all coal seams in terms of the significant 

association between anions and Fe, Cu, Mn, Be, and B in the leachate, and the poor 

correlation between Na, K, and Mg. As described in chapter 3, the significant association 

of SO4
2- is supported by the presence of sulphide minerals, particularly pyrite, which is 

predominant in organics. It is obvious that the geological strata samples from the hanging 

and footwall of the coal seams produce acid throughout time. By use of ABA analysis, 

these geological strata were categorized as belonging to the uncertainty range. They contain 

SO4
2- concentrations comparable to those of coal seams. It is also essential to notice that 

the latter geological layers exhibit a link with the leachate's Fe, Cu, Mn, Be, and B. These 

are the geological strata of shales and siltstones. The coal seams, footwall, and hanging 

geological units show no link between metals and alkalinity. The predominant occurrence 

of buffer carbonate minerals controls alkalinity. 

 

The overburden geological units, which are represented by sandstones and siltstones, and 

the basement geological units, which are represented by Bushveld granite and Dwyka 

tillites, exhibit no traces of acid formation. During ABA analysis, the samples were 

categorised based on the range of uncertainty. These units demonstrate significant 

relationships between Mo and Sr and SO4
2-. They have a substantial association with 

alkalinity as well. 

 

The leachate has a minimum pH of 5.12 and a maximum pH of 9.66; therefore, the water 

can generally be classified as circumneutral. Alkaline waters, which are produced when 

acidic mine waters are buffered by carbonate minerals such as calcite and magnesium, have 

been geologically confirmed as a result of geological assessment (Vermeulen and Usher, 
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2006; Scholtz, 2013). If AMD passes over dolomite rock, it is somewhat neutralized, and 

certain metal pollutants precipitate as their respective hydroxides. Sulfates will either 

precipitate as gypsum or adsorb onto metal hydroxides. The type of water is referred to as 

"circumneutral mine waters (CMW)" by Banks et al. (1997) and Madzivire (2009). It 

contains less SO4
2- than acid mine water and has a pH of approximately 6.5. The 

concentration of toxic metals is close to or below the acceptable effluents limit, but the 

water still contains a significant amount of SO4
2-, Ca, Mg, and Mn. This sort of untreated 

mine water wreaks havoc on the ecology, hence it is best not to release it into the local 

receptor zone (Petrik et al., 2003; Banks et al., 1997). 

 

The properties of the leachate reveal that SO4
2- has a high correlation with anions and 

cations in coal seams (Appendix F). It suggests that the coal leachate in the Witbank 

coalfields is a major contributor of metals to the receptor realm. The coal mines in the 

Mpumalanga province generate acidic (pH 3) or circumneutral (pH 6-7) mine fluids (Petrik 

et al., 2003; Banks et al., 1997). As in the Witbank coalfield, the acidic nature (pH values 

in Appendix G) of the leachate causes SO4
2- and toxic metals to dissolve in the leachate, 

contaminating the downstream water or environment (Petrik et al., 2003). Due to buffer 

material availability in this experiment, the leachate quality remains CMW type, as there 

was no significant change on the neutral pH leachate quality. 

 

4.4.2 Saturation index of metals 

 

According to the saturation index (SI) calculated by Geochemistôs Workbench (GWB), the 

species found to be supersaturated or under saturated are summarized in Table 4-4 and 4-

5. It is important to note that at this initial assessment SI predicts minerals for the 

lithological unit. The SI also demonstrates a prediction of an interaction mechanisms 

between water and rock units. For control, the mineral saturation calculated from PhreeqC 

is also presented in Figures 4-20 to 4-22. The SI was calculated from the total cumulative 

leachate concentrations for 31 weeks of the HCL test of the samples BH1-27. 

 

The minerals species that are predicted to be supersaturated for coal seams and units above 

and below are barite, anhydrite, celestine, gypsum and bloedite as indicated by Tables 4-4 

and 4-5. Epsom (MgSO4·7H2O) and mirabalite (Na2SO4·10H2O) salts are also recorded as 
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supersaturated in BH13 for coal seam no. 2, with bloedite (Na2Mg(SO4)2·4H2O) reaching 

equilibrium with 0.0057 SI. Barite (BaSO4) is the most common species predicted to form 

in all coal seams (Tables 4-4 and 4-5). Barium mineral is stable up to the pH of 13.5 where 

it forms BaOH+, however barite is formed on the both oxidising at higher reducing 

conditions (Figure 4-19). The highest SI of barite of more than 4 is recorded on BH10, 11, 

19, 21, 24 and 27, with the highest of 19 on BH11 (Table 4-4 and 4-5). Gypsum and 

anhydrite (CaSO4) are also formed at oxidising conditions on stability diagrams, with 

portlandite (Ca(OH)2) forming at higher pH of more than 12 (Figure 4-19). Gypsum and 

anhydrite recorded in all coal seams with SI of above 2 in BH10, 11, 12, 13, 19 (Table 4-4 

and 4-5).  

 

The mineral species that are predicted to be supersaturated in the units above and below the 

coal seams is represented in Table 4-5. Bassanite (CaSO4· 1/2H2O) species these rocks is 

common in addition to the sulphate species formed in the coal seams. The supersaturation 

of basanite is recorded in BH6, 7 and 17, and near equilibrium on the other boreholes.    

 

The species that are formed by Al, Mg, Fe, Mn and other metals are mostly under saturation.  

The species include melanterite (FeSO4), MnSO4 and Al2(SO4)3 (Table  4-4 and 4-5). These 

species can be formed when the conditions progress to reducing and the pH progress acidic 

(Figure 4-19).
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Figure 4-19: General stability diagram from GWB at temperature = 25oC, pressure = 1.013 bars for elements Ba, 

Ca, Sr, Si, SO42-, Al, Mn and Mg. 
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Table 4-4: Saturation indices (SI) results for mineral prediction for coal seams using GWB.  

