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PREFACE

This thesis was witen as the author's doctoral dissertation at the University of the Free State.
The study was conducteid the Witbank coalfieldestricted to the ROG sub catchment of

the OPC which islocated on the western side of Mpumalanga Proviacdconsists othe

towns ofEmalahlenj Middleburg, Kriel, Hendrina, Bethal, and Arnbinderstanding théate

of metals from their geological source to the receiving environment is the primary objective of
this study. Understanding the procesf®r metalreceipt in wéer streams from anthropogenic
and/or geogenic sources and developing techniques for mitigation and, if feasible, avoidance
of the increasing element load are itentsof the present work. It is also meanstonulate
adiscussion on the possibility aendingsection 36 of th&lineral and Petroleum Resources
Development Act No. 28 &f008and sectior24 (1) of theNational Environment Management

Act of 1998 in order to compel the charactaziion of geological unitand receptor realno

be encounted during exploitationprior to the granting of mining rights to a potential
applicant. The studyhas achieved its objective, highlighting that characterization of the
lithogical unitsreceptor realm, andnderstanding of théeportment processean beused to
assgn a potential source of metdtsthe receptor environmenthe wastesesultingfrom the
lithological units can be classified according to the level of management reqamdd]low

metal inputin the receptor realrthat does not exceeddlietermined standardSontinuous
monitoringhas beerhighly recommendedlhe author studied patime at the University of

the Free State for more than five years. The first three years of the project were dedatad to
mining, fieldwork, and analysisdHumidity cell leach,a kinetic testof 31 weeks had been
conductedat the fifth year The study was presented abroad, resulting peerreviewed
papers andl book chapter(referenced) further publications are expectedhe author
supervised and direaeMSc 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 settingf ROC, 3) petrogaphyand geochemistry of the source
rock; 3)mine drainage: case study Geodehaofliery; 5) stream sedimentgeochemistry6)

summary andecommendations; Tyastemanagement framework guidelipeoposal
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EXECUTIVE SUMMARY

The study aims to understand #lementdeportment's geochemical characteristics from the
source, pathway and redeprealm in the RieOlifants atchment (ROC) drainage system.

The ROC is parbf the Olifants primary catchment (OPC) area that extends over the border
between South Africa and Mozambique and covers a total area of approximately 87000 km
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 Vibretd

being the primary resource for coal. The focus herein is directed on identifgiggdbhemical
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 rocllggical 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 frormanthropogenic source. In recent years, the area has been under
regulatory verification over high pollution levels through cmitte drainage ¥D). Previous
studies show that although the land use of industrial and agricultural activities is alsolessentia
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,
tillites, 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 w.%. Sandstones/siltstones and shales make up tiggntggand footwalls of coal
seams. Clay group (kaolinite/chlorite, smectite), carbonates group (calcite, dolomite, and
siderite), quartzpotassium feldspaplagioclase, pyrite, mica minerals, hematite, anatase as an
accessoryThe classification schemesd terrigenous shales and sandstones usia@H€0

vs SiQ/Al Oz reveals that the majority of the sediments are shales with miagctearkose

with minor subarkose, wacke andmor litharenite
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The ABA and kinetic test of lithological units were useddetermine the MD generating
potential. A total of 65 samples were assesspresented by borehole ZFN15Tbe samples
were assessed based on the NPR vs. Sulphur, NNP vs. paste pH aadMP With the
exception of coal seam number 5, coal sean&ahd 2 can generageid MD. Coal seam
number 5 contains an excess aflionate minerals, making up%f its modal mineralogy.
The shale units and sandstones above or below the coal seams are classified into areas with
acid MD production uncertainty. Tése units have the potential to strongly increase the acid
generation while excess carbonates minerals act as a inufferprocess. The humidity cell
leach test confirms a continuolemchingof metals during the 3lveek experimentmodelled

over 100 yars The reaction processes/olved inthe transportation of elements include but
not limited to: sulphide oxidation, acid neutralization and alkalinity, ion exchange or
adsorption precipitation metal hydroxides and salend hydrolysis Metal influxes and
effluxes from GWBand calculated metal loadsg.kg?.yr) revealghat themetalcontributions

to the receptor realm is largely from the ce@ams and above or below lithological units.

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

at a scale of three samples per 10 kenassess metal accumulatidine bedrock geology
partly controls the downstream sediment geochemiEhrgmajor elementsf Ca,Na, K, and

Mg, areenricledin the stream sedimendsie b their mobilityas they are leached, transported
and precipitate. The trace elements of As, Br, Co, Hf, Nb, Nd, Ni, Se, Sm, Ta, Pb, Zn, U, V
and Yb arealso enriched in the stream sedimenBh, Zn, As, and U exhibit abnormal
concentrations in Karoo sastdnes, 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 Zalements 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 fomieoagthe
human effect on a river, such as urban runoff and mining.itkfwever, their EF implies a
nearby geological origin. Certainly, As, Pb, Cd, Tl, and othetals are derived from the

biological content of the coal seams when theyeaehedoy mining.
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The bedrock contributignalso on averagen the study aredo the average downstream
sediment concentratioan begualified. The possible coal seambove and below lithological

unitss contributions to the downstream sediment geochenmstndeCa, Na, K, MnMg and

SO (also contributionsby chalcophile elements such Aas, Fe, Cu and Zn). The large
guantity of these elements is from the coal seamssi®ys a significant increase from the
maximum value of 36 ppm on average bedrock eéantlaximum of 68@pm in average stream
sedimentThe possible source of the hanging and footwall of the coal seams intluden

the maximum concentrations of 11 ppm in the average bedrock to 1898 ppm in the average
stream sediments?b in the hanging andootwall of the coal seam shows significant
concentrations increase from the maximum concentrations of 38 ppm on average bedrock to
98 ppm in average stream sedimeifitse other elemest which argossibly sourced frora

mafic sourceincludeV, Cr and Coas reflected by the significant increase of concentrations
from the maximum value of 4§&m, 189 ppm42 ppmin average bedrock to the maximum
value of 102&pm, 3207 ppm, 1273 ppim average stream sedimenisspectivelyThe latter

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

The source, pathway arrdceiving environment approach adopted herein representing the
ROCaims at achieving the objectives set in this study hashemessfullTo 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 intraduction part covers thaotivation 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 naogi 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 tla@ea of investigatignin this example, the Riet
Olifants catchment (ROC). As perettMineral 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 AfricBhe management requirements for environmental impacts
are stipulated in the Nianal Environment Management Act (NEMA) of 1998owever
section 36 of the MPRDA Act of 2008, the minister of Department of Mineral Resandes
Energy(DMRE), in consultation with the minister of Department of Forestry, Fisheries and
the Environment (DFE) may intervene when there is identified impact during prospecting,
mining, reconnaissance, exploration or production operations or activities incidental thereto
cause or results in ecological degradatidocording tosection 24 (1) of the NEMA Act of

1998, mining licenses in South Africa must be issued prior to the submissiolviai egport,

which includes detailing all potential consequences and the management thereof. However,
MD assessment is not explicitly defined as a method or technique foifyoentthe
environmental consequences caused by the extraction of mineral resources. In "developed
nations"suchas Canada, it is doubtful that a mining licence would be issued if the MD issues
are not adequately handled (MEND, 1995; 1996). Notably, titer lariterion 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 2016.pdf

1 Administrative steps by Japan in 1972 (EIA guidelines only; law not enacted until
1997), Canada in 1973 (Federal Directive), and Nevaséedn 1974 (Cabinet Minute).

1 Legislation: 1974 for Australia, 1974 for Colombia, 1975 for West Germany, and 1991
for all of Germany

More than a hundredountriesassessnine drainage (MD) as part of their Environmental
Impact Assessment (EIA) or Envinmrental 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
generatedy the lithologes or rock unitsninedto reach the ore and the possibility for future
unfavorable effects (MEND, 1995). As prevention is preferabtestitment, failure tog@ply

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 ownéitess,
without monitoring or water treatment. These mines constantlyiboteé metals and acidity

to the receiving environment or waterways. Environmental worries have been expoessed
the future of mining in théVitbank coalfield which greatly contributes to the country's
economic growth (McCarthy and Pretorius, 2D0The abandoned mines are flooded, and
metals areransported througkeeping into the receptor zone as sediments and water are
enriched (Netshitungulwaret al, 2013).

This research focuses mostly on the ROC, which is dominated by rocks of the Karoo
Supergroup, with the Witbank coalfield servingkas coal resourcén the investigation area
Similar initiatives have beemsubject of preliminary research in the Witbank coalfield. Recent
research by Pinetown and Boer (2006) focuses more on the giinamgtzaluation of minerals

in coal and the possibility for acid production, but does not dispute the quantity and mobility
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of the metals connected with the geologigaits of the Witbank coalfielcand the receptor

This study is new in that it examindgefate 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 thalue chain of mineral exploitatio As severe pollution has
detrimental effects on soceconomic progress and the ecology, the findings of this study can
also serve as a guide for the governnestitiesin amending the@plicable laws of MPRDA

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

1.2 THE STUDY AREA

The Witbank coalfield is situated in thROC, a sub catchment in the upper reaches of the
Olifants primary catchment (OPC). The Witbank coalfield is located on the western side of
Mpumalang&rovince, which consists of the towns of Witbank, Middleburg, Kriel, Hendrina,
Bethal, and Arnot (Figure-1). The Little OlifantsRiet subcatchmerg include thearea
drained by the upper sections of the Olifants, Little Olifants, and Riet rivers dndutaries,

down to where the OlifantRiver joins the Wilge River at the Loskagam (Ashtonet al,

2001). The subcatchment receives additional water from the Vaal and Crocodile/Komati
catchments through three inteasin transfer projects (Ashtaet al, 2001). All riversor
streams within this subatchment are perennial, and each rieestream has several tiny
wetlands (Ashtort al, 2001; Marneweckt al, 2001). Currently, the Witbank coalfield is the
most important producing coalfield in the otiy. The coalfiedextend180 kilometers from
Brakpan to the Springs region in the west, to Belfast in the east, and roughly 40 kilometers
northto south. The watershed sits inside the Karoo basin's Witbank and Highveld coalfields.
These coalfields geneea8% of the nation's total electrical generating capacity (Hetodls

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 (Bamksl, 2011). In the Mpumalanga Riace
of South Africa, near Witbank and (to the northeast) Middelburg are severaktaiad and

otherresources
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Figure1-1: A map of the research region, tROC, Mpumalanga Province highlighted in blu

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).2didorically, the
Witbank coalfield's No. 2eam 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 (Figure2)l. TheseamNo. 4 in situ coal is reported to have more

ash and inertinite than, for instance, M@ 2seam 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 processintactory located west of Witbank and the stainless steel mill in
Middelburg are the most noteworthy (Bangs al, 2011). Several Eskom power plants,
including Kendal, Matla, Kriel, Duvha, Arnot, Hendrina, and Komati, get coal from nearby
mines. Energy cdent is a major factor in determining the price of coal (Baatka, 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

al., 2011).
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1.3 RESEARCH BACKGROUND

TheROCis part of theOPCarea, which includes nine sehtchments labeled B1 through B9

and stretches over the South African and Mozambican borders (Ashtah, 2001;
Netshitungulwanaet al, 2015; Netshitungulwana and Yibas, 2012). It has an approximate
overall size of 87,000 kilnTheROC s designated as a B1 catchment, where the majority of
mining activity are concentrated around the cities of Witbank (Emalahleni) and Middleburg,
whichin turn straddleshe provinces of Mpumalanga and Limpopo (Netslgtuwanaet 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 %2). In recent years, the watershed has beenisized for its high degree of metal
pollution. Although industrial and agricultural activities are also significant, the contribution
of contamination to the BC from mining activities within the catchment is significant as a
result of intense coal, golé&nd base metals mining and from ferrochrome and Vanadium
processing plants located in Emalahleni and Middleburg towns within the catchment area
(Figure 12) and has not yet been fully quantified (Netshitungulwana and Yibas, 2012).

Recently, th@OPChavebeen the subject of intenpablic criticism. Despite clear indications

that the Olifantsriver's water quality has been decreasing due to industrial, mining, and
agricultural operations, the cause of periodic fish and crocodile mortality in the rivemsyst
remains unknown (de Villiers and Mkwelo, 2009; Yikdsal, 2013; Netshitungulwana and
Yibas, 2012). The effects are visible in the Witbank region, where there are several operational,
abandoned, angwnerlessoal mines. The asbestos mining areasgobve) of the Penge and

other areas in Mpumalanga, theavy mineral sand operations (not active), and areas of
extensive smallescale mining such as the Barberton and Giggaenstonebelts and the
Pilgrim's Rest Goldfield as potential pollution conlutors all drain into theOPC
(Netshitungulwana and Yibas, 2012).

Using a catchmerty-catchment methodology, the Council for Geoscief@&S) and the

DMRE initiated a research in 2012 to examine the severity of the mining impacts on the
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country's wateresources and ecology (Yibasal, 2013). The OPC area has been prioritized
for study becausef the high concentration of mining activities within igsritory (Yibas et

al., 2013). Although contamination has been investigated, little or no effoltdesismade to
comprehend thefate of metal tranport from sources to the receiving environment.
Understanding the geologicahd geochemicglrocesses of the various geological units can
aid in bettermanagingthe element load discharged by present andrdutaining. As
implemented by the United States Environmental Protection Agency (US EPA)ttwne

of this reseaclkanbenefitthe government in formulating coal mining effluent guidelines and
regulations. For &ttle to no-contamination strategy, it ieecessary to characterize in the new
coakmining areas. In soalled "intelligent cities," a zeravaste / zera&contamination attitude

is currently on the rise h{tps://www.epa.gov/transformingastetool/how-communities

havedefinedzerowastg. In order to reach such aims in coal mining in South Africa, it is

essential to comprehend the relevant geologiaaiesses as highlighted abo@ensequently,

thisresearch is the initial step towards reaching such objectives.

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

geological materialdJnder conditions oélementeachthrough oxidation and weathering, the
impactof releasednetals on the hydrosphere and atmosphere mayifienal. In a mining
related scenario of ground disturbaneachingand mobility of coalbedontainedelements

increase due to exposure to environmental conditions such as air infiltratiaxidaton.

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

transportmedium may be seepage to subsurface water or runoff.
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1.4 RESEARCH OBJECTIVES

The research focuses on ROCregion, which is situated itne 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 geogenicunpro 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. Tispecificgoals are as follows:
1 Determine the geochemistry, mineralogy, aretrgogy of the source rocks by
deciphering the lithological units of the drilledre at the Goedehoep Collienhépter
3).

1 To determine the mine drainage capability of the lithological units of the source rock
utilizing the drilled core of the Goedehoopal mine and conducting static tests and 31

weeks of kinéic test leaching experimentsh@pter 4).

1 Determine the element concentrations of the stream sediments and differentiate
between background concentrations and anomalies (anthropogenic and geogenic

enrichment) using conventional geeahical exploration techniquesh@pter 5).

1 Outline a framework for the management of mine waste deposits in the Emalahleni
coalfields of Sath Africa (dhapter 7).

1.5 CONCEPTUAL MODEL

To fulfill this study's primary objetve, it is necessary tonderstandhe sourcepathway and
receptors oklementdn the source rocks, stream flows, and sediments dR@E as shown

in Figure 13. The paradigm is depicted in FiguredXafter Morin and Hutt, 1999)vhich
investigatestte paths oélementransport in the context of mine drainage chemistry prediction.
For environmentakoncerns Morin and Hutt (1999) identify three fundamental aspects that

must be addressed for each risk:
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1 A pollutant (source) is a substance in, on, atarrthe lithosphere that has the potential
to cause harm or contamination to the surrounding environment.

1 A pathwayis "a conduit for the movement of contaminants, including geological
features, hydrogeology, and surface water streams."

1 The presence of aflutant affects a receptor.

1.6 HYPOTHESIS

The sedimentvater interaction mechanisms include dissolution or chemical weathering,
element complexation in addition to sediment particle adsorption or precipitation. To
appreciate these processes, it is necggeatnow the geologicalnd geochemicarocesss

of elementeaching of thgeologicalunits of the Witbank coalfield he stratigraphic sequence

in the Witbank coalfield show uniformity in the cross section, and is syngenetic. In this study
it is represnted by the stratigraphic core from the Goedehoop region. This may be
accomplished by determining thelementconcentrations in sediments in the receiving
environment. The Witbank coalfield is composed of five coal seams (seams 1 through 5),
which wereformed under oxidizing onditionsand are distinguished by the presence of
inertinite, vitrite, and sulphide minerals. The hanging and footwall goitgprisesandstones

and shalegsomposed oSulphide minerals. S, As, andefementdrom coal and subsequent
stratigraphic units may be leached and concentrate in effluent and receptor. Under favorable
environmental conditions (oxidation or reductiompbile elements can be complexed,
transported, and subsequently precipitated or adsorbed by clay or fine rd#sdifiveo
significant aquifers, the upper and lower Ecca aquifers, interact continuously with the
stratigraphic strata. The water dissolves, plax and transportelementsto recharge
neighboring streams and bodies of water. The proceskatesorption/disolution and
precipitation/adsoption angarticularly gplicable to the coal waste rock dumps and tailing
facilities in the catchmerarea In order to characterize the aforementioned process and enable
the prediction of mine drainage, this thesis wikde on the assessment, development, and
implementation (Figure-B) of static and kinetic leaching studies of coal beds and related rocks

as well aon stream sedimerdomposition
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Figure1-3: Simplified conceptual model highlighting the sources pathways and receptor environment for the metals.
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Figure1-4: The mine drainage chemical prediction whigelapted from Morin and Hutt, 199
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2 GEOLOGICAL SETTING OF THE ROC

As indicated in Figure-2, the Vryheid Formation of the Ecca Group, Karoo Supergroup is the
predominant geology in tHROC. These rocks sit on pi€aroo basement rocks. The dolomite
rocks of the Transvaal Supergroape exposed south of Delmas. In the core region of
Emalahleni, the exposed Bushveld felsitesgunadhites on the eastern sideemhalahleni town,

as well as the Transvaal sedimentary rocks, are visible.

2.1 PRE-KAROO GEOLOGY

The Pretoria Group (2.4 to 2.1 Gaontains th&ROCs oldest shale and quartzite rocks (2.4 to
2.1 Ga) (Martini, 1998; Erikssaat al,, 1995). The Rooiberg Group overlies the Pretoria Group
possiblydisconformablyCheney and Twist, 1991) and is composed of volcanics with a slight
sedimatary disconformity composed of shale and greywacke (Twist and French, 1983; Twist,
1985; Harmer and Farrow, 1995; Schweiteal, 1995; Hatton and Schweitzer, 1995). In the
eastern portion of the CullinaWitbank basin, the Rooiberg Group conformabigdgs 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 (Cledteystrong, 1977).

The Loskop Formation series was considered to be pateoRboiberg Group. It was
deposited in a continental environment (Eriksebal, 1995). It consists of minor lava flows
and granophyre intrusions across the stratigraphic Formation. Similar to the Loskop Formation,

the earliest portion of the Waterbergo@p consists of red beds.
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Figure2-1: The regional geological map of tROC.
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The Loskop Formation is dated between 2.0 and 1.7 Ga and is unconformable with all earlier
stratigraphic levels (Janseh982; Cheney and Twist, 1986; Cheney and Twist, 1991). The
Bushveld Complex is also present in this research, as seen in Ftjuhe this research, the
Bushveld Complex is represented by two major lithological units: ultramafic to mafic rocks of
the Rugenburg 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, whichaw 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, 208thmidt, 2006). Figure-2 and Table 2 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 Ralaeoproterozoic (2.06 Ga) Rooiberg Group is characterized by exceptionallyradgh
lavas and ignimbrites (Buchanan and Reimold, 1998; Lenkaadf 2017). It forms the basis
of the strata of the Witbank coalfiel@he regional stratigraphy is alsetablished based on
geochemistry (chemostratigraphag follows; he volcanic rocks of Rooiberg have been split
into base rhyolite, higffi basalt, lowTi basaltic andesite, highe Ti-P andesite, higivg and
low-Mg felsite, and high-e-Ti-P andesite (Scheitzeret al, 1995;Hatton andSchweitzer,
1995).
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Table2-1: Classification of the Karoo Supergroup's lithostratigsafaiter Azzie, 2002)

Supergroup Age (Ma) Group Formation
140 Jurassic and Upper Drakensberg Drakensberg
Triassic
195 Clarens
225 Triassic Elliot
230 Upper Permian and Beaufort Burgersdop
Karoo lower Triassic
Katberg

Balfour

Koonap & Middleton

260 Middle Permian Upper Ecca Volksrust
Middle Ecca Vryheid
Lower Ecca Pietmaritzburg
300 Late Carboniferous Dwyka

Accordingto Hattonand Schweitze¢1995), "petrographic examinations of these rocks show
that the majority of Dullstroom Formation units are metavolcanics and consist-gféimed
groundmass with filled amygdales and phenocrysts. Common constituents of {geines
groundmass are green pleochroic amphibole;dhtped 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 agthocally
identical to amphibole in the groundmass, but with bigger grains. Occasionally, secondary
carbonates are present in amygdala. Highasalts often have a higher percentage of opaques
than other Dullstroom types. In certain localities, Dullstnoé-ormation units contain

considerable amounts of biotite.

Schweitzeret al. (1995) state thaithe lowest portion of the Damwal Formation consists of
low-Mg felsites as flows and pyroclastic units intercalated with metasediments arBehigh

Ti, P volcarics. Petrographic investigations reveal that these units are mosttyréimed, with
pyroclastic, spherulitic, or glassy textures, and are infrequently-Bemvded. Some units
contain zoned amygdales or secondary quartz veins". Erikssbr§1995)hawe characterized

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

formation is exclusive to the eastern regions of the Bushveld Complex (Erédsalgri995).
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Kwaggasnek Formation is found across the Bushveld Googsid consists mostly of leig

felsites intercalated with sedimentary layers (Buchanan and Reimold, 1998). According to
Buchanan and Reimold (1998), "volcanic units are often-dinaened and may exhibit
pyroclastic textures, such as lapilli tuffs, spiic 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 qu& are seen throughout the formation, indicating qoogstallization
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 besefully 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 anataswere 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 coaigmined arkose, conglomerate, micaceous
siltstone, carbonaceous shale, coal seams, and thin layers of limestone (Stratten, 1986). Clay
assemblages dominate the mineralogical components of coal samples anditicansign

more prevalent in most sedimentary regions. In the Witbank coalfield, these assemblages vary
from kaolinitefree to kaolinitedominated, with subordinate mica and chlorite and small signs

of illite/smectite interstratification (Pinetown and Bo2006).

Examining the link between clay and noay fractions based on the presence or lack of
kaolinite.Potassium feldspas more prevalent in kaolintech samples, whereas plagioclase

proportions are greater in kaoliniteee samples (Pinetown aBder, 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 carditof 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 (Bihmann & Bihmann,
1988). Apatite and a variety aluminophosphate 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 sabctions (Waret al, 1996; Rao and Walsh, 19910999; Dai

et al, 2007). In the cell and pore infillinggpatite and SBa-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
andcan 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,, gaikerie,

stibnite chalcopyrite and clausthalite (Spears and Caswell, 1986; Hower al, 200%
Lawrenceet al, 196Q Karayigit et al, 200Q Cressey and Cressey, 1988plker and
Finkelman 1998;Dai et al, 2007). Typically, these minerals precipitateepigenetic 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 Bauxitegroup minerals. Afich solutionsm 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 ihe 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 (Gralaawoh Lategan193D; Viljoen and Reimold,

1999; Cairncros, 2001; Vorster, 2003). In Figure3? 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 orgahioaganic

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 sedamgtayers as well as the
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coal seams (Pinetown and Boer, 2006). Even though-Kasib 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 aradan the deepest palaeo valley, many

main glacial valleys are known.

Numerous ridges, composed primarily of igneous rocks, with the féthifeed ridge forming

the southern edge of the coalfield (Pinetown and Boer, 2006). The five seams are confined
inside a 7@meter sequence, and the thickness of the separation between seams is rather
consistent across the field (Smahd Whittaker 1986).

In the Witbank coalfield, sediments above sills have been moved and raised, whereas layers
under sills have reained 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&). Seal
interlayers (18550 m) transgress seams; dykes df fh thickness are abundant, moving east,
northeast, and north; the most significant dyke is the Ogies dyke (15 m thick, 100 km long and
strikes easwest) Transgressive sealing interlayers caused timgtend 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 (Sratthl, 1994 Smith and Whittaker, 1986).

The Ecca Group conformably rests on the Dwiikde or the preKaroo basement is the
Rooiberg FelsitegCairncross, 1989)Figure 22 depicts stratigraphic sections for several
regions of the coalfields illustrating the te@ams and neooal 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 df&aham
Lategan 193Db).
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There are five coal seams, as seen in Figu& 3eam No. 1 is the lowest and is either
supported by tillite or Dwyka Group shale and sandstone bands (Gaalublbategan1931).

Seam No. 1 is patchily developed across the coalfield with the exceptiomofthern portion

of the coalfield, near to the town of Witbank, and the eastern portion of the Optimum and Arnot
collieries (Figure 23), where it attains a thickness of 3 m. (Pinheiro, 1999). The majority of
seam No.1 is comprised of lustrous to dulllosih 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) hyptiesized 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 disdover

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 numbersd#ainalare among the
geological units (Grahamand Lategan193%k; Viljoen and Reimold, 1999; Cairncross, 2001;
Vorster, 2003). Figure-3 shows an illustration of stratigraphic columns. There are many
variations in terms of organic and inorganic contenivel$ 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 ofetsedimentary 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 amountsf coal have been lost to pdsaroo 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 gheous 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
consistat across the field (Smith and Whittak&886).

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 baly 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 patigrs and finally pinch out against the
larger palaeo highs (Snyman, 1998). Seams range from flat to modesiatgilyg; seals
interlayers (1650 m) cross seams; dykes with a thicknesgd &fr@ are frequent and tend east,
northeast, and north; the Ogies dyke is the most noticeable dyke (15 m thick, 100 km long and
strikes eastvest) Significant mining issues wereeated 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 (Smi#t al, 1994; Smith and Whittaker, 1986).

According to Cairncross (1989), the Dwyka tillite or Rooiberg Felsites, which isligro®
basement, is where the Ecca Group rests. Figirastibws stratigraphic sections for several
coalfield regions that show tteovementioned coal seams and rooal 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 Latgaan 193%).

There are five coal seams, which are depicted in FigizeThe lowest seansgam No. 1, is

either overlain by a tillite or by bands of shale and sandstone from the Dwyka Group (Graham
and Lategan193Db). Except for the northern portion tife coalfield near Witbank town and

in the east in the Optimum and Arnot collieries, where it achieves 3 m in thickeassNo.
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1 is patchily developed across the coalfield (Pinheiro, 1B@@re 23). With shaly sandstone
partings that produce a locadd 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 Falcors (1989) theory, the seam No. 1 developed in a freshwater peat bog over a platform

of sediment from a lonrggo braided glacial river system.
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The No. 2 seam has been extensively mined and remains economically vital, while seams No. 1,
4, and 5 include additional economic seams (Ulusta), 2001). Thin seam No. 3 (usually less

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

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

of the Witbank coalfield's coal deposits and a fraction of the highest quality coal (ldudhg

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 andupjoer2

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

seam might exceed 10 meters (Penal, 2007).

The top seanNo. 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, amdlad#ization
associated with an overlaying dolerite sill (P@bal, 2007). The No. 4 seam is divided into the

No. 4 lower, No. 4 higher, and No. 4A sub seams by the deposition ejrfimreed silt inside an
embayment and, subsequently, shale and samelsluring the buildup of the coal bed. The No. 4
seam comprises many shale and sandstone fragmentsetRon2007). 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 © 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 Cal 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. (Ponet al, 2007). The No. 5 seam is generally present in the basemenrdiige
palaeetopographic highs (Cairncross, 1990). The coal seam is overlain by laminated sandstone,
creating weak mineoof conditions that need extensive support if mined underground éPahe

2007). The No. 5 seam consists mostly of brilliant, bencal 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 Witban&gion, 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



sections it is divided into three distinct coal units by interbedded sediment (up to 3.%)n thic
(Poneet al, 2007).

The geological setting of the study area support the overall abjective of theclheSdee coal
seams and associated geological strata, which have been identified as the source of contaminants

in the catchment area, will be testadhis study.
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3 PETROGRAPHY AND GEOCHEMISTRY OF THE SOURCE ROCK UNITS

3.1 INTRODUCTION

To unravelthefate of metakin the receptor realm, it is necessary to comprehend the geochemical
properties of the source rock unitBhe primary purpose is tgeochenctal characterize the
geological units of the source rock. According to the geological context Gt@a&covered in
chapter 2, about 80 percent of the geology consists of the Karoo Supergroup's Vryheid Formation.
The drillcores donatedby Anglo Coal(Pty) Ltd., Zondagsfontein project, Geodehoep Cojlier

were used in this studyhe data of several lithological units were reported in AppeBdix
Appendix A is the smmaryfocussed more on copétrologyas part of the MSc project, which is

vital in undersanding the genesis and the depositional environment of ctiz stiudy areaThe
investigation reveals that the rank of coals ranges from subbituminous tedhegite bituminous.
Maceral groups of vitrinite, inertinite, and liptinite predominate in ¢bals. Due to the high
groundwater table levels in the peat bog, the coal seams developed in anaerobic conditions.
However, the presence of fusinite and séumsinite macerals suggests that the groundwater level
was shifting, reverting to lower groundwatend 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 representBleea Groupithostratigraphic units (Figureés3; 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 granitels{tes). 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. &daffsesfor proximate and



ultimate analysisvas done t@achieve the MSc research objective angresented in Appendix,A
largerly based on ALS Coal Technology (2Q11)
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Figure 3-1: The sampled stratigraphic units of the ZondagsfonteireptdjGeodehoop colliery) from Anglo Coal
Pty.Ltd.

3.2.1 Borehole core sampleslescription

Anglo-American Coal (Pty) Ltd constructed a 140 well and a 138.2n borehole, labelled
ZFN1512 and ZFN1510, for the Zondagsfontein project in the Witbank Goedehoop. rEge
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 samplespectively. 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. Xay diffraction (XRD) and Xray fluorescence (XRF) were utilized to

determine the elemental composition and mineralogy of each stratigraphic ugithesiithology.

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, evtiie 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 Irime (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 apeed 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 compuaetrolled using the software package
BRUKER DIFFRACPIus. The solid samples were crushed, processed, and homogenized int
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 DIFFRACPIus- EVA assessment tool, phase identificatilas conducted. For
search/match, the inorganic/organic database was utilized; the2 PD#&ta sets -50 were
accessible on CIROM. Using relative peak height/area ratios, squmantitative estimations of

phase concentrations were deri@dnkins, 2000)
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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). Ma and trace element concentrations in the coal angcaalhsamples

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 elemeotatentration. XRay fluorescence

is particularly welsuited 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 [@gmge quantiies >1 ppm; As, Ba, Be, Cd, Co, Cr, Cu, @&, Mo,

Ni, Pb,Rb, Sc, Se, Sngr, Ta, Th, U, W, V, Y, Zr, Zn) in rock and sedimexnetection limits for

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

The glass disks and wax etk wagorepared omilled sampleof lessthary 5 ¢  fandahert i o n
analyzedby a PANalytical wavelength dispersive Axios-ry fluorescence spectrometer
equipped with a 4 kW Rh tubder a major and trace$ he full method is described @loete and

Truter, (2001) The Lower Limit of Detection (LLD)(minimum (min), maximum (max) and
average (av))s presented in Tablg-1 andTable 32. The resulting stability of analyses was
monitored on a daily analysis, per batch of 300 samples anayBd#tidata is represented in
AppendixD.
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Table3-1: Presents th&LD and the XRF standdsin CGSfor some majors and largely trace elements

LLD for application- Traces_2013

Compound

3l1|Page

CaO
Sc
TiO,
\Y
Cr
MnO
Fe0s
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Br
Rb
Sr

Zr

Nb
Mo
Cs
Ba
La

Ce
Nd
Sm
Yb
Hf

Ta

Tl
Pb
Bi
Th

Min. LLD

(ppm)
3.26

0.95
1.65
0.98
1.6
2.67
5.96
1.15
1.7
1.29
1.31
0.88
0.66
3.57
1.04
0.75
0.44
0.43
0.42
0.4
0.35
0.36
3.69
2.88
5.63
8.3
454
3.39
416
454
2.15
2.18
2.11
1.14
1.66
1.01
0.89

Standard

GSR4_2014
GSR4_2014
NBS-99a_2014
GSR4_2014
GSR4_2014
CRM-782-1
NBS-99a_2014
NBS-99a_2014
GSS3_2014
GSR4_2014
GSR4_2014
GSR4_2014
GSR4_2014
GSR4_2014
GSR4_2014
GSS-3_2014
GSR4_2014
GSR4_2014
GSR4_2014
GSR4_2014
GSR4_2014
GSR4_2014
GSR4_2014
GSR4_2014
GSR4_2014
GSR4_2014
GSR4_2014
GSR4_2014
GSS3_2014
GSR4_2014
GSR4_2014
GSS3_2014
GSR4_2014
GSR4_2014
NBS-99a_2014
NBS-99a_2014
GSR4_2014