Sample ID BH10 BH11 BH12 BH13 BH19 BH21 BH24 BH27 

Lithology  Coal seam no. 5 Coal seam no. 4 Coal seam no. 3 Coal seam no. 2 Coal seam no. 5 Coal seam no. 4 Coal seam no. 3 Coal seam no. 2 
  

 G
e
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e

m
ic

a
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w

o
rk
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e

n
c
h
 m
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l 
p
re

d
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e
s
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Min. SI Min. SI Min. SI Min. SI Min. SI Min. SI Min. SI Min. SI 

Barite 4.6621  Bloedite 29.8759  Quartz 3.2727  Quartz 4.1962  Barite 4.6902  Barite 4.4311  Barite 4.0676  Barite 4.6147  

Quartz 3.7363  Barite 19.5979  Tridymite 3.1069  Tridymite 4.0304  Quartz 3.7127  Quartz 3.5860  Quartz 3.3235  Quartz 3.4718  

Tridymite 3.5705  Quartz 18.6566  Chalcedony 3.0015  Chalcedony 3.9250  Tridymite 3.5469  Tridymite 3.4202  Tridymite 3.1577  Tridymite 3.3060  

Chalcedony 3.4651  Tridymite 18.4908  Cristobalite 2.7222  Cristobalite 3.6457  Chalcedony 3.4415  Chalcedony 3.3148  Chalcedony 3.0523  Chalcedony 3.2006  

Cristobalite 3.1858  Chalcedony 18.3854  Amrph^silica 1.9870  Gypsum 3.2747  Cristobalite 3.1622  Cristobalite 3.0355  Cristobalite 2.7730  Cristobalite 2.9213  

Gypsum 2.6314  Gypsum 18.2210  Gypsum 0.7279  Celestite 3.1176  Gypsum 2.6879  Amrph^silica 2.3003  Amrph^silica 2.0378  Amrph^silica 2.1861  

Anhydrite 2.4533  Cristobalite 18.1061  Anhydrite 0.5498  Anhydrite 3.0966  Celestite 2.5984  Gypsum 1.7648  Gypsum 1.3200  Celestite 1.6928  

Amrph^silica 2.4506  Anhydrite 18.0429  Bassanite -0.0791 Amrph^silica 2.9105  Anhydrite 2.5098  Anhydrite 1.5867  Celestite 1.1872  Gypsum 1.5107  

Celestite 2.3729  Celestite 17.9695  CaSO4.1/2H2O(beta) -0.2477 Bassanite 2.4677  Amrph^silica 2.4270  Bassanite 0.9578  Anhydrite 1.1419  Anhydrite 1.3326  

Bassanite 1.8244  Bassanite 17.4140  Mirabilite -1.5492 CaSO4.1/2H2O(beta) 2.2991  Bassanite 1.8809  CaSO4.1/2H2O(beta) 0.7892  Bassanite 0.5130  Bassanite 0.7037  

CaSO4.1/2H2O(beta) 1.6558  Amrph^silica 17.3709  Boric -1.6907 Mirabilite 0.4171  CaSO4.1/2H2O(beta) 1.7123  Mirabilite -0.2434 CaSO4.1/2H2O(beta) 0.3444  CaSO4.1/2H2O(beta) 0.5351  

Mirabilite -0.5520 CaSO4.1/2H2O(beta) 17.2454  Epsomite -2.3618 Epsomite 0.2292  Melanterite -0.3297 Thenardite -1.0988 Mirabilite -1.1814 MgSeO3 -0.3703 

Epsomite -0.6411 Mirabilite 15.4686  Thenardite -2.4046 Bloedite 0.0057  Epsomite -0.4247 Epsomite -1.1311 Epsomite -1.2776 Mirabilite -1.1529 

Boric -0.7965 Epsomite 15.0479  Hexahydrite -2.5985 Hexahydrite -0.0075 Mirabilite -0.4565 Boric -1.2631 Boric -1.4858 Epsomite -1.2077 

Hexahydrite -0.8778 Hexahydrite 14.8112  Melanterite -2.8149 Pentahydrite -0.3483 Hexahydrite -0.6614 Hexahydrite -1.3678 Hexahydrite -1.5143 Boric -1.3054 

Pentahydrite -1.2186 Melanterite 14.8100  Pentahydrite -2.9393 Thenardite -0.4383 Boric -0.9275 Pentahydrite -1.7086 Pentahydrite -1.8551 Hexahydrite -1.4444 

Thenardite -1.4074 Thenardite 14.6132  Leonhardtite -3.3278 Boric -0.5454 Pentahydrite -1.0022 Bloedite -2.0151 Thenardite -2.0368 MgSeO3^6H2O -1.6963 

Leonhardtite -1.6071 Pentahydrite 14.4704  Kieserite -4.0645 Leonhardtite -0.7368 Thenardite -1.3119 Leonhardtite -2.0971 Leonhardtite -2.2436 Pentahydrite -1.7852 

Melanterite -1.7422 Leonhardtite 14.0819  Arcanite -4.1390 Melanterite -1.1042 Leonhardtite -1.3907 Arcanite -2.6219 Melanterite -2.9799 Thenardite -2.0083 

Bloedite -1.8337 Boric 14.0097  Bloedite -4.5516 Kieserite -1.4735 Bloedite -1.5217 Melanterite -2.8168 Kieserite -2.9803 Leonhardtite -2.1737 