Max. LLD

(ppm)
17.67

14
17.15
1.8
2.66
6.1
73.31
1.97
3.14
2.06
2.04
1.39
0.98
5.16
1.47
1.03
0.66
0.62
0.65
0.8
0.49
0.48
511
5.3
10.55
13.9
7.63
5.46
6.86
6.82
3.42
3.39
3.06
1.68
2.47
143
1.23

Standard

SARM-40
GSR3_2014
TRMAC-004
SARM-40
SARM-40
SARM-51
TRMAC-005
GSR3_2014
SARM-51
SARM-51
SARM-51
SARM-51
SARM-40
SARM-40
GSR3_2014
GSR3_2014
SARM-40
SARM-40
GSD2
SARM-40
SARM-40
SARM-40
GSR3_2014
GSR3_2014
SARM-40
SARM-40
SARM-40
SARM-40
GSR-3_2014
GSR3_2014
GSR3_2014
GSR3_2014
SARM-40
SARM-51
SARM-40
SARM-40
GSR3_2014

Av. LLD

(ppm)
5.67

1.1
2.68
1.16
1.87
35
10.45
1.44
2.06
1.49
15
1.02
0.75
4.03
1.15
0.83
0.5
0.48
0.52
0.48
0.39
0.39
417
3.54
6.57
9.55
5.24
3.79
4.95
5.17
2.5
2.53
2.38
1.28
1.89
1.13
0.99



Table3-2: The lowerLLD and the standards used by XRFCGSfor the majoroxide

LLD for application- Majors2013_ Min. LLD Standard  Max. LLD Standard Av. LLD

Compound
(ppm) (ppm) (ppm)
Al,O; 10.45 1084 17.06 1065 12.41
CaO 0.69 1074 1.07 1062 0.78
Cr,03 1.15 1072 1.94 1068 1.37
Fe,03 1.64 1072 3.09 1084 2.18
K0 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
Na,O 6.53 1076 11.17 1063 7.76
P.Os 1.46 1074 6.18 1079 1.97
SiO, 2.55 1062 4.81 1075 3.48
TiO, 1.17 1072 1.75 1062 1.34

3.3 RESULTS

3.3.1 Mineralogy of stratigraphic units

The mineratoncentrationgenerallyranges as follows: domamt minerais less tharb0% major
mineralsfrom 20% to 50%, minor mineralérom 10% to 20%, accessory minerafsom 2% to

10%, andtherare mineralsip to2%. The mineratoncentrationsletermined by XRD for the two
boreholes are presented in Tabi8,3vith all results presented in Appendix A. The following
mineralswere identified in the geological units for baf®fN1 510 ( sampl es mar kec
ZFN1 512 ( s amp|l e:zalcieadolanatel hematite/yoethifgtassium feldspautile,
plagioclase, gartz, mica, kaolinite/chlorite, kaolinite, anatase, siderite, pyrite, smectite,
interstratification, and amorphous materidlhe most prevalent minerals an@otassium
feldspafrutile, plagioclase, quartz, mica, and kaolinite/chlorite, although calcjpeeiglent 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 itdineholesZFN1512 and

1510 (Figure 3l). The classification schemes of terrigenousleshaand sandstones using
Fe03/K20 vs SiQ/Al Oz reveals that the majority of the sediments are shales with mindcise
arkose with minor subarkose, wacke and monor litharéfidgeire 32). This is dueo intermediate

to low SiQ/ Al20s values, sedimes are regarded as relatively mature, and strongly weathered as
shown in their predominantly low BE@s:/K>O ratios reflecting a feldspar dominance over
ferromagnesian mineralas discussed for the Rosh Pinsgdimentary rockgGauert, 2005)
According to tlis classification, thenajority of the coabeams are plotting on the-Bbale due to
highratio of FexOs/K-0 and lesSiO,/Al 03 (Figure 32). The $aleunits is notable below or above

coal seam No. 5 (samples W27 and M8dyl is confirmed by the logge@aogical unit for the
boreholes. In these shale sampiles, XRD results indicate the mineral dorminance of 26% quartz,
38% kaolinite/chlorite, 20% mi¢&®% kfelspar and 5% plagioclase for WZVable 33). The
sandstone logged in the boreholes below seam No. 5especially 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% Kfeldspar, and 5% plagioclase with minor pyrite up to (d%ble 33). The rest of

the siltdones logged on the boreholesciassifiedas arkosic or subarkiose argl composed
commonlyof quartz and kaolinite, with tiny amounts of mipatassium feldspaplagioclase, and
interstratification, as well as anatase, chlorite, siderite, and hematigrals (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 anatage (Table
3; AppendixB). The sediments loggeas andstongsiltstone are dominated by quartz and clay
minerals (kaolinite interstratification), with minor carbonates (dolomite, calgi@pssium
feldspar plagioclase, and mica, amdnor minerals including siderite, anatase, pyrite, and smectite
(Table 3-3; AppendixB). Quartz and kaolinite are the predominant minerals in mudstone, with
mica andpotassium feldspaserving as accessory phasesich is typical of the Karoo rocks
(Baiyegunhiet al, 2017) The tillite (M62) is likewise dominated lguartz and kaolinite, as well

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

siderite,potassium feldsparand pyrite (Table3-3; in AppendixB). Quartz, minor plagioclase,
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siderite,potassium feldsparard the uncommon minerals pyrigend mica dominate the granite
M63) at the base of the borehole (Appendi). Dolerite constitutes asnple W23, with

clinopyroxene as a minor mineral (Appenéix

Table3-3: Theresults (wit%) of X-ray diffraction analyses of coal seams with the footwall ancestends above
(ZFN1512 and 151D

g g § £
£ v 5 53
BHD £ g S g x5 g 3 £ 3 g & =5 £ ¢ § 3 g
) o g E L 8 O £ ©O < (2B s
= (a8 ] £ 5]
T g o E
w2s - - - 11 6 42 10 26 — 1 - 5
w26 7 7 - - -3 - 32 - - 12 9 Seams
w2z - -1 6 5 26 20 38 2 - - 2
w3 - - 1 6 - 58 - 23 - - - 12
w3t 3 3 - - - 9 - 24 - - 5 4 5 - *  Seam4
= w32 - 2 - 1 - 27 4 e - 1 -
% w40 - - - 13 -7 1 15 - - -
N war - 1 - 31 - 8 3 48 - - 5 4 - -+  Seam3
w42 - - - 11 - 32 8 45 -  tc -
W48 8 73 1 18 - - -
W49 1 44 2 53 - 1 - - - - - Seam2
ws0 - - - 6 - 6 3 21 - - 4
M34 8 13 51 5 10 2 11
M35 9 10 9 5 21 *  Seams
M36 34 3 10 33 14 trc
M43 29 5 62 2 1
M44 2 47 1 2 2 Seam4
% M45 8 4 4 1
E M52 8 45
M53 6 15 3 10 14 *  Seam3
M54 7 28 12 53
M60 9 3 62 2 2 2 *
M61 3 10 28 5 11 Seam2
M62 3 6 66 3 1
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Terrigenous Shales and Sandstones (Herron 1988)
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Figure 3-2: Witbank coalfied metasediments compositiémsBH1510 and 1512valid N = 123)in the classification schemes of terrigaashales and sandstones using
Fe0s/K20 vs SiQ/Al0O3 by Herron (1988) after Gauert (2005).



3.3.1.2 Organic geological unit

3.3.1.2.1Coal Seam No. 5

The mineralogical composition of coal deposits around the world is dominated by carbon, quartz,
kaolinite, clay minera, sulphides, carbonates, and phosphates, as well as certain uncommon
minerals indicative of the depositional environment or source material (Pinetows), 3@am

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-{J)ablezdn

No. 5 (ZNF1512, sample W26) comprises quartz and kaolinite as the principal minerals, pyrite as
a minor mineral, and calcite and dolomite as accessory ngn@rable 33). The sandstone
siltstonerepresented byample M34 ishe rock, whickextends aboveeam No. 5 and is dominated

by quartz, with kaolinite, interstratification, and plagioclase as minor clay mineralgot@sdium
feldspar mica, and sidem as accessory minerals. The footwall of seam No. 5 is a sandstone
(ZNF1510, sample M36) with quartz and calcite as the principal minerals, miqaotass$ium
feldsparas minor minerals, and plagioclase, pyrite, and dolomite as accessory minerals. For
borehole ZNF1512, the footwall afoalseam No. 5 is composed of sandstone (sample W27) with
quartz, mica, and kaolinite as the major minegadsassium feldspaand plagioclase as the minor

minerals, and hematite and chlorite as the rare minerals.

3.3.1.2.2Coal SeaniNo. 4

Seam No. 4 of borehole BRA512 is composed of the major minerals pyrite and kaolinite with
minor minerals of carbonates (calcite and dolomite), quartz, siderite and smectite (Baple 3
whereas seam No. 4 of boreholeNaA510 is composed of quand kaolinite as major minerals
with potassium feldspapyrite and interstratification as minor (Tabl8)3 Thesandstonsesiltstone
below seam No. from borehole KE510 represented by M45 has quartz and kaolinite as the major
minerals, mica angdotassiunfeldsparas the minor minerals, and anatase as the accessory mineral
(Table 33). Shale which is the footwall of borehole ¥F512 (sample W32) is dominated by

kaolinite with quartz as the primary material and minor amounts of dolgooitessium feldspar



and anatase as accessory minerals (TaB)e Bhe sample above represented by M43 of ZNF1510
is composed of sandstone is dominated by quartp@adsium feldspawith kaolinite and pyrite

as minor minerals and ®dte as an accessory mineral.

3.3.1.2.3CoalSeam 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 (Tab8 Bppendix A). In seam No. 3 of
ZNF1512, kaolinite anghotassium feldspaare the predomant minerals, pyrite, siderite, mica,
and quartz are the minor minerals, and dolomite is the accessory mineral ((Bableh&rocks
thatextends aboveepresented byample M52s composed adandstonesiltstonewith quartz and
kaolinite as main minelgandpotassium feldspaand mica as minor minerals (Tabk8B whereas
sample W40 is composed of sandstone dominated by quartpotatbsium feldspaand kaolinite
as minor minerals (Table3). The footwall is composed of sandstone (sample W42) wiintz
and kaolinite as the primary minerals, gotassium feldspamica, and siderite as minor minerals
(Table 33). Sample M54 is gandstonssiltstonethat is dominated by kaolinite material, has
quartz as its main mineral, mica as its minor minenadl @tassium feldspaas its accessory
mineral (Table 3).

3.3.1.2.4Coal 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, calaig, naica as
accessory minerals (Table33AppendixB). On sample W49, kaolinite was identified as the main
mineral, with quartzpotassium feldspamica, and anatase as uncommon minerals (TaBle 3
Therock whichextends abovis composed ofandstonesiltstone(sample M60), with quartz and
kaolinite as the primary minerals apdtassium feldspamica, pyrite, siderite, and dolomite as

the minor minerals. Thecksaboverepresented byample W48 is composed of sandstone that is
dominated by quartz witimodest quantities of kaolinite armbtassium feldspaas accessory
minerals, and microscopic amounts of mica (rare mineral). Bhlew unit of Dwyka tillite

represented by sampl#62, which is dominated by quartz and kaolinite, vgtitassium feldspar
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mica, and dolomite serving as accessory minerals (TaBleThe ZNF1512 footwall is sandstone
(sample W50) and is characterized by quartz with kaolinite as the primary mineral and pyrite,
potassium feldspaand mica as accessory minerals (Tab8).3

3.3.2 Gedogical units petrology

For discusion in this section, the minerals has been abbreviated as fglagisclase (Plag),
clinopyroxene (Cpx), an@otassium feldspar (Kfs) phenocryst with Orthoclase twining; quartz

(Qtz), and carbonates minerals (Qtyrite (Pyit), 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 radovsh to light brown sandstone
with medium grains (samples W2E24, W10W15 for borehole ZFN1512 anémsples M12
M16, M22, M29, and M31 for borehole ZFN1510). In addition, they contain a light gregmaigh
porphyritic dolerite dyke (W7, W9, and W23 for ZFN1512 and M30 for borehole ZFN1510)
composed primarily of pyroxene, plagioclase, siderite, and iraéfigation (Tables 3;
AppendixB), along with minor sandstone clasts and fractures, andjfaiaed siltstone. The third
kind consists of crosaminated and minor fldaminated materials. A very wetorted and fine
grained black shale (W&nd W8 for borehole ZFN1512 and M4, M11 & M28 for borehole
ZFN1510) composed primarily pbtassium feldspaplagioclase, quartz, mica, kaolinite, anatase
and interstratification (Tables® AppendixB) with interlaminated beds and minor cross beds.
Fine to medim-grained, light to gray siltstone (W25 for borehole ZFN1512 andM@5for
borehole ZFN1510) with minimal cro$amination is present. It is mostly composed of quartz,
plagioclasepotassium feldspamica, kaolinite, and interstratified illite/smectitégrag with trace

amounts of carbonate minerals, anatase, and siderite (FabkepgpendixB).

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 oreyetg depositional origins as
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a minor mineral As seerthrougha microscope, sandstone and coal include fragmentoid pyrite

grains, but shale rocks are often composeshwdl] disseminatedeuhedral pyrite grains.

The dolerite specimdabeled M30, W7, W, and W23consists mostly of pyroxene, plagioclase,
siderite, and interstratification (Tables33 AppendixB). Under a microscope, a cregslarized
transmitted light image of dolerite reveals elongated plagioclase with parallel pairs of albite
twining, subhedral to anhedral clinopyroxenmtassium feldspaphenocryst, and carbonates

minerals with anhedral quartz (Figure33

B N < 2

Figure 3-3: A dolerite sample represented by M30 exhilptagioclase, clinogroxene and potassium feldspar
phenocryst withorthoclase twiningin A; quartz elongated plagiclase, and carbonates minerial8; and elogated

phenocryst of plagioclaseith albite twiningin C.

Shale sample M28 consists mostly of plagioclase, guartica, kaolinite, anatase, and
interstratification (AppendiB). As seen in Figure-8, (A) is a view of reflected plargolarized

light revealing framboidal pyrite grains, the sole identifiable sulphide, and (B) is a view of erossed
polarized transmittelight revealing quartz, mica, plagioclase, and chlorite.
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Figure 3-4: Shale represented by sample M28 exhibitiragnboidal pyritegrainsin A and showing quartz, mica,

plagioclase and chloriti@ B under cossedpolarised transmitted light

The sandstonssiltstoneaboveseam No. 5. Sample M33 is predominantly constituted of quartz,
plagioclasepotassium feldspamica, kaolinite, and interstratified illite/smectite (I/S), with traces

of carbonate mineralanatase, and siderite, as determined by XRD (Appd)didnder 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 plagidalage twining)

and clay (kaolinite) constitute the majority of the matrix filling material (Figubg 3

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

plagioclase in Buinder crossegolirased 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 carboifeséste and dolomite)
(Table 33; Appendix B). This is corroborated by the petrographic findings that the bulk of
identified minerals are clays, quartz, mica, and pyrite, and that nenzdés were detected (Figure
3-6).

200 pm

Figure3-6: The seam No. 5 representedsaynplevi35 exhibits kaolinite, quartz, and mitaA, and pyrite elongation
in B, under reflectedight.

3.3.2.3 Within No. 5 and No. 4 Coal Seam

Between sams No. 5 and 4, the sandstone depictdbdiev and therocks thatextends above
(sample M41). XRD revealed that the mineral matter composition of this sandstone consists of
potassium feldsparcarbonates (calcite and dolomite), and quartz, with traces of pyrite, minor
guantities of muscovite anda@linite, and siderite (Appendi®). The findings are verified by
petrographic mineral group studies, in which the bulk of minerals detected are clastic grains of
potassiunfeldspas and quartz in a matrix of carbonates and mica minerals, with pyriterfyima

showing in framboidal form (Figure-3.
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Figure 3-7: A framboidal pyritein A under reflected lightpotassium feldspaand quartzin B, and displaying

potassium feldspaand quartin carlonates and muscoviteatrix of sandstone representeddampleM41.

3.3.2.4 Coal Seam No. 4

XRD analysis revealed that seam Naepresented bi44 has a preponderance of quartz and
kaolinite, withpotassiunfeldspar anatase, pyrite, and interstratificatiofSjl as minor minerals
(Table 34; AppendixB). Under reflected planpolarized light, pliable pyrite is shown by

petrographic mineral group analysis (Figur8)3
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Figure3-8: Caal seam No. 4 represented $gmpleM44 display spongy pyriteinder a reflected light

3.3.2.5 Within coal seam No.4 and No.3

The geological unit here is reprenteddaynple M46, which is composed of a sandstone dominated
by quartz and including minor quantities pbtassiumfeldspar mica, and kaolinite. Under
transmitted light, fragments of quartz are visible, but plamlarized light reveals clusters of

dispersed pyrite particles (Figure9R

Figure3-9: Quartz grains showingyrite matrix under reflected lighin B.
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3.3.2.6 Coal Seam No. 3

Sample M53 revealed that this seam laage quantityof kaolinite with siderite, quartz, and pyrite
as minor minerals and dolomite and mica as trace minerals (Te)lé\@pendix B). Under

reflected ligh, petrographic mineral group studies reveal pyrite vein filling (Figet6)3

Figure3-10: Coal seam No. 3 represented by samyi@ exhibitingvein fillings of pyritein A andspongy pyritan
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 ni{ihabids33;
Appendix B) Themineral visible in the thin slice under reflected light is pyrite embedded in
macerals (Figure-31).

Figure3-11: The pongy pyritein A andspongy pyrite with inertinitand vitrinitein B under reflectedight.
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3.3.2.8 Basement rocks

Thisgeological unit reprganted bysample M64s a glacial deposknown as tillite and haeslarge
guantity of kaolinite along with siderite, plagioclageptassiunteldspar anatase, smectite, and
mica as trace mineral$dble 33; Appendix A). Quartz is the predominant mineral in the sample,

with minor quantities of plagioclase apdtassiunfeldsparand traces of muscovite (Figurel3).

Figure 3-12: Dwyka fillite represented bgampleM64 under transmitted lighexhibiting plagioclase notablgibite

twining, potassium feldspaiquartzand muscovitén A; grains of quartnotably clastic in B.

The XRD data indicate that the granite is predominantly made of quartz, plagipciassjum
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)potassiumfeldspar and minor quantities of muscovite

transforming into chlorite (Figure-B3).

45| Page



Figure 3-13. Granitereprented by sample M6presentingmuscovite (Ms) altering to chlorite and intersertal or
granophyric intergrowth of feldspar and quanzA; and alseshowing plagioclasaotablyalbite twining,potassium

feldsparand quartin B.

3.3.3 Geochemical elements distribution

A drill core of the coalbed lithologies reveals that £i8I.03, FeOs and KO dominate the
samples, with minor levels of T¢OCaO, MgO, NgO, MnO, BROs and CpOs, Si0C;,;, Al20s and

FeOs. Correlation matrixeveals the existence of positive and negative linear relations between
the main elements or between the major and trace elsjreenshown by positive and negative
realationships denoted (f)able 34 and Table &). Feldspar and clay minerals are responsible

for the modest correlation between S#nd KO. This relationship is supported by®in drill

hole ZFN1510, which is singly connected to SiOand AbOs and NaO. The predominant
mineralogy of quartz and clay mineralsnstituteghis fundamental geochemistry. The increased
FeOs contents in the samples may be attributable to the presence of hematite in the ferruginous
sardstone, 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,-Be, and MnO indicate a relationghwith carbonate minerals
(Tables 3-4 and 35; Appendix C). The high positive association betweeiOgFand MnO, r =

0.81, may be attributabller an exampldo the carbonate mineral sider{@%) in sample M41
(Appendix B;Figure 37). A high LOI suggest a high concentration of volatile materials (i.e.

carbonate/hydrous minerals).
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Table3-4: Thecolour map Pearsarorrelationmatrix of major in wt.% and traces in ppfor the Witbank oalfield geologial unigin ZFN 1510 significant at p < .05, classifications after Moeteal. (2013)
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Table3-5: Thecolour map Pearsarorrelationmatrix of major in wt.% antraces in ppm for the Witbanloalfield geologial units i FN1512 significant at p < .05classifications after Mooret al. (2013)
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Figure3-14: Borehole profiles indicate tHarge quantityof major elements (in weight percgrit the Geodehoop Colliery, Witbankalfield.
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A significant association occurs between T#dd AbOs, suggesting that Thearing minerals

are connected with clay minerals.

Sandstones and siltstones contain quartz, feldspar, and clay minerals, rtogéthe
significant concentration of main oxides (Figurd4. Also, FeOsz and MnO exhibit a high
positive correlation, which may be attributed to the presence of the carbonate mineral siderite
(Figure 314). The distribution pattern of CaO and(B suggsts their relationship in
phosphate and carbonate minerals in siltstones and shale (Fitdird &bles 3-4 amd 35),

and their presence in coals has also been observed @Walkd1996). In specific layers of
sandstones/siltstones@? is frequently dund in high amounts (Figure13l). 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

concentrationgFigure 315).

In this study, Ce, Cs, Ga, Nb, Nd, and Zn are among the eleidentgiedin shales. These
elements are associated favorably withGhl(Tables 3-4 and 35). These trace elements are

inversely associated with C and S.

REEs have been dstted in coal (Seredii996 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 @a¢) MyeD, and

P>Os (Figure 314). Significant correlations between® and Rb indicate that Rb is present in
potassiunfeldsparor clay minerals in which potassium is the predominant carrier. These trace
elements Cu, Hf, Nb, Th, V, Yb, and Zn exhibit a significant positmenection with TiQ,
indicating that their concentrations are governed by the presenae ahdr Tirich oxides
(Tables 34 and 35). Cr.0s has a strong association with the trace elements Cu, Ga, Ni, U, V,

and Zn, indicating that they are mostly houbgdhe mineral chromite (Tald&-4 and 35).

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 Blie 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 wi@Ahdicating that

they are pesent in clay minerals. Their high positive connection with V and Cu suggests that
their presence in dolerite mafic minerals (Figw¥s3 S andAs correlation of 0.¢onfirm the
presence of sulphide mineraad the correlation of S and C of 0.8, As &hdf 0.6 suggest

that sulphides ammainly in thecoal seams (Table-8). Co and Nicorrelation of 0.%have the
same distribution pattern as Cu andmith correlation of 0.9which may suggest a mafic
source [able 34; Figure 315). The mafic elements sh as Co, Cu, V, Ni are moderately
correlated with Fe (Table-&; Table 35) 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, lad &. These elements exhibit parallel
distribution with Cs, Th, and U, and distributions that are almost identical to Nb and Pb (Figure
3-16 and 317). These elements are predominantly found in sandstones, siltstones, and clay
minerals, and they have sifjnant relationships with Ba and Rb (Figur&B 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; Tablaa® 35).

The trace elements Zma@ Ga have a similar distribution pattern to Cr (FiguerB which is
corroborated by their positive, moderate correlation with Cr, showing that they are associated
with the mineral chromitéTable 34; Table 35). Zr has the same pattern of distributasHf
(Figure 317). The positive association between Hf and Zr may be owing to its incorporation

into zircon.

51|Page



o <

c [ Lol As Co Ni Cu \'
g g -

= E o o %

III]lIlIllIIIIII

0.00

o
e e =
o - o~ o

40.00
100.0
200.0
200.0

=
=

300

e o o e o
v o 1 o o
N B~ - N

60.0

o o
o o
N -

e e
o o -

30.00
40.00
— 0.00

— 0.0

IlllII]lIlllIlIIIl Illllllll[llll llIIIIlIIIII]lllI IllIlllIIIIIIIIIII IIIlIIIIllIIIIl 111 lIIl|lIllII1| []Illlllll'lll

e
o
S
|

._
e
S
Ly

30.00

|ll|ll|l|||l

40.00

50.00

60.00

70.00

80.00

90.00

100.00

L1l I|l|||l||l|l|ll|l

110.00 —

120.00

130.00 —

140.00

ZFN1510

EXf] Unrecovered core  [—-] Shale R Coal
Sandstone/ Siltstone [7 ] Sandstone [ _| Dwyka tillite
Siltstone [] Dolerite [-_] Granite

Figure3-15: Borehole pofile showing thdarge quantityof elements C, S, and LOI (imeight percent) and Co, Ni, Cu, and V (ppethe Geodehoop mine, Witbansadfield.

52| Page



Ce Nd Th U Y Nb Pb La

Q. . e e

=3 =4 e Nelbra Ntk ]
S © o 2 © o 2
© N = © © o

e e e e
=] © oo oo
o - o~ S N w © ©

300

e
o
~

10.0

e e <9
c o o 2
N M = O

10.0

e e
o o 2
- © o

20.0

] =
o =% s o I
M 2o w - o

10.0

I]IIIlIIIII[ |IIIIIIIII|II[III[II| |IlII|IIIIlIIII|IIII| IIIII][IIlI IIII|[III|IIII|I |Illl||l||||ll|||l||| |IIIII[II]IIIII|III[ Illlllllllllllllllllll

0.00

10.00

20.00

30.00

40.00

50.00

60.00

Illlll
N "! ‘ |

70.00

80.00

l|[lll|||

90.00

100.00

L1

110.00 —

120.00

130.00 —

140.00

ZFN1510

@ Unrecovered core E Shale - Coal
7] Sandstone/ Siltstone Sandstone [ _] DwykKa tillite
Siltstone [] Dolerite [- ] Granite

Figure3-16: Depicts fluctuation profiles of trace eleméatge quantityppm) in the Witbank Coalfield.

53|Page



Cr Zn

c.g'c‘ S
s ¢ € %2 g
|

|IIIIIIIII|III1

100.0

lIIlIIlIIlIIII

Ga Cs
I

5.00

o

— 0.00

IlIIl]lIIlII IIIIIIIIIIIIII

200.0
400.0
600.0
800.0

<
=

| lllllllllllllllllll |

Rb 2r Hf
IIIIIlIIIIIIl]I’I |

cc‘
s ¢ 2

|[ll||ll|l||lll

50.0
4000

<
= £
N )

— 1

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

|I [III‘I‘ |ll|l|l||l|]

Illllllll

80.00

90.00

100.00

110.00 —

120.00

130.00 —

140.00 —]

Siltstone

ZFN1510

Ei¥] Unrecovered core  [—-] Shale
Sandstone/ Siltstone Sandstone [ ] Dwyka tillite

[] Dolerite

R Coal
[7] Granite

Figure3-17: Profile variation plots illustrating thiarge quantityof key minerals (kaolinite, kaolinite/chloritejica, anatase, and smectite, in weight percent) in the Witbank coalfield.

54| Page




3.4 DISCUSSIONS AND CONCUSSION

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 claeral in the
Goedehoop coal seams, while kaolinite, chlorite, and interstratified smectite are accessory clay
minerals in the nowoal strata (Figure-38). The clay minerals in the seams occur as thin
bands that may have been transported into the coaldbgr or wind, indicating that the
majority of the clay minerals are the result of necai@tlic 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 calhave been formed-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 mixedrg¥bao, 2012).

b) Chlorite

Figure 318 also displays the presence of chrorite. There are two naturally occurring chlorite
species, clinochlore (Mgch) and chamosite (Feéch), with compositional variations within
each (Zhao, 2012). Chlorite can be riduin coals formed in either freshwater or marine
environments, although its proportions are typically higher in mamihéenced coals
(Renton, 1982).
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c) Carbonate minerals

According to the XRD results, the coal seams andauah strata contain tra@mounts of
carbonate minerals (Figurel®). The coals are composed of the most common carbonate
minerals, calcite, dolomite, and siderite. According to Tagloal. (1998), the majority of

these carbonates are of authigenic origin and have diverse ehamopositions. These
carbonate minerals are distributed in minor proportions throughout the majority of coal seams
and noncoal strata, with the exception of samples M40, M41, and M56, which contain
dolomite as the major mineral, and samples M8 and daédstonssiltstoneand 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 d&lthe dolerite ( 60 km), with seams Nos. 2argl 5
exhibiting peaks (Figure-39). Numerous carbonate minerals have been discovered in coal.
Common minerals include siderite, calcite, dolomite, and ankerite. The majority of these
carbonates are of autleigic origin and have various chemical compositions. They can form in
conjunction with deposition, coalification, and posalification processes (Taylat al,

1998).

Siderite is most prevalent in seam No. 2 (sample M53), whereas it is almost nohaxisten

other three seams. Siderite in Aooal 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:Cddit 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 secomdost abundant detrital component in fawal strata, and itazurs in a
variety of grain sizes and types. Feldspars are less abundant in coal seams tharoal non

strata, where they are common as minor to major constituents (Fig@yeLamellar twinning
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as is typical of plagioclase was observed in the dolegamite and sandstone under a plane
polarized, transmitted light (Figures333-7 and 313). There is a rare amount of feldspar in
seam No. 4 (Figure-B9). Plagioclase appears to be more abundant in the dolerite than in the
other rock types (Figure-B9). Potassium feldspas 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
orthoclag 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, shahegsiltstone and Dwyka

tillite samples, and is a major mineral in the Goedehoop coal seams (Fig8yel®trital

guartz in the nomoal strata commonly occurs as relatively large grains (Figu8e8-3, 3-7

and 39). Quartz usually occurs in the forof subangular to stsounded and, occasionally,
well-rounded grains, indicating the reworked sedimentary origin (FiguBs3-5 and 37).

Coal seams No. 2 and 5 have quartz as major mineral, whereas seams No. 3 and 5 have quartz
as minor mineral. Quar 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 sacwoal plies

near the top and the bottom of coal béfisao, 2012).

f) Sulphides

Pyrite is the dominant sulphide mineral in coal while marcasite has also been reported to be
present in many coals (Staehal.1975; Spears, 1994; Speatsal. 1999. Pyrite in the coal
samples, particularly where it is a major, minor and accessory mineral (Appendix A), typically
occurs as spongy crystals (Figurd)3euhedral crystal (Figure® and vein fillings (Figure

3-6). Pyrite occurs as a dorminant minerat@am No. 5, and as a minor mineral in seams No.

2 and 3, and as accessory mineral in seam No. 4 (Figi®g ¥he 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 thesarins 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 shake plyaite which occurs as cleat

cell fillings, cenenting or coating framboids, euhedral minerals (Figurés 37 and 39).

During the formation of syngenetic pyrite ferrous iron is dissolved, as welp@gréin the
bacterial reduction of sulphate in the peat swamp (Zhao, 2012). Pyrite and, to axesser
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 sidewte fero-dolomite/ankerite, and
sometimes occurs as a replacement of cellular or wood struotlrasteria and algg&myth,

1966 Wiese and Fyfe, 198@5ostovaet al, 1996 Taylor et al, 1998 Goodarzi, 2002Dai

and Chou, 2007 Marcasite is intimately assiated with pyrite in some coals and most of the
metals (noble and toxic) are associated with the sulplitteso, 2012) The element sulphur

is present in almost all coals, it is usually present in the organic fraction of the coal, but
inorganic or minerssulphur 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 nonal strata (Figure-38). Muscovite is the most common mica
minerd 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 deigeweathering of
feldspars (Vassilev & Vassileva, 1996; Vassit\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 assedam-coal samples (Appendix)B
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3.4.2 Major elements distribution

The major element assotians as displayed iAppendix Csymbolizes the presence of the
above mineralogyA moderate, and positive correlation exists between @@ AbOz in the
Goedehoop coal samples (TabB4 and3-5). This may indicate that the -bearing minerals

are assoated 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 @geerndix

C). The XRF data confirms the interpretation of the XRD analysis as the samples are dominated
mostly by SiQ, Al>Oz, FeOsz and KO with smaller amounts of T©DCaO, MgO, NgO, MnO,

P.Os and CpOs. The major carriers of SKQAIO3 and FeOs are quartz, clay minerals, and
pyrite. The amount of Bz in the samples appears to present as hematite in the ferruginous
sandstone and as pyrite in the coal seams andoarstrata. The contents of CaO and MgO
may indicate carbonate minerals since thsythe 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 (TaldleaBd 35). The correlation of KO with SIQ

is moderate on the sandstone and shale, pointing to their association in feldspar and clay
minerals Appendix Q. SiG; is negatively correlated with TEQAI>Os, FeOz, MnO, MgO,

Cr,0s and BOs (Tables 3-4 and 35). A significant correlation exists betee TiQ and AbOs,
indicating that the Fbearing minerals are associated with clay minerals. Shales are higher in
K20, FeOs and TiQ contents than sandstones, which reflect their association witsizkey

phases (Madhavaraju and Lee, 2010; Cardetss 1996). The correlations that exist between

Ca0, MgO, Fg03 and MnO point to their association in carbonate minerals.

In addition, FeOs and MnO show a strong, positive correlatadfr0.81 which may be due to
the carbonate mineral siderite. Relativéligher NaO content occurs in the dolerite and
granite, which contain high proportions of plagioclase..Ta@pears to be more abundant in

the noncoal strata samples than in the coal seams. In cettaitaof the sandstonsesiltstone
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P.Os concentration are often higher in the nawal layers than in the coal seams. This can be

by presence of apatite or monazitggthdensityminerak).