Kieserite -2.3438 Kieserite 13.3452  FeSO4(c) -7.8299 Arcanite -1.9200 Kieserite -2.1274 Kieserite -2.8338 Bloedite -3.0995 CaSeO3.2H2O -2.3570 

Arcanite -3.0723 Arcanite 12.8091  MgSO4(c) -9.1961 FeSO4(c) -6.1192 Arcanite -2.7123 FeSO4(c) -7.8318 Arcanite -3.4396 SrSeO3 -2.6741 

FeSO4(c) -6.7572 FeSO4(c) 9.7950  Al2(SO4)3.6H2O -15.5456 MgSO4(c) -6.6051 FeSO4(c) -5.3447 MgSO4(c) -7.9654 FeSO4(c) -7.9949 BaSeO3 -2.8028 

MnSO4(c) -7.3522 MnSO4(c) 8.2371  Al2(SO4)3 -33.0067 MnSO4(c) -6.9509 MnSO4(c) -7.0724 Al2(SO4)3.6H2O -16.3006 MgSO4(c) -8.1119 Kieserite -2.9104 

MgSO4(c) -7.4754 MgSO4(c) 8.2136      Al2(SO4)3.6H2O -17.3300 MgSO4(c) -7.2590 Al2(SO4)3 -33.7617 Al2(SO4)3.6H2O -16.1635 Bloedite -3.0013 

            Al2(SO4)3 -34.7911             Melanterite -3.3052 

                            Arcanite -3.4808 

                            MgSO4(c) -8.0420 

                            FeSO4(c) -8.3202 

                            Al2(SO4)3.6H2O -16.8314 

                            Al2(SO4)3 -34.2925 
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Table 4-5: Saturation indices (SI) results for mineral prediction for above and below units of coal seams using GWB. 

Sample 

ID 

BH5 BH6 BH7 BH8 BH9 BH16 BH17 BH18 BH22 BH23 

Lithology  Sandstone/Siltstone Sandstone/Siltstone Sandstone/Shale Sandstone/Siltstone/Shale Dwyka tillite Sandstone/Siltstone Sandstone Coally Shale Sandstone/Shale Sandstone 

  

G
e

o
c
h
e

m
ic

a
l 
w

o
rk

b
e

n
c
h
 m

in
e

ra
l 
p
re

d
ic

ti
o

n
 r

e
s
ult
s
  

Min. SI Min. SI Min. SI Min. SI Min. SI Min. SI Min. SI Min. SI Min. SI Min. SI 

Quartz 3.3983  Barite 3.9760  Barite 4.1421  Barite 3.8125  Barite 3.4655  Barite 3.6415  Barite 4.0160  Barite 3.4144  Barite 3.3923  Barite 3.4134  

Tridymite 3.2325  Quartz 3.3898  Quartz 3.7180  Quartz 3.2672  Quartz 3.2543  Quartz 3.3432  Quartz 3.5440  Quartz 3.2186  Quartz 3.2053  Quartz 3.1775  

Chalcedony 3.1271  Tridymite 3.2240  Tridymite 3.5522  Tridymite 3.1014  Tridymite 3.0885  Tridymite 3.1774  Tridymite 3.3782  Tridymite 3.0528  Tridymite 3.0395  Tridymite 3.0117  

Cristobalite 2.8478  Chalcedony 3.1186  Chalcedony 3.4468  Chalcedony 2.9960  Chalcedony 2.9831  Chalcedony 3.0720  Chalcedony 3.2728  Chalcedony 2.9474  Chalcedony 2.9341  Chalcedony 2.9063  

Amrph.silica 2.1126  Cristobalite 2.8393  Cristobalite 3.1675  Cristobalite 2.7167  Cristobalite 2.7038  Cristobalite 2.7927  Cristobalite 2.9935  Cristobalite 2.6681  Cristobalite 2.6548  Cristobalite 2.6270  

Celestite 0.2930  Amrph.silica 2.1041  Amrph.silica 2.4323  Amrph.silica 1.9815  Amrph.silica 1.9686  Amrph.silica 2.0575  Amrph.silica 2.2583  Amrph.silica 1.9329  Amrph.silica 1.9196  Amrph.silica 1.8918  

Gypsum 0.2873  Gypsum 1.6916  Gypsum 1.7218  Gypsum 0.3356  Gypsum 0.2032  Gypsum 0.6900  Celestite 1.7038  Gypsum 0.0053  Gypsum 0.0964  Gypsum 0.1831  

Anhydrite 0.1092  Celestite 1.6497  Celestite 1.5634  Celestite 0.2737  Anhydrite 0.0251  Anhydrite 0.5119  Gypsum 1.6643  Anhydrite -0.1728 Anhydrite -0.0817 Anhydrite 0.0050  

Bassanite -0.5197 Anhydrite 1.5135  Anhydrite 1.5437  Anhydrite 0.1575  Bassanite -0.6038 Bassanite -0.1170 Anhydrite 1.4862  Bassanite -0.8017 Bassanite -0.7106 Bassanite -0.6239 

CaSO4.1/2H2O(beta) -0.6883 Bassanite 0.8846  Bassanite 0.9148  Bassanite -0.4714 CaSO4.1/2H2O(beta) -0.7724 CaSO4.1/2H2O(beta) -0.2856 Bassanite 0.8573  CaSO4.1/2H2O(beta) -0.9703 CaSO4.1/2H2O(beta) -0.8792 CaSO4.1/2H2O(beta) -0.7925 