The higher concentrations of Si@re mostly caused by the presence of relatively abundant
clay minerals and quartal O3 and KO generally show a high degree of consistency, due to
the presence of relatively abundant clay minerals (mainly biotite, kaolinitepaadsium
feldspar (Figure 314). The good correlation shown between CaO, MgO ap@s ks
respectively assaated with pyriterich and carbonatach rocks. The highest concentration
that is observed on MnO, CaO, MgO arel®z is due to the presence of carbonate minerals
(Figure 314).

The presence of plagioclase apdtassium feldspar is also indicated by thaigher
concentrations shown on pdand KO (Figure 314; Figure 319). The association of CaO,
MnO, FeOs and BOs on the sandstonsiltstoneis due to the presence of hematite and
carbonate mineral (Figus8-18 and 319). P.Os is showing higher concenitions which show
an association with carbonates and clay minerals osetigstonssiltstone(Figure 314). The

high concentration of Ti@in coal seam No. 4 is due to the presence of anatase.

3.4.3 Trace elements distribution

The following are trace elemendistribution 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 vgetation that makes up the coal matrix (Lyatsal. 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). Thebaary
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 (Bergthal, 2011). These trace ehents Hg, Zr, Zn, Cd, As,

Pb, Mn, and Mo were found to be concentrated on the mineral matter in the coaldBatgh

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 concatidns of the trace elements in South African coal
(Cairncrosset al, 190).

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 hagtiest sulphur concentration

and seam No. 3 having low concentration of sulphur (Figurfs) .3Carbon and loss of ignition

also show higher concentrations on the coal seams (Figilile Bhere is a positive correlation
between sulphur and carbon whicllicates that some of the sulphur is present in a form of

organic compound (Append).

b) Arsenic

Higher concentrations @s are shown found isandstonssiltstoneand all the four coal seams
with coal seam No. 4 having the higher concentratioA®{Appendix D). Arsenic has a
moderate positive correlation with sulphur (Appen@pxwhich 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 (thelkseam adjacent to the Witbank coalfield). Pyrite

is predominantly associated wifks, with small amounts that might be organic sulphur and
this relationship is illustrated clearly via the similar trends in FigetB. 3'here is immediate
evidence and aonsiderable amount of indirect evidence for the relationshifssofith the

pyrite in coal (Finkelman, 1994). Arsenic is predominantly associated with the mineral matter,
with little amounts that might be organics asated (Swaine, 1990). Finkelm#&h994 has
stated that in most caséss is associated with the pyrite for most United States (US) coals
(also Palmer and Wandless, 1985).

c) Cobalt

The dolerite has the highest concentrationsobflt (Figure 315). According to the observed

concentration o coal seam No. 3 (Figure1%), the closest correlation is with the mineral
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pyrite and organic sulphur bearing coal matter. Cobalt has a positive correlation with TiO
Al03 and FeOs which suggest thatobalt is associated with clay minerals in the coad
plagioclase in the dolerite. Most of the information gathered to date proposmsliadit is
associated with the sulphide minerals present in coal (Finkelman, 1994). Nonetizddaks,
additionally demonstrates some level of association with theniorgaatter in coal and the
clays present in coal (Finkelman, 1994). Swaine, (1990) indicatecbtbeit is associated with
the mineral matter in coal adbalt concentration for mosoal is in the range of 050 ppm.

d) Nickel

In literature there issignificant uncertainty about the most likely association of Ni in
bituminous coals. Nickel has a moderate positive correlation with &d AbOs which
suggest association with -bearing minerals, adhesively bound to-MB-oxyhydroxides,
sulphides andlay minerals (Table3-4 and 35). Nickel has a moderate positive correlation
with Cr.Os which has an association with clay minerals (Appendix B). Coal seam No.3 also
has a high concentration witkel and also shows similar trendscabdt (Figure 314).

e) Copper

According to literature this element should be present as chalcopyrite éR@del979;
Levinson, 194). In this study, opper has a positive correlation with.Of (Appendix C),

TiO2, FeOz and MnO (Table3-4 and 35) which may suggest assation with carbonate and
possibly with magnetite or hematite or ilmenite, or in pyrite or marcasitere ishigh
concentration otcopper on the dolerite, possibly in the form of sulphides. There are low
concentrations ofopper in the coal seams whigkay 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 (Figlseehd they may

occur with both clays and the organic matter. Vanadium has a positivatorrevith CeOs,
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TiO2, Al203, FeOz and MnO (Table3-4 and 35) which may suggest its association with clay,
carbonate and Ibearing minerals. As discussed above vanadium and Cr have similar modes

of occurrence in coal.

g) Lead

According to literatue this element is associated with sulphides (galena) in coal. Lead has a
moderate positive correlation with,® which suggests association wgbtassium feldspar

In this research pyrite is the only sulphide found and there might &lateonship between

lead and pyrite. Elements such as Ce, Nd, Th, U, Nb and La show similar trends to Pb below

thecoal seam No. 4 (FigureI®).

h) Chromium

The high concentration of chromium is shaléobecoal seam No. 4 (Figure1¥). There is a
moderate positive coragion between chromium with Ti&CGand AbOs (Tables 3-4 and 35)
which suggests association with-Géaring and clay minerals. There is no clear mode of
occurrence of chromium in coal (Swaine, 19%0hkelman (1994) expect chromium to either
be associatedith the organic matter ino@al or with the clays in coaGluskoterand Lindahl
(1973 classify chromium as an intermediate mineral, which implies it is neither strongly
associated with the organic or inorganic material. Most coals have concentratbrenaium

in the rangef 0.560 ppm (Swaine, 1990).

i) Zinc

Zinc has a moderate positive correlation with Fi®@l-03 and CpOs which indicates its
association with Fbearing and clay minerals (Appendj. There is a relationship between
zinc and chrenium illustrated by trends shown on Figurd3 The common mineral that is
dominated byinc is sphalerite, which is relatively common in coal (e.g. Swaine, 1990; Hower
et al, 20QL; Dai et al, 2008). It is also sometimes associated with pyrite (Finke|rh@95),

clay minerals, particularly illite, and carbonate srals (Spears and Zheng, 1999).
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j) Gallium

Gallium is showing similar trends to chromium amk which suggest a relationship between
these elements (Figureld). Gallium also has a modeeato strong positive correlation with
TiO2, Al2O3 and CpOs which indicate association with -bBearing and clay minerals
(Appendix C) Coal seam No. 3 has higher concentratiogadlium than coal seam No. 2, 4
and 5Nicholls (1968) suggested that Ga lmbkave a mixed organic and an inorganic affinity,
or a strong ayanic affinity (Zubovic, 1966)Gallium is assumed to have a dominant inorganic
affinity in many coals, as it has been regularly shown a positive correlaiibrash 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 ai@ Ahich indicates the association
of Cs with feldspar and clay minerals (Append) Cs has higheconcentrations on the
sandstonesiltstone shale and coal seam No. 4 (Figur&73.

[) Barium

There is a relationship between Ba and Rb illustrated by similar trends on Fgjtr€8al
seam No. 4 has higher concentratiorBaf than coal seam No. 2,ad 5. Ba has a strong
positive correlation with KO, positive correlation with N® and SiQ indicating its
association witlpotassium feldspaminerals (AppendixC).

m) Zirconium

Zirconium and hafnium have a relationship illustrated by similar trendSigure 317 and

their correlation coefficient of 0.99 (Takl&-4 and 35). TiO. 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 oderate positive correlation with £&, MnO, MgO, CaO and®s (Table

3-5) indicating association with carbonate minerals. The high concentration of scandium is
which sandstonesiltstonethat has carbonate mineral (calcite) as a major mineral §aisle

and 35). 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, hence validating theelationship between major and trace elements in
Tables 34 and 35. 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 relatk with sulphides Tables 34 and 35). The presence of these components
downstream of a point source is regarded as harmful. The relationships between these elements

with Al>Oz indicate that they are present in clay minerals.

Significant concentrations dhe trace elements U, Pb, Ce, Y, Nb, and La are also found in
sandstones and siltstones above and below coal seams (Fitg)eTBe majority of these
trace elements have a significant positive connection withy, TEDggesting that their
concentration igoverned by the presence ofHeé-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 witDAIFeOs, and TiQ. The
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relationship betweethese elements suggests their existence in the absorbed components of

clay minerals and FMn hydroxides, as well as the-gitu connection of Ni with sulphides.

The major oxides and trace elements outlined in chapter 3 are the source of some oif¢he mob
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, asZ@y, Cu, Mo, Ni, Pb,

and Zn; and Rb, U, Cr, Ni, Cu, and Ga (Tal#el and 35).

Table3-6: Trace elements associated with minerals in Australian and South African coals (after Dale, 1999, 2003;
Swaine,1990; Palmer 1985; and present study).

Trace elements

. . us South
Mineral Group Mineral Type Australia Australia (Palmer and Africa Goedehoop
(Dale, 1999) (Swaine, 1990) Wandless, (Dale colliery
1985) 2003)
Calcite Ba, Sr,Mn,
Carbonates dolomite, siderite Co. Ni. V, Cr Ba, Mn, St Ca, Mn, Zn Ba, Sc, Sr, V, Zn
As, Cd, Co,
Cu, Zn, Pb, Cu, As, Fe, Hg, As, Cd, Co, As, CE’;SO’ Cu,
Sulphides Pyrite sphalerite As, Se, Cd, Pb, Hg, Mo, Se, Co, Mn, Sb  Cu, Hg, Mo. Ni F;b Se
Hg, Mo Se, Ag, Th, Sb, Zn Mo, Ni, Pb, ' Z’n s
Zn
Be, B, Cr,
Silicates/ llite, feldspars Co, Al, Cs, K, ZBrachfly (L:Jr' 'Il'?hb’
auminosilicates quartz kaolinite, V, Ni, U, Th, Y Na, Rb, Ba, Ca, Se, Cr NEJ 'I"a ’Nb’ Cu’
montmorilonite F, refractory Sr Ga, Zn, Ni. La
elements
: Sb, Se, Hg, Be, B, Cr, Se,
Organt al v
Aluminophosphate Apatite, U, Th, F,CI Sc, Sr
monazite

68|Page



4 MINE DRAINAGE: CASE STUDY GEODEHOOP COLLIERY

This chapter seeks to explain thcessesvolved in metal mobilization and transport. This
would be accomlished by conducting static and kinetic tests of the geochemistry of the source
rocks, as detailed ichapter 3. This chapt@lsoexamines the capacity of lithological units to
generate or neutralize acid, as well as the evidence of metals forming xesiieoughout

time. The boreholes ZFN1510 and 1512 were sampled for static and kineti®igstnot
having enough material for the coal sea@BN1510 was used for ABA testingnd both
boreholesisedfor kinetic test, for all lithologicall n i répes@ntationThe kineticprediction

of the drilled corestrataof source rock from the Goedehoop toal & tithyoldgical units
achievedby thecompletingof static tests and a 34eek kinetic test leaching experiment to
confirm mechanisms involved in tii@ngort of metals to theecievingenvironment. As part

of the government's reaction to MD, the ABA and conventional kinetic methods may be
employed for scientific examination and mining pernpplecations. Thus, legal disputes
between government anddustry 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 IR@Es

coalfields.

4.1 INTRODUCTION

Pollutionas a result oMD can contaminate groundwater and drinking water and harm aquatic
life and habitat. MD happens when sulphimEaring minerals in a rock are exposed to air and
water, oxidizing the sulphide sulphur to sulphuric acid, asels known (Evangelou, 1995;
Evangelou and Zhang, 1995; Hadley and Snow, 1974; Masals 1987; Robertson, 1996).

The metals are dissolved in groundwater and surface water by the acid (Hadley and Snow,
1974). The presence of ferric hydroxide precipgaieres water a reddidbrown to brilliant

orangetype (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 (Donetibd, 1994; Lawrence and
Wang, 1997; Schafer Laboratofgsting 1997; Zhanget al, 2004). The issue impacts the

environment of the receptor realm (Lawrence and Day, 1997; Evangelou, 1995)

MD associated with coal and other sulphicentaining minerain mining operationsyhich is

mostly caused by pyrite oxidatioNID is a significant environmental contamination issue in
the studiedrea It is estimated that the wet cleaning of coal alone ibJtliged 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-geideratingpotentialof rock samples from the
reseach area In order to achieve the goal, the samples were exposed tgeaedating and
total acidneutralizing potential tests, and their potential was determined using Tdble 4
(Zhao, 2012).

According to Zhao (2012), acitlhse accounting is a screenteghnique in which the acid
neutralizing and acigenerating potentials of rock samples are evaluated and the difference in

Net Neutralization Potential (NNP) is computed.
Relevant experts (e.iller, 1998; Price and Errington, 1995; Brady al, 1994 Steffen,

Robertson and Kirsten, 1991) have produced rules and recommendations for ABA procedures,

which have been provided by Uslatral. (2003) and used in this work.
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4.2.1 Screening criteria

Price and Errington (1995), Morin and Hutt (1994), and Ustet (200) provide exhaustive
descriptions of the screening criteria for every type of test. The most crucial factors are as
follows:

"For NNP, if NNP =NPAP is less than zero, the sample has the potential to create acid,
whereas if NNP =NfAP is greaterhian zero, the sample has the potential to neutralize acid."
Specifically, any sample with NN&f -20 may not create acid, but any sample with NNP >

20 may generate acid. There is a clearly defined "grey region" bet@@and 20 kg/t CaCO

due to the natre of static testing and field variability, which makes it dangerous to ascribe
potentially acidgenerating or no@acidgeneréing qualities to such samplesThe

categorization of samples for NPR is governed by the criteria indicated in Fable 4

Table4-1: Provides parameters for ABA screenifajter Priceet al, 199D).

ARD POTENTIAL NPR SCREENING COMMENTS
CRITERIA
Likely <11 Likely AMD generating
Possibly 1:1-2:1 AMD formation if NP is inadequaltereactive or depleted quicker the
sulphides.
Low 2:1-4:1 Not likely AMD-generating unless considerable preferential expo:

of sulphides along fracture planes, or highly reactive sulphide
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 corevas selected as a guide for ABA testing. The samples
were testednaterial producindAMD was evaluated utilizinghe NPR vs. Sulphur (Figure 4

1), NNP vs. paste pH (Figure?), and AP vs. NP correlations (Figure3yt Table 42
demonstrates the ABA's findings.
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4.2.2.1 Coal seams

The NPR against S in Figurelddefines 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&6.3Mpén

the acid potential is greater than the neutralising potential, the features-geaeidting 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, g®lm 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 amouwftkaolinite, quartz, siderite, and calcite. These minerals possess

a strong neutralizing capacity. Utilizing the NPR against Sowfhe coal seams numbered 4,

3, and 2 have an extremely high possibility of producing acid. The coalNeabimas 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 neus&tion materials. NPR vs S $4.connection
indicates coal seaNo. 5 as having acid potential under canta@onditions (Figure 4),
however the NNP versus paste pH correlations classify coal seam number 5 as being just
beyond theregion of uncertainty (Figure 2). In Figure 41, the NNP vs Paste pH plot
classifies coal seams 4, 3, and 2 according to thertanty range. The AP vs NP classifies

coal seams 4, 3, and 2 as having a high chance of acid production. The NNP ¢értlvedht

seams falls within the negative range, indicating ambiguity over thelgacidrating capacity.