Mirabilite -0.9545 CaSO4.1/2H2O(beta) 0.7160  CaSO4.1/2H2O(beta) 0.7462  CaSO4.1/2H2O(beta) -0.6400 Mirabilite -1.6877 Mirabilite -1.0497 CaSO4.1/2H2O(beta) 0.6887  MgSeO3 -1.0724 Mirabilite -1.2947 Mirabilite -1.6638 

MgSeO3 -1.2046 Mirabilite -

0.5718 

Mirabilite -0.2983 Mirabilite -1.1000 Boric -1.8033 Boric -1.6248 Mirabilite -0.5441 Mirabilite -1.2711 Boric -1.7365 Boric -1.9199 

Boric -1.5953 Epsomite -

1.0335 

Thenardite -1.1537 MgSeO3 -1.1450 Thenardite -2.5431 Thenardite -1.9051 Epsomite -0.9678 Boric -1.7211 Thenardite -2.1501 Thenardite -2.5192 

Thenardite -1.8099 Hexahydrite -

1.2702 

Boric -1.1830 Boric -1.6525 Epsomite -2.6352 Epsomite -2.1329 Hexahydrite -1.2045 Thenardite -2.1265 Epsomite -2.5564 Epsomite -2.5636 

Melanterite -2.3091 Thenardite -

1.4272 

Epsomite -1.2089 Thenardite -1.9554 Melanterite -2.7703 Hexahydrite -2.3696 Thenardite -1.3995 MgSeO3.6H2O -2.3984 Melanterite -2.6964 Melanterite -2.7537 

MgSeO3.6H2O -2.5306 Boric -

1.4296 

Hexahydrite -1.4456 MnSeO3 -1.9565 Hexahydrite -2.8719 Melanterite -2.4457 Boric -1.4331 Epsomite -2.8435 Hexahydrite -2.7931 Hexahydrite -2.8003 

Epsomite -2.7144 Pentahydrite -

1.6110 

Pentahydrite -1.7864 Melanterite -2.0288 Pentahydrite -3.2127 Pentahydrite -2.7104 Pentahydrite -1.5453 Melanterite -2.8820 Pentahydrite -3.1339 Pentahydrite -3.1411 

CaSeO3.2H2O -2.9080 Leonhardtite -

1.9995 

Melanterite -1.8874 MgSeO3.6H2O -2.4710 Arcanite -3.5308 Leonhardtite -3.0989 Leonhardtite -1.9338 CaSeO3.2H2O -2.9287 Leonhardtite -3.5224 Arcanite -3.4681 

Hexahydrite -2.9511 Bloedite -

2.2460 

MgSeO3 -2.0963 Epsomite -2.4943 Leonhardtite -3.6012 Arcanite -3.1841 Bloedite -2.1524 BaSeO3 -3.0694 Arcanite -3.6896 Leonhardtite -3.5296 

Pentahydrite -3.2919 Arcanite -

2.5013 

Bloedite -2.1478 Hexahydrite -2.7310 Kieserite -4.3379 Bloedite -3.8231 Arcanite -2.4339 Hexahydrite -3.0802 Kieserite -4.2591 Kieserite -4.2663 

SrSeO3 -3.4015 Kieserite -

2.7362 

Leonhardtite -2.1749 MnSeO3.2H2O -2.8918 Bloedite -4.9636 Kieserite -3.8356 Kieserite -2.6705 Pentahydrite -3.4210 Bloedite -4.4917 Bloedite -4.8680 

Arcanite -3.5580 Melanterite -

2.8061 

Arcanite -2.5474 CaSeO3.2H2O -3.0202 FeSO4(c) -7.7853 FeSO4(c) -7.4607 Melanterite -2.6844 Leonhardtite -3.8095 FeSO4(c) -7.7114 FeSO4(c) -7.7687 

Leonhardtite -3.6804 FeSO4(c) -

7.8211 

Kieserite -2.9116 Pentahydrite -3.0718 MgSO4(c) -9.4695 MgSO4(c) -8.9672 FeSO4(c) -7.6994 Arcanite -3.8471 MgSO4(c) -9.3907 MgSO4(c) -9.3979 

Bloedite -4.3095 MnSO4(c) -

7.8280 

MgSeO3.6H2O -3.4223 BaSeO3 -3.0931 Al2(SO4)3.6H2O -

15.4971 

Al2(SO4)3.6H2O -

15.4275 

MgSO4(c) -7.8021 Kieserite -4.5462 Al2(SO4)3.6H2O -

15.6391 

Al2(SO4)3.6H2O -

15.4123 

Kieserite -4.4171 MgSO4(c) -

7.8678 

MnSeO3 -3.4606 Leonhardtite -3.4603 Al2(SO4)3 -

32.9582 

Al2(SO4)3 -

32.8886 

MnSO4(c) -7.9042 Bloedite -4.7552 Al2(SO4)3 -

33.1002 

Al2(SO4)3 -

32.8734 

FeSO4(c) -7.3241     CaSeO3.2H2O -3.8708 SrSeO3 -3.5814         Al2(SO4)3.6H2O -

16.5634 

FeSO4(c) -7.8970         

MgSO4(c) -9.5487     ZnSeO3.H2O -4.1816 Arcanite -3.6007         Al2(SO4)3 -

34.0245 

MgSO4(c) -9.6778         

Al2(SO4)3.6H2O -14.9379     MnSeO3.2H2O -4.3959 Kieserite -4.1970             Al2(SO4)3.6H2O -

15.1389 

        

Al2(SO4)3 -32.3990     SrSeO3 -4.5283 Bloedite -4.2349             Al2(SO4)3 -

32.6000 

        

        BaSeO3 -5.0002 FeSO4(c) -7.0438                         

        FeSO4(c) -6.9024 MnSO4(c) -8.3773                         

        MnSO4(c) -7.6446 MgSO4(c) -9.3286                         

        MgSO4(c) -8.0432 Al2(SO4)3.6H2O -

14.4302 

                        

        Al2(SO4)3.6H2O -

15.8640 

Al2(SO4)3 -

31.8913 

                        

        Al2(SO4)3 -

33.3251 
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Figure 4-20: Saturation index of species of barite and anhydrite versus the SO4

2- contrations in mg/L in the 

leachate. 
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Figure 4-21: Saturation index of species of celestine and CdSO4 (hawleyite, greenockite) versus the SO4
2- 

contrations in mg/L in the leachate. 
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Figure 4-22: Saturation index of species of gypsum versus the SO4
2- contrations in mg/L in the leachate. 

 

4.4.3 Kineti c models 

 

The kinetic models were created on the composite samples as follows: coal seams for 

ZFN1512 (BH10, 11, 12 and 13); coal seams for ZFN1510 (BH19, 21, 24 and 27); units 

above and below coal seams for ZFN1512 (BH16, 17, 18, 22 and 23); units above and 

below coal seams for ZFN1510 (BH4, 5, 6, 7, 8 and 9); and other units for ZFN1512 (BH14, 

15, 20 and 25) and ZFN1510 (BH1, 2, 3 and 26). The model was based on initial and total 

cumulative of metals concentrations as shown in Appendix K. The input data was 

represented in Table 4-6. The reactective model was simulated for more 100 years as the 

history of coal mining in this region spans for more than 100 years (Falconer, 1990). 

 

4.4.3.1 Coal seams 

 

The assessment of cumulative sulphate release for coal seams is discussed herein briefly. 

BH13 had the intial concentrations of 515,6 mg/L and final cumulative load concentrations 
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of 7309,0 mg/L. After 31 week experiment the total cumulative sulphate concentration of 

573,1 mg/L was recorded compared to the week 1 of 72 mg/L. Coal seams show the 

concentration of pyrite of 11% and S% of 1.72 with 71% C in BH27, and only 573,1 mg/L 

has been leached. There were no traces of pyrite in BH13 and the analyses show the C and 

S concentration of 57,6% and 0.02% respectively. The sandstone below coal seam No. 2 is 

marked by the S% of 3.73%. During the leach test for BH13, the sulphate release rate was 

much higher than in BH27. This could be as a result of sample mixing with the lower unit. 

The cumulative sulphate release is represented in this section by BH10 for ZFN1510 and 

BH19 for ZFN1512, representing coal seam No. 5 (Figure 4-25). The total cumulative SO4
2- 

for week 31 is 3711.5 mg/L. The increase of of SO4
2- is noticeable at week 6 of the 

experiment at the cumulative concentrations of 1702.1 mg/L (Figure 4-25). Another 

increase of sulphate concentrations of 3243.5 mg/L is in week 16 of the experiment. The 

increase in concentrations is similarly to the other coal seams (Figures 4-23, 4-24, and 4-

26). The total cumulative sulphate concentrations of 4640.8 mg/L in BH19 for 31 weeks is 

slightly higher than in BH10. The initial sulphate concentrations for both samples were 

564.9 mg/L for BH10 and 842.4 mg/L for BH19. 

 

The sulphate cumulative is also assessed in BH12 and BH24 representing coal seam No. 3 

(Figure 4-26). There is a total SO4
2- cumulative concentrations of 324.2 mg/L in BH12. 

Whereas BH24 has total SO4
2- cumulative concentrations of 621.3 mg/L. Coal seam No. 3 

show relatively low concentrations of SO4
2- compared to the seams that are mined. 

 

 

Figure 4-23: Sulphate cumulative representation over 31 week HCL experiment for coal seam No. 2. 
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Figure 4-24: Sulphate cumulative representation over 31 week HCL experiment for coal seam No. 4. 

 

  

 

 

 

Figure 4-25: Sulphate cumulative representation over 31 week HCL experiment for coal seam No. 5 
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Figure 4-26: Sulphate cumulative representation over 31 week HCL experiment for coal seam No. 5. 

 

The kinetic reactive model composite for coal seams was calculated for 100 years (Figure 

4-27). Kinetic reactive model in Figure 4-27 ZFN1512 and 1510 coal indicate most the 

species are formed in the first 10 years. For ZFN1512 coal seams, the minerals that were 

found most supersaturated during the reaction path are alunite, barite, gibbsite, cuprite, 

daphnite and muscovite of the initial conditions. At the beginning of the reactive transport 

simulation, the minerals of kaolinite, quartz, gypsum, daphnite and cuprite were also most 

supersaturated at the end of interval 10 years. At the begining of the time interval of more 

than 10 years, kaolinite, and gibbisite were supersaturated. Some of the XRD results in 

BH11 and 27 indicate the presence of quartz, kaolinite, siderite, smectite, and dolomite and 

calcite minerals. At the interval more than 10 years, there is a continuous reaction of 

saponite, gibbsite and muscovite continues.  

 

With exception of Ba, the reaction reaches the equilibrium phase for most metals in the 20th 

month of the experiment. The nature of the leachate shows two types, which is Ca-SO4 and 

Mg-SO4. The changes are noticiable in node 3 of the modelling for the coal seams in 

ZFN1512 (Figure 4-27). The coal seams also indicate the leachate classification of Na-SO4 

in ZFN1510 unchanged for 100 years. The pH changes from 6.473 to 5.952 in ZFN 1512 

for 100 year, whereas the pH in ZFN1512 changes from 6.646 to 6.075 in 100 years. 
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Table 4-6: Composite leachate cumulative for lithological units input data for kinetic reactive model, A-B are 

units above and below coal seams.  