In Figure 42, the NP vesus AP categorize coal se&tn. 5 according to the uncertainty range.
The mineral composition of coal seddo. 5 is as follows: 21% pyrite, 46% kaolinite, 5%
mica, 9% quartz, 10% dolomite, and 9% calcite. Noe 5 coal seam is characterized as a
lithological unit that canproduceacid underfavourableconditions, 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 to Figue 43). 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, Kplagioclase, plagioclase, quartz, and mica, while the unit below the
dolerite has 9% dolomite,-Klagioclase, 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 NNPsagaweight. 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 skabbove 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 dat have a fizz rating (access to carbonates) and XRD examination
reveals no calcite. In th@cksaboveof seam 5, sample M33 is mostly comprised of quartz,
plagioclase potassium feldspamica, kaolinite, and interstratified illite/smectite (I/S), with

trace amounts of carbonate minerals, anatase, and siderite, as determined by XRD. Under
polarised lightthe recognized minerals are partially decomposed pyrite; enased polar

the observed minerals include swdunded quartz, mica minerals changitgg 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 (Z3blEhése are
examples of sandstones and sandstones graddtstong 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 conditionshelithological layers between coal seddo. 2 and coal seamNo.
4 are also classed as having the capacity to generate acid. NPR vs S wt.% categorize the bulk
of this lithological units samples outside the uncertairipge with less than four samples

falling inside theange(Figure 41). The bulk of samples have an extremely low likelihood of
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producing acid. The paste pH agaif§iP classifiescoal seamdNo. 2 to 5 within the
uncertaintyrange(Figure 42). Some geological unit samples above coal sHanb, above
coal seaniNo. 4, and a couple above coal seldm 2 and below coal seaho. 2 map beyond
the uncertaintyange The bulk of samples are inside ttamgeof uncertainty. The AP versus
NP categorization reveathat coal seams 2, 3, and 4 akely toproduceacid while coal seam
No.5 may generatdMD if NP is insufficiently reactive or is depleted at a quicker pace than
sulphideqgFigure 43).
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Figure4-1: Acid base accounting static tesefassessments using NPR vdhurcontent in weight %
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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 exemplifiedthy interaction between
silicate minerals and acid {H which results in the disintegration of the minerals and the
release of metal cations and siliPatassiunfeldspar hydrolyzes to generate kaolinite or illite
plus silicic acid, whereas plagiocla$¢a] feldspar hydrolyzes to produce kaolinite or smectite
plus silicic acidThe lithologicalunitsabove coal seafdo. 5 include up to 20% kaolinite and

up to 3% chlorite, however thighological unit of coal seanNo. 5 and below contain
negligible amours or none of these minerals. The most prevalent alteration type in the layers
above coal searNo. 5 is kaolinite, indicating the presence of hydrolysis procesgkigh

would be tested during kinetic modeling
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Table4-2: The ABA findings for samples frommoreholeZFN1510, along with their interpretation.

Sample  Fizz

ID Rating
1 None
2 None
3 None
4 None
5 None
6 None
7 None
8 strong
9 None
10 None
11 None
12 strong
13 None
14 None
15 None
16 None
17 None
18 None
19 None
20 None
21 None
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Total

Sulphur

%

0.01

0.01

0.01
0.01
0.01

0.01
0.04

0.11

0.02
0.02
0.05

0.02

0.01
0.01
0.03
0.01

0.05

0.03
0.04
0.02
0.01

Sample
Weight
@)

N NN

N NDNN

Volume

HCI

added

(ml)

40

40

40
40
40

40
40

80

40
40
40

80

40
40
40
40

40

40
40
40
40

HCI

Normality

(N)

0.1

0.1

0.1
0.1
0.1

0.1
0.1

0.5

0.1
0.1
0.1

0.5

0.1
0.1
0.1
0.1

0.1

0.1
0.1
0.1
0.1

Volume
NaOH
added
to pH7
(mL)

41.41

39.91

39.45
38.27
38.06

37.47
36.87

50.06

36.13
32.62
36.61

58.98

35.77
39.3
38.02
40.11

35.93

36.2
36.21
37.06

37.4

ACID BASE ACCOUNTING AND INTERPRETATION

NaOH

Normality

(N)

0.1

0.1

0.1
0.1
0.1

0.1
0.1

0.5

0.1
0.1
0.1

0.5

0.1
0.1
0.1
0.1

0.1

0.1
0.1
01
0.1

Neutralization

Potential

-3.525

0.225

1.375
4.325
4.85

6.325
7.825

374.25

9.675
18.45
8.475

262.75

10.575
1.75
4.95

-0.275

10.175

9.5
9.475
7.35
6.5

Acid

Potential

0.3125

0.3125

0.3125
0.3125
0.3125

0.3125
1.25

3.4375

0.625
0.625
1.5625

0.625

0.3125
0.3125
0.9375
0.3125

1.5625

0.9375
125
0.625
0.3125

Net
Neutralization

Potential

-3.8375

-0.0875

1.0625
4.0125
4.5375

6.0125
6.575

370.8125

9.05
17.825
6.9125

262.125

10.2625
1.4375
4.0125
-0.5875

8.6125

8.5625
8.225
6.725

6.1875

Paste
pH

7.55

8.19

8.63
8.62
7.85

8.74
9.52

9.46

8.74
8.8
8.87

9.28

9.34
9.37
9.24
9.52

8.47

8.5
8.59
8.52
8.11

Paste
EC

uS/cm

72.4

52.1

45.1
34.9
41.9

80.4
84.9

135

129.1
252
241

140.6

152.8
103.4
146.5
104.6

142

154.7
171.9
202
195.6

NPR

-11.28

0.72

4.4
13.84
15.52

20.24
6.26

108.8727

15.48
29.52
5.424

420.4

33.84
5.6
5.28
-0.88

6.512

10.13333
7.58
11.76
20.8

NPR

Interpretation

No Acid Potential

Likely Acid
Generator
No Acid Potential

No Acid Potential
No Acid Potential

No Acid Potential

No Acid Potential

No Acid Potential

No Acid Potential
No Acid Potential

No Acid Potential

No Acid Potential

No Acid Potential
No Acid Potential
No Acid Potential
Likely Acid
Generator
No Acid Potential

No Acid Potential
No Acid Potential
No Acid Potential

No Acid Potential

Net
Neutraliza
tion

Potential

-3.8375

-0.0875

1.065
4.0125
4.5375

6.0125
6.575

370.8125

9.05
17.825
6.9125

262.125

10.2625
1.4375
4.0125

-0.5875

8.6125

8.5625
8.225
6.725

6.1875

NNP

Interpretation

Uncertain

Uncertain

Uncertain
Uncertain

Uncertain

Uncertain

Uncertain

Probably
excess of
neutralization
material
Uncertain

Uncertain

Uncertain

Probably
excess of
neutralization
material

Uncertain
Uncertain
Uncertain

Uncertain

Uncertain

Uncertain
Uncertain
Uncertain

Uncertain

Lithology
(Anglo
Coal Mine)

Sandstone/

Siltstone

Siltstone

Sandstone/

Siltstone

Shale

Sandstone

Sandstone/

Siltstone

Sample

no

10
11

12

13
14
15
16

17

18
19
20
21

BOREHOLE ZFN1510

Depth of the
sample
Top Bottom
(Meter) = (Meter)

6.46 6.76
8.37 8.67
9.7 10
10.52 10.82
11.2 115
12.53 12.83
15.73 16.03
16.45 16.56
16.56 16.76
16.76 16.97
17.7 18
18.65 18.95
21.3 21.6
23 233
29 29.3
33 333
37.7 38
39 39.3
40 40.3
41.21 41.51
42 42.3

Length
of the

sample

Meter

0.3

0.3

0.3
0.3
0.3

0.3
0.3

0.11

0.2
0.21
0.3

0.3

0.3
0.3
0.3
0.3

0.3

0.3
0.3
0.3
0.3

Depth
(m)

5.940-
11.250

11.250-
15.710

15.710-
17.100

17.100-
18.620
18.620-
34.000

34.000-
42.620

Lithology

Sandstone/

Siltstone

Siltstone

Sandstone/

Siltstone

Shale

Sandstone

Sandstone/

Siltstone



22 weak

23 strong
24 strong
25 None
26 strong
27 None
28 None
29 strong
30 strong
31 strong
32 None
33 weak
34 None
35 None
36 strong
37 None
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0.01

0.01

0.01

0.01
0.01

0.04
0.11

0.02

0.02

0.05

0.02

0.01

0.01
0.03

0.01

0.05

40

80

80

40
80

40
40

80

80

80

40

40

40
40

80

40

0.1

0.5

0.5

0.1
0.5

0.1
0.1

0.5

0.5

0.5

0.1

0.1

0.1
0.1

0.5

0.1

24.11

57.11

72.09

36.84
76.07

36.96
35.4

71.69

65.53

71.31

34.36

25.91

36.13
31.11

55.65

27.44

0.1

0.5

0.5

0.1
0.5

0.1
0.1

0.5

0.5

0.5

0.1

0.1

0.1
0.1

0.5

0.1

39.725

286.125

98.875

7.9
49.125

7.6
11.5

103.875

180.875

108.625

141

35.225

9.675
22.225

304.375

314

0.3125

0.3125

0.3125

0.3125
0.3125

1.25
3.4375

0.625

0.625

1.5625

0.625

0.3125

0.3125
0.9375

0.3125

1.5625

39.4125

285.8125

98.5625

7.5875
48.8125

6.35
8.0625

103.25

180.25

107.0625

13.475

34.9125

9.3625
21.2875

304.0625

29.8375

9.29

9.72

9.88

9.52

9.28
8.43

10.05

9.94

10.02

9.65

10.06

8.7
7.49

8.6

7.96

161.5

653

306

357
422

396
391

362

563

177.1

135.3

338

212
563

737

552

127.12

915.6

316.4

25.28
157.2

6.08
3.345455

166.2

289.4

69.52

22.56

112.72

30.96
23.70667

974

20.096

No Acid Potential

No Acid Potential

No Acid Potential

No Acid Potential
No Acid Potential

No Acid Potential

No Acid Potential

No Acid Potential

No Acid Potential

No Acid Pdential

No Acid Potential

No Acid Potential

No Acid Potential

No Acid Potential

No Acid Potential

No Acid Potential

39.4125

285.8125

98.5625

7.5875
48.8125

6.35
8.0625

103.25

180.25

107.0625

13.475

34.9125

9.3625
21.2875

304.0625

29.8375

Probably
excess of
neutralization
material
Probdly
excess of
neutralization
material
Probably
excess of
neutralization
material

Uncertain

Probably
excess of
neutalization
material

Uncertain

Uncertan

Probably
excess of
neutralization
material
Probably
excess of
neutralization
material
Probably
excess of
neutralization
material

Uncertain

Probably
excess of
neutralization
material
Uncertain
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4.3 HUMIDITY CELL LEACH TESTS

4.3.1 Background

The lithological units samplediave been classified agsotentially acidgenerating,
potentially noracid-generating and uncertaipased on the results of the static ABA tests
performed in the previous sectiofhe samples where the potential for acid generagion
uncertainwere subjected to kinetic tests in an effoftidentifying acid generation
characteristichy simulating environmental conditions for rock drain@gecess A total

of 27 samples, labeled BH1 through BH27, were chosen to represent tlyFagiratiof
the Geodehoopoalfield, which dominates tHROCgeology.The samples were tested for

31 consecutive weeks

Kinetic is used to define a set of test techniques in which theganetatiorproperties of

a sample are quantified in relation to éinfMiller, 1998; Chemex Laboratory, 1997).
Multiple types of recorded kinetic testing can vary in complexity, time, expense, and sorts
of data that can be gathered (Uséeal, 2003).

In this work, the kinetic test is utilized to estimate the relatesr of acigproductionand
neutralization, the time to ARD start, drainage chemistry, and the consequent downstream
metalloading for each of the likely geochemical circumstances. The relative rates of acid
production and neutralization will help determii the sample material wiiroduceacid

over time.

4.3.2 Methodology

4.3.2.1 Sampling

A total of 27 samples labeled BH1 through BHEZVable 43), representing the
stratigraphic units of thdROC, were analyzed for thirtpne consecutive weeks to

determine the ratef acid production.

8l|Page



Table4-3: The table indicating the 27 samples for the kinetic test.

BOREHOLE LAYER LITHO- TYPE LAB ID
SAMPLED

ZFN1510 (27) Sandstone/Siltstone BH1
ZFN 1510 (812) Shale BH2
ZFN 1510 (1221) Sandstone BH3
ZFN 1510 (27 & 28 &29) Shale BH4
ZFN 1510 (3134) Sandstone/Siltstone BH5
ZFN 1510 (36, 37, 39) Sandstone/Siltstone BH6
ZFN 1510 (4952) Sandstone/Shale BH7
ZFN 1510 (5760) SandstonediltstonéShale BH8
ZFN 1510 (6264) 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 (16) Sandstone/Siltstone BH14
ZFN 1512 (1615) [2184] Sandstone BH15
ZFN 1512 (1625) Sandstone/Siltstone BH16
ZFN 1512 (2730) [1158] Sandstone BH17
ZFN 1512 (3234) 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 (4247) [1166] Sandstone/Ste BH22
ZFN 1512 (5052) [1123] Sandstone BH23
ZFN 1510 (53) Coal seam no. 3 BH24
ZFN 1512 (5557) [2102] Dwyka tillite BH25
ZFN 1510 (5456) Shale/Sandstone BH26
ZFN 1510 (61) Coal seam no. 2 BH27

4.3.2.2 Humidity cell (IGS)

The humidity cells leac{HCL) test was done at the latatory of the Institute of
Groundwater Studies (IGS) at the University of the Free State (UFS) according to the
American Society for Testing and Materig@/SSTM) protocol. Usheeet al. (2003 and
Zhaoet al. (2010)provided a compehensive description of tH¢CL analytical process.

The purpose of kinetic testing is to simulate the physicochemical processes of weathering,
often at a spedp rate. These tests need additional time and are significantly more costly
than static testingUsheret 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 séwigy (Figure 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 waesated 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."

Water In%} % Ajr Qut

[; I ;] WALUE

SAMPLE

L : : SUFPORT GRID
) ‘,p/ WALVE
—
Dry Air &
Hurmnid Air In
WALVE

v

Leachate Cut

Figure4-4: Generic schematic layout for therangement of a humidity cell leach (Mills, 1998), as well as
an HCL test at the IGS University of the Free State.

The ASTM pocedure stipulates a minimum test time of 20 weeks, although étrale
(1997b) suggest a minimum duration of 40 weeks. Tm¥iacing 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, heereit is clear that théhe system was stabilized

the fouth weekOther nations, such as Canada, have demonstrated that the experiment may
be conducted for longer than two years (104 weeks) Mil998).
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4.3.3 Results

The summary statistics of pH, ERalk (total alkalinity), and 25 elements are represented

in Figures 45, 46, 47, and 48 for pH, EC, Malk, and S§, respectively, and are briefly
discussed here, with the remainder presented in Appendix F. Appendix E depicts the
correlation matrix of pl, EC, and 25 elements for all the samples from BH1 to BHR&.
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, (199¥

4.3.3.1 Leachate quality

In the assessment of tigd-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 tortiean value of 7.64, indicates that the
data are distributed symmetricalltherefore suggesting a no to minimal change of pH
during the experimental perio@the sampleshow to havea neutral pH, while pH of less

than 6was recorded 20 times during the exmental periodAdditionally, the highest pH
values above 8.76 cannot thscountedn the data. Compared to the South African water
quality recommendations (DWAF, 1996), the pH range wheralbhedanbf metals are

in solution is typically between 4.@nd 6.0. According to South African water quality
recommendations (DWAF, 1996), the increased pH has no major impact on human health

due to nortoxicity.

Electrical conductivity of all leachates ranges from a minimum of 2.79 mS/m to a mean of
12.8 mS/m (Fyure 46). The median value is smaller than the mean value of 21.9 mS/m,
indicating an asymmetrical (legormal) 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 eartlkali elements are favorably skewed, the bivarglements

(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 47). The median value is lower than the mean value, which mmdlR. Calcium
concentrations are widely dispersed and positively sgetved. 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 hleaagymmetrical

data distribution is positively righgkewed.

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 th 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 BH)9Coal seam 4 (BH11 and BH21), Coal seam 3 (BH12 and BH24),
and Coal seam 2. (BH 13 and BH27).

There are substantial relationships between®Sd the anions in all coal seams; the
cations include Fe, Mn, Ba, B, Se, Sr, and Zn (Appendix E). The caal samber 5
exhibits S@* leachate values ranging between a minimum of 14.5 mg/L to a high of 842
mg/L for the BH19 sample (Figure-8). The coal seam number 4 showed minimum
leachate S@& concentrations of 100.4 mg/L and highest values of 1810.6 mg4afople
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 leach&te8@es

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 lowesuS@oncentrations 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 SQ? 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 seanumber 2 (BH7) reveal strong correlations of leachatg SO
values with the anions and cations comparable to the coal geological units (Appendix E).
The SQ? leachate concentrations for sample BH 4 range from a minimum of 2.3 mg/L to

a high of 129.3 md/. 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 SQ? leachate of the geological unébove 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?Séncentrations. The designations for
these units are BH1, BH2HB, BH14, BH15, BH16, and BH18. The samples exhibit?’SO
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.rfjale 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 aimaxn of 25.5 mg/L.
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Graphical Summary for pH
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Figure4-5: Presents a graphical representation of the pH results of the humidity cell led¢hirepkexperiments.

Graphical Summary for EC
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Figure 4-6: Shows agraphical representation of the $Q(mg/L) concentrations in the leachate of the

humidity cell leact81 weektests.
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Graphical Summary for MAIK
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Figure4-7: Graphical summary statistics of leachate Alkalinity values of the huymieit leach31 week
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Figure4-8: Graphical summary statistics of leach&®? (mg/L) concentrations of the humidity cell leach

31 weektests
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4.3.3.2 Acid production lithological units

4.3.3.2.1Coal seam numbes

BH10 and BH19 samples represented coal seam Nrgdre 49 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 concentriasiolphate

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 evekkf31. The
precipitation of this species over the®gek experiment may have reduced the cation and
anion concentrations in the leachate (Figu® .4Barite, anhydrite, celestite, Cdgsénd
gypsum, which are the predominant sulphate minerals in eaais have been recorded

in the literature (Mat§seket al, 2014). According to Mafgeket al. (2014), gypsum is
typically found on the surface of coal as small, colorless to whitish, rheshhjged
crystals with a distinct striation that are sometimé&mngated or needikke with a
maximum length of 0.2 mm, and the dissolution of gypsum crystals along the cleavage
planes is frequently observed. As shown in Figu® #he drop in anions and sulfate
concentrations over the first10 weeks can be attritable to the cgrecipitation of

different sulfate minerals.

4.3.3.2.2Rock units between C5 and C4 (Sandstone)

Figure 410 depicts the geological units as shales and sandstones labeled BH4 and BH20.
The experiment indicates that stability developed during tiite mieek of the study. BH4's

initial sulphate concentrations 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 concentratiorsolphate 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 3fdg/L and remain steady between 10 mg/L and 30

mg/L.
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As mentioned in chapter 4, the rogkit 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 reactesler the experiment's Wweek duration. In the absence of

sulphate, the Na concentration remained quite high 18 weeks after sulphate depletion.
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Figure4-9: The Humidity leach test indicatingetal release rate &%, EC, Ca, Mg, Na and K per week
for BH10 and BH19.
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Figure4-10: The Humidity leach test indicatirfgr SO,%, EC, Ca, Mg, Na and K per week of BH4 and BH20.
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4.3.3.2.3Coal seam numbet

Figure 411 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 Asehis 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, dlghate levels
decreased substantially to less than 200 mg/L. This may reflect the sulphate availability in
the leachate for further reactions.|€am in the leachatevasat a low concentration in
BH11 but at a high concentration relative to Mg, K, andBH21 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 gendviideunder favorable conditions
include coal seam No.rgpresented by BH12 aidH24 (Figure 412), rock units between
C3 and C2 (shale/sandstone) represented by BH17 and 26 (F@)8)yebtlow coal seam
No. 3 (Figure 414), and coal seam No. 2 represented by BH13 (Figli® 4
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Figure4-11: The Humidity leach test indicating metal release rat8@#f (mg/L), EC (mS/m), Cartig/L),
Mg (mg/L), Na (ng/L) and K (ng/L) per week of BH11 and BH2fbr coal seam No .4
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Figure4-12: The Humidity leach test indicating metal release rat8@#f (mg/L), EC (mS/m), Cartig/L),
Mg (mg/L), Na (ng/L) and K fng/L) per week of BH12 and BH2#4r coal seam No..3
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Figure4-13: The Humidity leach test indicating metal release rat8@#f (mg/L), EC (mS/m), Cartig/L),
Mg (mg/L), Na (mg/L) and K fng/L) per week of BH7 and BH2®ck units between coal seam No. 3 and 2
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Figure4-14: The Humidity leach test indicating metal release rat8@#f (mg/L), EC (mS/m), Cartig/L),
Mg (mg/L), Na (ng/L) and K fng/L) per week of BH6 and BH23 for rock units below coal seam No. 3.
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Figure4-15: The Humidity leach test indicating metal release rat8@f (mg/L), EC (mS/m), Carig/L),
Mg (mg/L), Na (mg/L) and K (ng/L) per week of BH13 and BH2fér coal seam No..2

4.3.3.3 Non-acid generation lithological units

4.3.3.3.1Rock units above C5 (Sandat/siltstone, Dolerite)

The overburden rock units above coal sé&&m5 show early sulphate values of around 15
mg/L on BH1, 32 mg/L on BH2, and approximately 35 mg/L on BH3 in we@kdures

4-16 and 418). During the first three weeks of the experitnéme metal concentrations in

the latter boreholes decreased dramatically since there was little sulphide to react with and

the majority of S@ was depleted from the system in week one.

98| Page



From week 2 to week 31, the Na and electrical conductivity (EGE we&able 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 tleemples. 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 33_rtw/around 12 mg/L and 17

mg/L, respectively. There is evidence that precipitates or precipitation processes have
occurred, eliminating S£&& and metals from the system. The basement rocks of the Dwyka

tillites, seen in Figure-48, likewise have a neadd-generating potential.
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Figure4-16: The Humidity leach test indicating metal release rat8@f (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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Figure4-17: The Humidity leach test indicating metal release rat8@f (mg/L), EC (mS/m), Carg/L),
Mg (mg/L), Na (mg/L) and K fng/L) per week of BH2 and BH3.
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Figure4-18 The Humidity leach test indicating metal release rat8@#f (mg/L), EC (mS/m), Cartig/L),
Mg (mg/L), Na (ng/L) and K fng/L) per week of BH8 and BH9.
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4.4 DISCUSSION AND CONCLUSIONS

4.4.1 General doservation

Samples of coal sealo. 5, rock units bet@en C5 and C4 (sandstone), coal séam,

rock units between C3 and C2 (shale/sandstone), and coalNseg&hproduce acid over

time (pH values in Appendix E). This is characterized by the presence of high sulphate
concentrations, which have been meaguae high as 1,810.6 mg/L on the coal seams’
singleleachateanalysis 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, andgviAs described in chapter 3, the significant association

of SO 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 he coal seams produce acid throughout time. By use of ABA analysis,
these geological strata were categorized as belonging to the uncesmag#y hey contain

SQO% concentrations comparable to those of coal seams. It is also essential to notice that
thelatter 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 predontoamtrence

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 notraces 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 ands50They have a substantial association with

alkalinity as well.

Theleachate has a minimum pH of 5.12 and a maximum pH of 9.66; therefore, the water
cangenerallybe classified as circumneutral. Alkaline waters, which are produced when
acidic mine waters are buffered by carbonate minerals such as calcite and magnesium, hav

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. Sulfétestier
precipitate as gypsum or adsorb onto metal hydroxides. The type of water is referred to as
“circumneutral mine waters (CMW)" by Banls al. (1997) and Madzivire (2009). It
contains less S@ than acid mine water and has a pH of approximately &he
concentration of toxic metals is close to or below the acceptable effluents limit, but the
water still contains a significant amount of £0Ca, Mg, and Mn. This sort of untreated
mine water wreaks havoc on the ecology, hence it is best ndetseedt into the local
receptor zone (Petrigt al, 2003; Bank®t al, 1997).

The properties of the leachate reveal that?’Skas a high correlation with anions and
cations in coal seams (Appendix F). It suggests that the coal leachate in the Witbank
coalfields is a majocontributorof metals to the receptor realm. The coal mines in the
Mpumalanga province generate acidic @kbr circumneutral (pl-7) mine fluids (Petrik

et al, 2003; Banket al, 1997). As in the Witbankaalfield, the acidic natre (pH values

in Appendix G) of the leachate causess5@nd toxic metals to dissolve in the leachate,
contaminating the downstream water or environment (Petréd, 2003).Due to buffer
material availability in this experiment, the leachate quaétpains 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 (Sl) calculated3®ochens t Vloskbench(GWB), the
species found to beupesaturatedr under saturateare summarized in Table44and 4

5. It is important to note that at this initial assessm®8hipredicts minerals for the
lithological unit The Sl also demonstrates prediction of aninteraction mechanisms
betweenwaterandrock units For control, themineral saturation calculated from PhreeqC
is also presented iRigures 420to 4-22. The Sl wascalculated from the total cumulative
leachate concentratiofsr 31 weekf theHCL test of the sampléBH1-27.

The minerals species that are predictedetsupersaturated for coal seams and units above
and below aredrite, anhydrite, celestine, gypsum ditdediteas indicated by ables4-4
and4-5. Epsom(MgSQs- 7H0) and mirabalitelaeSQs- 10H:0) salts are also recorded as
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supersaturated in BH13 for cadam no. 2, with bloeditdNeeMg(SQy)2-4H20) reaching
equilibrium with 0.0057 SI. Barite (BaSOs the most common species predicted to form
in all coal seams (Tables#and 45). Barium mineral is stable up to the pH of 13.5 where
it forms BaOH, howeve barite is formed on the both oxidising at higher reducing
conditions(Figure 419). The highest Sl of barite of more than 4 is recorded on BH10, 11,
19, 21, 24 and 27, with the highest of 19 on BH11 (Tableahd 45). Gypsum and
anhydrite CaSQ) are #&o formed at oxidising conditions on stability diagrams, with
portlandite Ca(OH)) forming at higher pH of more than 12 (Figurd9. Gypsum and
anhydrite recorded in all coal seams with S| of above 2 in BH10, 11, 12, 13, 19 (#able 4
and 45).

The mneral species that are predicted to be supersaturated in the units above and below the
coal seams is represented in Tab¥e. BassaniteGaSQ- 1/2H0) species these rocks is
common in addition to the sulphate species formed in the coal sEaensuperaturation

of basanitas 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 (Fep®INnSOQsand Ab(SQy)3 (Table 44 and 45). These
species can be formed when the conditions progress to rec@uncrige pH progress acidic
(Figure 419).
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Table4-4: Saturation indices (Sl) results for mineradgiction for coal seams using GWB.

Sample ID BH10
Lithology Coal seam no. 5
Min. Sl

Barite 4.6621

Quartz 3.7363

Tridymite 3.5705

Chalcedony 3.4651

Cristobalite 3.1858

Gypsum 2.6314

Anhydrite 2.4533

Amrph”silica 2.4506

Celestite 2.3729

Bassanite 1.8244

CaSQ.1/2H,O(beta) 1.6558
2

= Mirabilite -0.5520
8
c

8 Epsomite -0.6411
©

K Boric -0.7965
o

g Hexahydrite -0.8778

E Pentahydrite -1.2186
[S]

5 Thenardite -1.4074
%
o

; Leonhardtite -1.6071
L

g Melanterite -1.7422
<

g Bloedite -1.8337
o

Kieserite -2.3438

Arcanite -3.0723

FeSQ(c) -6.7572

MnSQy(c) -7.3522

MgSQs(c) -7.4754
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BH11

Coal seam no. 4

Min.
Bloedite
Barite
Quartz
Tridymite
Chalcedony
Gypsum
Cristobalite
Anhydrite

Celestite

Bassanite

Amrph”silica

CaSQ.1/2H0(bet)

Mirabilite
Epsomite
Hexahydrite
Melanterite

Thenardite

Pentahydrite
Leonhardtite
Boric

Kieserite

Arcanite

FeSQ(c)

MnSQy(c)

MgSQy(c)

Sl
29.8759
19.5979
18.6566
18.4908
18.3854
18.2210
18.1061
18.0429
17.%95

17.4140

17.3709

17.2454

15.4686
15.0479
14.8112
14.8100
14.6132

14.4704
14.0819
14.0097
13.3452

12.8091
9.7950

8.2371

8.2136

BH12

Coal seam no. 3

Min.
Quartz
Tridymite
Chalcedony
Cristobalite
Amrph”silica
Gypsum
Anhydrite

Bassanite

CaSQ.1/2H0(beta)

Mirabilite

Boric

Epsomite

Thenardite
Hexahydrite
Melanterite
Pentahydrite

Leonhadtite

Kieserite
Arcanite
Bloedite

FeS04(c)

MgSQy(c)
Alx(SQy)3.6H:0

Al2(SQy)3

Sl
3.2727
3.1069
3.0015
2.7222
1.9870
0.7279
0.5498
-0.0791
-0.2477

-1.5492

-1.6907

-2.3618

-2.4046
-2.5985
-2.8149
-2.9393
-3.3278

-4.0645
-4.1390
-4.5516
-7.8299

-9.1961
-15.5456

-33.0067

BH13

Coal seam no. 2

Min. SI
Quartz 4.1962
Tridymite 4.0304
Chalcedony 3.9250
Cristobalite 3.6457
Gypsum 3.2747
Celestite 3.1176
Anhydrite 3.0966
Amrph”silica 2.9105
Bassanite 2.4677
CaSQ.1/2HO(beta)  2.2991
Mirabilite 0.4171
Epsomite 0.2292
Bloedite 0.0057
Hexahydrite -0.0075
Pentahydrite -0.3483
Thenardite -0.4383
Boric -0.5454
Leonhardtite -0.7368
Melanterite -1.1042
Kieserite -1.4735
Arcanite -1.9200
FeSQ(c) -6.1192
MgSQu(c) -6.6051
MnSQu(c) -6.9509
Al2(SQy)3.6H0 -17.3300
Al2(SOy)3 -34.7911

BH19

Coal seam no. 5

Min.
Barite
Quartz
Tridymite
Chalcedony
Cristobalite
Gypsum
Celestite
Anhydrite

Amrph”silica

Bassanite

CaSQ.1/2H0(beta)

Melanterite

Epsomite
Mirabilite
Hexahydrite
Boric

Pentahydrite

Thenardite
Leonhardtite
Bloedite

Kieserite

Arcanite

FeSQ(c)

MnSQy(c)

MgSQu(c)

Sl
4.6902
3.7127
3.5469
3.4415
3.1622
2.6879
2.5984
2.5098
2.4270

1.8809

1.7123

-0.3297

-0.4247
-0.4565
-0.6614
-0.9275
-1.0022

-1.3119
-1.3907
-1.5217
-2.1274

-2.7123

-5.3447

-7.0724

-7.2590

BH21

Coal seam no. 4

Min.
Barite
Quartz
Tridymite
Chalcedony
Cristobalite
Amrph”silica
Gypsum
Anhydrite

Bassanite

CaSQ.1/2H0(beta)

Mirabilite

Thenardite

Epsomite
Boric
Hexahydrite
Pentahydrite

Bloedite

Leonhardtite
Arcanite
Melanterite

Kieserite

FeSQ(c)
MgSQu(c)

Al2(SQy)3.6H.0

Al2(SQy)3

Sl
4.4311
3.5860
3.4202
3.3148
3.0355
2.3003
1.7648
1.5867
0.9578

0.7892

-0.2434

-1.0988

-1.1311
-1.2631
-1.3678
-1.7086
-2.0151

-2.0971
-2.6219
-2.8168
-2.8338

-7.8318
-7.9654

-16.3006

-33.7617

BH24

Coal seam no. 3

Min. SI
Barite 4.0676
Quartz 3.3235

Tridymite 3.1577
Chalcedony 3.0523
Cristobalite 2.7730

Amrph”silica 2.0378
Gypsum 1.3200

Celestite 1.1872

Anhydrite 1.1419

Bassanite 0.5130

CaSQ.1/2HO(beta)  0.3444

Mirabilite -1.1814

Epsomite -1.2776

Boric -1.4858

Hexahydrite -1.5143
Pentahydrite -1.8551

Thenardite -2.0368
Leonhardtite -2.2436
Melanterite -2.9799

Kieserite -2.9803

Bloedite -3.0995

Arcanite -3.4396

FeSQ(c) -7.9949

MgSQu(c) -8.1119

Al2(SQy)3.6H0 -16.1635

BH27

Coal seam no. 2

Min. SI
Barite 4.6147
Quartz 3.4718

Tridymite 3.3060
Chalcedony 3.2006
Cristobalite 2.9213

Amrph”silica 2.1861
Celestite 1.6928
Gypsum 1.5107
Anhydrite 1.3326
Bassanite 0.7037
CaSQ.1/2HO(beta)  0.5351
MgSeQ -0.3703

Mirabilite -1.1529

Epsomite -1.2077

Boric -1.3054

Hexahydrite -1.4444
MgSeO376H20 -1.6963
Pentalydrite -1.7852
Thenardite -2.0083
Leonhardtite -2.1737
CaSeQ.2H.0 -2.3570
SrSeQ -2.6741
BaSeQ -2.8028
Kieserite -2.9104
Bloedite -3.0013

Melanterite -3.3052

Arcanite -3.4808

MgSQu(c) -8.0420

FeSQ(c) -8.3202

Al2(SQ)3.6H20 -16.8314
Al2(SOy)3 -34.2925



Sample
ID

Lithology

Geochemical workbench mineral prediction reslts

Table4-5: Saturation indices (SI) results for mineral predictiondibove and below units ebal seams usinGWB.