 
Humidity Cells  ZFN1512 

coal units 

ZFN1510 

coal units 

ZFN1512 

A-B units 

ZFN1510 A-B units ZFN1512 

other units  

ZFN1510 

other units 

EC Initial 113,89 67,95 21,54 40,41667 27,63 14,98 

Final 1707,45 903,79 447,68 523,09 317,52 297,58 

Ca Initial 166,49 52,13 1,63 10,00 3,12 4,18 

Final 2782,69 704,44 85,08 130,86 52,41 54,38 

Mg Initial 20,56 10,49 0,82 4,02 0,99 1,50 

Final 667,20 278,30 61,53 64,67 23,54 22,88 

Na Initial 88,41 81,88 43,86 95,04 57,42 30,20 

Final 659,62 758,13 696,67 803,61 485,04 436,47 

K Initial 2,63 2,03 1,13 2,64 1,92 2,02 

Final 25,20 32,13 34,23 33,86 39,19 38,44 

Alkalinity  Initial 30,48 72,80 46,16 58,92 67,20 56,00 

Final 1461,38 2167,40 1517,07 1310,41 1312,64 1323,04 

SO4
2- Initial 619,53 286,43 63,15 160,12 60,33 25,80 

Final 7943,65 1870,22 575,03 1014,47 222,24 109,86 

Al  Initial 0,08 0,11 0,30 0,43 0,10 0,15 

Final 2,38 2,18 7,16 11,86 7,05 8,71 

As Initial 0,02 0,02 0,02 0,02 0,02 0,02 

Final 0,61 0,60 0,60 0,63 0,60 0,64 

B Initial 0,90 0,90 0,21 0,29 0,35 0,17 

Final 26,45 23,67 13,57 16,27 13,66 15,78 

Ba Initial 0,11 0,10 0,01 0,03 0,01 0,01 

Final 1,04 1,63 0,28 0,43 0,24 0,22 

Cd Initial 0,00 0,00 0,00 0,00 0,00 0,00 

Final 0,09 0,09 0,09 0,09 0,09 0,09 

Co Initial 0,03 0,02 0,02 0,02 0,02 0,02 

Final 0,63 0,62 0,62 0,62 0,62 0,62 

Cr Initial 0,02 0,02 0,02 0,02 0,02 0,02 

Final 0,62 0,62 0,62 0,62 0,62 0,62 

Cu Initial 0,03 0,02 0,01 0,02 0,01 0,01 

Final 0,78 0,56 0,37 0,47 0,33 0,33 

Fe Initial 51,30 29,73 0,12 0,20 0,05 0,11 

Final 64,52 37,64 2,70 7,05 4,10 6,13 

Mn Initial 0,51 0,24 0,02 0,05 0,02 0,02 

Final 3,33 1,38 0,72 0,91 0,62 0,62 

Mo Initial 0,02 0,02 0,05 0,07 0,06 0,17 

Final 0,62 0,63 0,78 0,78 0,80 1,03 

Ni Initial 0,16 0,02 0,02 0,02 0,02 0,02 

Final 0,80 0,62 0,62 0,62 0,62 0,62 

Pb Initial 0,02 0,02 0,02 0,02 0,02 0,02 

Final 0,47 0,47 0,47 0,47 0,47 0,47 

Sb Initial 0,02 0,02 0,02 0,02 0,02 0,02 

Final 0,62 0,62 0,62 0,62 0,62 0,62 
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Humidity Cells  ZFN1512 

coal units 

ZFN1510 

coal units 

ZFN1512 

A-B units 

ZFN1510 A-B units ZFN1512 

other units  

ZFN1510 

other units 

Se Initial 0,02 0,02 0,02 0,03 0,04 0,04 

Final 0,61 0,65 0,61 0,64 0,62 0,63 

Si Initial 0,68 0,99 1,32 2,08 1,35 2,11 

Final 139,91 149,44 138,71 147,72 165,83 192,65 

Sr Initial 1,17 0,47 0,02 0,06 0,02 0,01 

Final 16,18 7,64 1,13 1,11 0,40 0,50 

 U  Initial 0,03 0,03 0,03 0,03 0,03 0,03 

Final 0,93 0,93 0,93 0,93 0,93 0,93 

 V  Initial 0,01 0,01 0,01 0,01 0,01 0,01 

Final 0,36 0,36 0,38 0,38 0,36 0,34 

 Zn  Initial 0,05 0,03 0,02 0,02 0,02 0,02 

Final 0,85 0,71 0,64 1,06 0,64 0,63 

pH Initial 6,48 7,04 8,26 8,24 8,04 8,62 

Final 7,28 7,66 7,83 7,80 8,09 8,00 

 

 

The model shows an increase of metals for the period of 100 years. The metals reach their 

maximum concentrations in the period of the first 10 years for both ZFN1512 and 1510 and 

then become stabilized (Figure 4-27). The major metal ions that show the increasing trend 

include Na, Ca, Mg and SO4
2-. K, B, Ba, and Al show decreasing trends in the first 10 years 

(Figure 4-27). The leachate composition show the increase of cations of Na++K+, Mg++ and 

Ca++, and anions of SO4
2-, Cl- and HCO3

-+CO3
- (Figure 4-28 and 4-29). The other 

classification plots that support this trend are presented in Appendix L. The mineral 

saturated states in year 100, include kaolinite, V2O3, dolomite, uraninite, quartz, ZnCr2O4, 

siderite, cuprite, gypsum, strontianite, Co2SiO4 and barite for ZFN1512 coal and ZFN1510 

coal shows additions of cuprite and Co2SiO4. This is indicative of continuous reactions for 

more than 100 years of inputs of this metals into the receiving environment, the cumulative 

influxes are presented in Appendix M. These units are probably the source of cations and 

anions metals in the receceptor realm. The high concentrations of SO4
2- also indicate the 

transport of chalcophile elements such as Fe, Cu, Zn, As and Pb. SO4
2- shows a clear 

distinction between coal- (highest), A-B- (intermediate) and other units (lowest). This also 

applies to Mg, B, Ba, (Cu), Fe, Mn, Sr, which are positively correlated with SO4
2- in coal 

(e.g. BH10, BH11, BH12 etc.) in Appendix E. But not for Co, Ni, Cr, Pb, Sb, V, U, which 

may suggest a different source other than coal seams.    
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Figure 4-27: Kinetic reative model for 100 years the ZFN1512 and ZFN1510 coal units.
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Figure 4-28: Piper diagram for the cumulative leachate for the ZFN1512 and ZFN1510 coal units, symbols 

indicates changes in composition at different nodes. 
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Figure 4-29: Bar chart for cumulative representation for cations and anions modelled for 100 years in coal 

seams. 
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4.4.3.2 Profile above/below coal seams 

 

The above and below units is represented by composite samples ZFN1512 and ZFN1510 

A-B units. The models indicate that most of the reactions occur within the first 10 to 20 

years. The pH for ZFN1512 decreases from 8.258 to 6.914 in year 100. The mineral 

saturation states in node 9 include quartz, witherite, muscovite, ZnCr2O4, dolomite, 

Co2SiO4, strontianite, uraninite, siderite, V2O3, dolomite and cuprite. The pH for ZFN1510 

also decreases from 8.237 to 6.765 in year 100. The mineral saturation in year 100 are 

similar to ZFN1512.  The leachate type for both the samples is Na-HCO3
- which changes 

to Na-SO4 towards node 9. The other classification that support the leachate type is 

presented in Appendix L. The cation and anion trends are similar to that of the coal seams, 

but with less concentrations. The other units have the leachate classified as Na-HCO3
-.  

These units are probably the source of Zn, Co, V, and U. The influxes or effluxes are 

represented in Appendix M. 

 

In comparison of all the geological units subjected to kinetic modelling, the following can 

be summarized: a) the coal seams shows high concentrations of SO4
2-, which remains high 

in a system even after 100 years. The other elements of high concentrations such as Ca, 

Mg, K, Fe, and H+ also remain in a sytem for more than 100 years. On the cumulative mass 

influxes and effluxes over simulation (Appendix M), the metals remains top in metals 

entering and leaving the domain. For coal beds in ZFN1512, H+ and SO4
2- remains top in 

leaving the domain, followed by Ca, Na, Mg. Al and Ba reacts in less than 10 years and 

reach equilibrium; b) The lithologigical units above and below the coal seams also show 

concentrations of SO4
2-, which is lower than the coal seams but remains in a system for 

more than 100 years. Alkalinity (HCO3-), Na and SO4
2- remains top in entering and leaving 

a domain (Appendix M). Al also remains in a system for more than 100 years. Al and Ba 

remains in system at low concentrations for more than 100 years; c)The other units show 

low concentrations of SO4
2-, which react early and reach equilibrium (Appendix L). The 

alkalinity remains in a system for more than 100 years. All the lithological units indicate 

that H+ leaves the domain, which support the process of hydrolysis. The elements such as 

Fe, Mn and Al undergo hydrolysis, thereby consuming the released OHï ions from the 

buffer elements and in turn releasing H+. The elements such as U, Co and V reacts in less 

than 100 years and reach equilibrium. 
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Figure 4-30: Kinetic reative model for 100 years the ZFN1512 and ZFN1510 A-B (above and below) units. 
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Figure 4-31: Piper diagram for the cumulative leachate for the ZFN1512 and ZFN1510 for above and below 

units, symbols indicates changes in composition at different nodes. 
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Figure 4-32: Bar chart for cumulative representation for cation and anion modelled for 100 years in above 

and below coal seams units. 
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4.4.3.3 Reaction processes 

 

4.4.3.3.1 Sulphide-oxidation 

 

The coal strata in the study area is dominated by pyrite as discussed in chapter 3. The 

sulphide oxidation process happened when the iron sulfide minerals oxidate by the reaction 

with water and the atmospheric oxygen. The oxidation of sulfides is characterized by low 

pH and high concentrations of SO4
2ï, Fe, metalloids, and many metals (Larsen and Mann, 

2005). In the humidity cell the sulphur is reported in the form of sulphate. The coal seams 

shows strong correlations of Fe and SO4
2- as shown in the Appendix E (e.g. BH10, 11, 12, 

13). The humidity cell experiment was undertaken under oxidation conditions enhancing 

the reaction rate, and the abrupt peaks show the time when the reactions happening and 

stabilizes (Figure 4-33). The effect on ferrous/ferric species in the leachate is evident from 

the high values for free SO4
2- and sulphate compounds. The relationship of Fe and SO4

2- in 

this study is found to be linear, once the leaching reaction started, and the pyrite oxidation 

process forms SO4
2- and Fe species (Figure 4-33). The pyrite has been the main sulphide 

mineral identified in the study. When exposed to water and oxygen, it can react to form 

sulphuric acid (H2SO4). The following oxidation and reduction reactions the pyrite 

oxidation that leads to AMD (after Stumm and Morgan, 1970; Evangelou, 1995; Usher et 

al., 2003). 

FeS2 + 7/2 O2 + H2O => Fe 2+ + 2SO4
2- + 2Héééééééééééé.. (1) 

Fe2+ + 1/4O2 + H+ => Fe3+ + 1/2 H2O
ééééééééééééééééé. (2)  

Fe3+ + 3H2O => Fe(OH)3 + 3H+éééééééééééééééééééé.. (3)  

FeS2 +14Fe3+ + 8H2O => 15Fe2+ + 2SO4
2- + 16H+éééééééééé (4)  

 

4.4.3.3.2 Acid neutralization and alkalinity generation (carbonation) 

 

The lithological units discussed in chapter 3 also indicated the excess of carbonates 

minerals. The typical minerals identified include dolomites, calcite and siderite. Figure 4-

34 indicates the cumulative total alkalinity on the coalbed unit. The acid generation in these 

units will start once the available buffer reacted. These carbonates are expected to dissolve 
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first and form alkalinity as the carbonates minerals are readily available slowing the drop 

of pH, by buffering the acids given enough resident time. Depending on the pH of the 

solution, the carbonic acid will tend to dissociate to hydrogen, bicarbonate (HCO3
-) and 

carbonate (CO3
2-) ions, the dominant species in solution being H2CO3 (pH<6, 3); HCO3

- 

(6.3<pH<10.3); and CO3
2- (pH>10.3) (Sherlock et al., 1995).  This is evident in the 

humidity cell concentrations as illustrated in Figure 4-34. On the positive side of the scale, 

the pH upon oxidation (final pH) did not turn acidic and these samples contain a 

neutralisation potential with a lower likelihood of producing AMD.  Calcite is assumed to 

consume 2 moles H+ per mole C, according to the following reaction: 

  

CaCO3 + 2H+ => Ca2+ + H2O + CO2(g) (Kempton et al., 1997). 

 

In a closed system:  

FeS2 + 2CaCO3 + 3,75O2 + 3, 5H2O => Fe(OH) 3 + 2SO4
2- + 2Ca2+ + 2H2CO3 (carbon 

dioxide dissolve in water) 

H2CO3 reacts with carbonate in the following reaction:  

H2CO3 + CaCO3 => Ca2+ + 2HCO3- (Lloyd and Heathcote, 1985; Cravotta et al., 1990). 

 

4.4.3.3.3 Ion exchange or adsorption 

 

The Ca and Mg dominated concentrations results in the increase of sodium, which maybe 

due to the exchange of Ca, Mg or Fe2+ for adsorbed sodium as examined. The adjacent 

coalfields of Vryheid and Highveld were identified as affected by high concentrations of 

Na, which the mine water is deemed not usable in agriculture and other purposes (Malaza 

and Zhao, 2009). In this study, there is a strong correlation (R2>0.9) of the cummulative 

concentrations of Mg and Ca for the coalbed (Figures 4-35). The evidence of Na-bearing 

mineral of plagioclase was discussed in this study, and confirmed also in Malaza and Zhao 

(2009), specifically the coal seams and arkosic sandstone are likely the most probable 

source of sodium in the study area based on XRD studies. The increase of Na concentrations 

with rising Na concentrations is shown in Figure 4-36. 
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Figure 4-33: A total of 31 weeks cumulative concentrations of Fe and SO4
2- of the coal seams marked by BH 10, 

11, 12, 13 and 19. 
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Figure 4-34: A total of 31 weeks cumulative concentrations of SO4
2- and Total alkalinity of the coal seams marked 

by BH 10, 11, 12, 13 and 19. 
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Figure 4-35: A total of 31 weeks cumulative concentrations of Mg and Ca of the coal seams marked by BH 10, 11, 
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4.5 SUMMARY CONCLUSION 

 

The coal seams and associated geological units are capable of generating MD, as supported 

by ABA assessment. Reaction processes show that there is metal transportation, 

complexing and deposition as discussed in the latter sections. The evident processes that 

are involved in the metal deportment of the sediments are oxidation-reduction, adsorption 

or ion exchange, precipitation and carbonation. The continuous hydrolysis process was 

demonstrated by means of a the reactive geochemical model over 100 years created in 

GWB, indicating a pH decrease from high to low during that period. This model also proves 

a continuous influx of metals from the sources for the same period (Appendix M). Metal 

leach throughout the lithological strata is evident in the study area. According to the kinetic 

model, the coal seams are the main source of metals of Mn, Na, K, Mg, Ca and chalcophile 

elements (Fe, As, Pb, and Zn) to the receptor realm. The above and below lithogical units 

are the main source of metals of Zn, Co, V, and U to the receiving environment, which will 

be discussed in the subsequent chapter.  

 

The proximity to the receptor realm (streams) is also estimated to the source, which is active 

and inactive coal mines. Figures 4-37 through 4-39 depict the locations of coal mines 

according to the South Africa mineral database (SAMINDABA). In this conclusion, the 

source is in close proximity to the receptor realm (Figure 4-37). This demonstrates that the 

majority of coal mines are drained by some type of stream, and there is likely a strong 

imprint of mine waters on the first and higher order stream water chemistry as a result 

(Figure 4-38). The majority of the region's southern streams follow former palaeochannels, 

which determine their course. Depending on the erosion of the bedrock, the dissolution of 

minerals may also affect the stream water chemistry (Figure 4-39).  

 

The mines are evenly distributed throughout the catchment, with the exception of the 

northern most downstream section. The water and sediment chemistry is therefore affected 

by the geochemistry of the source rock. In the subsequent chapter 5, the dominant element 

contents of stream sediments and thresholds that could be influenced by the sources of MD 

release refered to "geogenic" erosion of bed rock strata to the streams are investigated. 
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Figure 4-37: ROC indicating the locations of the mines. 

 

 

Figure 4-38: Mines occurences proximity to the ROC.  
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