BH5

Sandstone/Siltstone

Min.
Quartz
Tridymite
Chalcedony
Cristobalite
Amrphsilica
Celestite
Gypsum
Anhydrite

Bassanite

CaSQ.1/2H0(beta)

Mirabilite

MgSeQ
Boric
Thenardite

Melanterite
MgSeQ.cH:0

Epsomite

CaSeQ.2H.0

Hexahydrite
Pentahydrite

SrSeQ
Arcanite

Leonhardtite

Bloedite

Kieserite

FeSQ(c)

MgSQy(c)

Al2(SQ)3.6H0

Alx(SQy)?
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Sl
3.3983
3.2325
3.1271
2.8478
2.1126
0.2930
0.2873
0.1092
-0.5197
-0.6883

-0.9545

-1.2046

-1.5953

-1.8099

-2.3091

-2.5306

-2.7144

-2.9080

-2.9511

-3.2919

-34015

-3.5580

-3.6804

-4.3095

-4.4171

-7.3241

-9.5487

-14.9379

-32.399

BH6

Sandstone/Siltstone

Min. Sl
Barite 3.9760
Quartz 3.3898

Tridymite 3.2240
Chalcedony 3.1186
Cristobalite 2.8393
Amrphsilica 2.1041

Gypsum 1.6916

Celestite 1.6497

Anhydrite 1.5135

Bassanite 0.8846

CaSQ.1/2H,0(beta)  0.7160

Mirabilite -
0.5718

Epsomite -
1.0335

Hexahydrite -
1.2702

Thenardite -
1.4272

Boric -
1.4296

Pentahydrite -
1.6110

Leonhardtite -
1.9995

Bloedite -
2.2460

Arcanite -
2.5013

Kieserite -
2.7362

Melanterite -
2.8061

FeSQ(c) -
7.8211

MnSQy(c) -
7.8280

MgSQy(c) -
7.8678

BH7
Sandstone/Shale
Min. Sl

Barite 4.1421
Quartz 3.7180
Tridymite 3.5522
Chalcedony 3.4468
Cristobalite 3.1675
Amrphsilica 2.4323
Gypsum 1.7218
Celestite 1.5634
Anhydrite 1.5437
Bassanite 0.9148
CaSQ.1/2HO(beta)  0.7462
Mirabilite -0.2983
Thenardite -1.1537
Boric -1.1830
Epsomite -1.2089
Hexahydrite -1.4456
Pentahydrite -1.7864
Melanterite -1.8874
MgSeO3 -2.0963
Bloedite -2.1478
Leonhardtite -2.1749
Arcanite -2.5474
Kieserite -2.9116
MgSeQ.6H0 -3.4223
MnSeQ -3.4606
CaSeQ@.2H0 -3.8708
ZnSeQ.H:0 -4.1816
MnSeQ.2H0 -4.3959
SrSeQ -4.5283
BaSeQ -5.0002
FeSd(c) -6.9024
MnSO*(c) -7.6446
MgSO#(c) -8.0432

Alx(SQ:)%.6H0 -
15.8640

Alx(SQy)® -
33.3251

BH8

Sandstone/Siltstone/Shale

Min.
Barite
Quartz
Tridymite
Chalcedony
Cristobalite
Amrphsilica
Gypsum
Celestite
Anhydrite

Bassanite

CaSQ.1/2H0(beta)

Mirabilite
MgSeQ
Boric

Thenardite

MnSeQ

Melanterite

MgSeQ.6H.0

Epsomite
Hexahydrite

MnSeQ.2H;0

CaSeQ.2H,0

Pentahydrite

BaSeQ

Leonhardtite

SrSeQ

Arcanite

Kieserite

Bloedite
FeSQ(c)
MnSQu(c)
MgSQu(c)

Al2(SQ)2.6H0

Alx(SQu)®

Sl
3.8125
3.2672
3.1014
2.9960
2.7167
1.9815
0.3356
0.2737
0.1575
-0.4714

-0.6400

-1.1000
-1.1450
-1.6525

-1.9554
-1.9565

-2.0288

-2.4710

-2.4943
-2.7310

-2.8918
-3.0202

-3.0718

-3.0931

-3.4603

-3.5814

-3.6007

-4.1970

-4.2349

-7.0438
-8.3773
-9.3286

14.4302

31.8913

BH9
Dwyka tillite
Min.
Barite
Quartz
Tridymite
Chalcedony
Cristobalite
Amrphsilica
Gypsum
Anhydrite
Bassanite

CaS0s.1/2H0 (beta)

Mirabilite

Boric
Thenardite
Epsomite

Melanterite

Hexahydrite

Pentahydrite

Arcanite

Leonhardtite
Kieserite

Bloedite

FeSQ(c)

MgSQ(c)

Alx(SQ)%.6H0

Al(SQu)®

SI
3.4655
3.2543
3.0885
2.9831
2.7038
1.9686
0.2032
0.0251
-0.6038
-0.7724

-1.6877

-1.8033
-2.5431
-2.6352

-2.7703
-2.8719

-3.2127

-3.5308

-3.6012
-4.3379

-4.9636
-7.7853

-9.4695

15.4971

32.9582

BH16

Sandstone/Siltstone

Min.
Barite
Quartz
Tridymite
Chalcedony
Cristobalite
Amrphsilica
Gypsum
Anhydrite
Bassanite

CaSQ.1/2H0(beta)

Mirabilite

Boric
Thenardite
Epsomite

Hexahydrite

Melanterite

Pentahydrite

Leonhardtite

Arcanite
Bloedite

Kieserite

FeSQ(c)

MgSQu(c)

Alx(SQu)®.6H0

Alx(SQu)®

Sl
3.6415
3.3432
3.1774
3.0720
2.7927
2.0575
0.6900
0.5119
-0.1170
-0.2856

-1.0497

-1.6248
-1.9051
-2.1329

-2.3696
-2.4457

-2.7104

-3.0989

-3.1841
-3.8231

-3.8356
-7.4607

-8.9672

15.4275

32.8886

BH17
Sandstone
Min.
Barite
Quartz
Tridymite
Chalcedony
Cristobalite
Amrphsilica
Celestite
Gypsum
Anhydrite

Bassanite

CaSQ.1/2H0(beta)

Mirabilite
Epsomite
Hexahydrite

Thenardite

Boric

Pentahydrite

Leonhardtite

Bloedite
Arcanite

Kieserite

Melanterite

FeSQ(c)

MgSQx(c)

MnSQy(c)

Al(SQ)%.6H0

Al(SQu)®

Sl
4.0160
3.5440
3.3782
3.2728
2.9935
2.2583
1.7038
1.6643
1.4862
0.8573

0.6887

-0.5441
-0.9678
-1.2045

-1.3995
-1.4331

-1.5453

-1.9338

-2.1524
-2.4339

-2.6705
-2.6844

-7.6994

-7.8021
-7.9042
16.5634

34.0245

BH18

Coally Shale

Min.
Barite
Quartz
Tridymite
Chalcedony
Cristobalite
Amrphsilica
Gypsum
Anhydrite
Bassanite

CaSQ.1/2H0(beta)

MgSeQ

Mirabilite
Boric
Thenardite

MgSeQ.6H.0

Epsomite

Melanterite

CaSeQ.2H.0

BaSeO3
Hexahydrite

Pentahydrite

Leonhardtite

Arcanite

Kieserite

Bloedite

FeSQ(c)

MgSQu(c)

Alo(SQ)3.6H,0

Alx(SQw)?

Sl
3.4144
3.2186
3.0528
2.9474
2.6681
1.9329
0.0053
-0.1728
-0.8017
-0.9703

-1.0724

-1.2711
-1.7211
-2.1265

-2.3984
-2.8435

-2.8820

-2.9287

-3.0694
-3.0802

-3.4210
-3.8095

-3.8471

-4.5462

-4.7552

-7.8970

-9.6778

15.1389

32.6000

BH22
Sandstone/Shale
Min. Sl

Barite 3.3923
Quartz 3.2053
Tridymite 3.0395
Chalcedony 2.9341
Cristobalite 2.6548
Amrphsilica 1.9196
Gypsum 0.0964
Anhydrite -0.0817
Bassanite -0.7106
CaSQ.1/2H0(beta)  -0.8792
Mirabilite -1.2947
Boric -1.7365
Thenardite -2.1501
Epsomite -2.5564
Melanterite -2.6964
Hexahydrite -2.7931
Pentahydrite -3.1339
Leonhardtite -3.5224
Arcanite -3.6896
Kieserite -4.2591
Bloedite -4.4917
FeSQ(c) -7.7114
MgSQ(c) -9.3907

Alx(SQz)%.6H0 -
15.6391

Alx(SQy)® -
33.1002

BH23
Sandstone
Min.
Barite
Quartz
Tridymite
Chalcedony
Cristobalite
Amrphsilica
Gypsum
Anhydrite
Bassanite

CasSQ.1/2H0(beta)

Mirabilite

Boric
Thenardite
Epsomite

Melanterite

Hexahydrite

Pentahydrite

Arcanite

Leonhardtite
Kieserite

Bloedite

FeSQ(c)

MgSQ(c)

Al(SQ)%6H0

Al(SQu)®

Sl
3.4134
3.1775
3.0117
2.9063
2.6270
1.8918
0.1831
0.0050
-0.6239
-0.7925

-1.6638

-1.9199
-2.5192
-2.5636

-2.7537
-2.8003

-3.1411

-3.4681

-3.5296
-4.2663

-4.8680
-7.7687

-9.3979

15.4123

32.8734



m  Scatterplot of Barite against SO, using categorized by Sample ID
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Figure4-20: Saturation index of species of barite and anhydrite versuS@fe contrations in mg/L in the

leachate
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Scatterplot of Celestite against SO4'2 using categorized by Sample ID
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Figure 4-21: Saturation index of species of celastand CdS®@(hawleyite, greenockitejersus theSO*

contrations in mg/L in the leachate
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Scatterplot of Gypsum against SO, using categorized by Sample ID
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Figure4-22: Saturation index of species of gypsum versusStig contrations in mg/L in the leachate

4.4.3 Kinetic models

The kinetic models were created on the composite samples as fotloatseamsfor
ZFN1512(BH10, 11, 12 and 13)xo0al seams for ZFN8ILO (BH19, 21, 24 and 27)nits
above and belowoal seams for ZFN1512 (BH16, 17, 18, 22 and A8)ts above iad
below coakeamdgor ZFN1510 (BH4, 5, 6, 7, 8 and 9); anther unitsfor ZFN1512 (BH14,
15, 20 and 25) and ZFN1510 (BH1, 2, 3 and Z8emodel was based anitial and total
cumulative of metalsconcentrationsas shown in Appendix KThe input data as
represented in Table-@ 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 @umulative sulphate redse for oal seamis discussed herein briefly

BH13had the intial concentrations of 515,6 mg/L &ndl cumulativdoadconcentrations
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of 7309,0mg/L. After 31 week experiment the total cumulative sulphate concentrtion
5731 mg/L was recordedcompaed to the week 1 of 72 giL. Coal seamshow the
concentration opyrite of 11%and S% of 1.72 with 71% @ BH27, and only 573,1 mg/L

has been leached@here wereno traces of pyrite in BH13 and the anaf/show theC and

S concentration of 57,6%nd 0.02% respectivelfhe sadstone below coaleam No. 2 is
marked by the S% of 3.73%uring the leach test for BH13, the sulphate releasenase
much higher tham BH27. This could be asrasult of samm@ mixing with the lower unit.

The cumulative sulphate release is represemiehis section by BH10 for ZFN1510 and
BH19 for ZFN1512, representing coal seam No. 5 (Figt28)4The total cumulativeQy®

for week 31 is 3711.5 mg/L. The increase of SO® is noticeable at week 6 of the
experiment at the cumulative concentraioof 1702.1 mg/L (Figure-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 tithercoal searms (Figures 43, 424, and4-

26). The total cumulative sulphatercentrations 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 reprgseatiseam No. 3
(Figure 426). There is a totaBQ:> cumulative concemations of 324.2 mg/L in BH12.
Whereas BH24 has tots&8Qw? cumulative concentrations of 621.3 mg@oal seam No. 3

show relatively low concentrations of $0compared to the seartisat are mined.

10000

1000

100

Cumulative S in mg/L

BH27 BH13
10

123456 7 8 910111213141516171819202122232425262728293031
Week No.

Figure4-23: Sulphate cumulative representation over 31 week HCL experiment for coal seam No. 2.
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Figure4-24: Sulphate cmulative represntation over 31 week HCL experiment for coal seam No. 4
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Figure4-25: Sulphate cumulative representation over 31 week HCL experiment for coal seam No. 5
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Figure4-26: Sulphate cumulative representation over 31 week HCL experiment for coal seam No. 5

The kinetic reactive modelomposite for coal seamgs calculated for 100 years (Figure
4-27). Kinetic reactive model in Figure-Z7 ZFN1512 and 1510 ebindicate most the
species are formed in the firkD years For ZFN1512 coal seamshe minerals that were
found most supersaturated during the reaction path are alunite, barite, gitlsitie,
daphniteandmuscoviteof the initial conditions. At ta beginning of the reactive transport
simulation, the minerals of kaolinite, quartz, gypsum, daphnite and cuprite were also most
supersaturated at the end of interi@lyears At thebeginingof the timeinterval of more
than 10 years kaolinite, and gibisite were supersaturateBome of theXRD resultsin
BH11and 27indicate the presence of quartz, kaolinite, siderite, smeatitedolomiteand
calcite minerals. At the interval more thaf years thee is acontinuous reaction of
saponite, gibbsite @muscovite continues.

With exception of Ba, the reactioaacheshe equilibrium phastr most metals ithe 20"
monthof the experimeniThe nature of the leachate shows two types, whichiS@and
Mg-SQs. The changes are noticiable in node 3h# tnodelling for the coal seams in
ZFN1512 (Figure £7). The coal seams also indicate the leachate classificatiorn®0Na
in ZFN1510 unchanged for 100 years. The pH changes6réi8to 5.952in ZFN 1512
for 100 year, whereas the pH in ZFN1512 chariges 6.646 t06.075in 100 yeas.
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Table4-6: Composite leachate cumulative for lithological units input data for kinetic reactive ,/AcBedre

units above and below coal seams

Humidity Cells ZFN1512
cod units
EC Initial 113,89
Final 1707,45
Ca Initial 166,49
Final 2782,69
Mg Initial 20,56
Final 667,20
Na Initial 88,41
Final 659,62
K Initial 2,63
Final 25,20
Alkalinity Initial 30,48
Final 1461,38
SO2 Initial 619,53
Final 7943,65
Al Initial 0,08
Final 2,38
As Initial 0,02
Final 0,61
B Initial 0,90
Final 26,45
Ba Initial 0,11
Final 1,04
Cd Initial 0,00
Final 0,09
Co Initial 0,03
Final 0,63
Cr Initial 0,02
Final 0,62
Cu Initial 0,03
Final 0,78
Fe Initial 51,30
Final 64,52
Mn Initial 0,51
Final 3,33
Mo Initial 0,02
Final 0,62
Ni Initial 0,16
Final 0,80
Pb Initial 0,02
Final 0,47
Sh Initial 0,02
Final 0,62

l14|Page

ZFN1510
coal units

67,95
903,79
52,13
704,44
10,49
278,30
81,88
758,13
2,03
32,13
72,80
2167,40
286,43
1870,22
0,11
2,18
0,02
0,60
0,90
23,67
0,10
1,63
0,00
0,09
0,02
0,62
0,02
0,62
0,02
0,56
29,73
37,64
0,24
1,38
0,02
0,63
0,02
0,62
0,02
0,47
0,02
0,62

ZFN1512
A-B units

21,54
447,68
1,63
85,08
0,82
61,53
43,86
696,67
113
34,23
46,16
1517,07
63,15
57503
0,30
7,16
0,02
0,60
0,21
13,57
0,01
0,28
0,00
0,09
0,02
0,62
0,02
0,62
0,01
0,37
0,12
2,70
0,02
0,72
0,05
0,78
0,02
0,62
0,02
0,47
0,02
0,62

ZFN1510 A-B units

40,41667
523,09
10,00
130,86
4,02
64,67
95,04
803,61
2,64
33,86
58,92
1310,41
160,12
1014,47
0,43
11,86
0,02
0,63
0,29
1627
0,03
0,43
0,00
0,09
0,02
0,62
0,02
0,62
0,02
0,47
0,20
7,05
0,05
0,91
0,07
0,78
0,02
0,62
0,02
0,47
0,02
0,62

ZFN1512
other units

27,63
317,52
3,12
52,41
0,99
23,54
57,42
485,04
1,92
39,19
67,20
1312,64
60,33
222,24
0,10
7,05
0,02
0,60
0,35
13,66
0,01
0,24
0,00
0,09
0,02
0,62
0,02
0,62
0,01
0,33
0,05
4,10
0,02
0,62
0,06
0,80
0,02
0,62
0,02
0,47
0,02
0,62

ZFN1510
other units

14,98
297,58
4,18
54,38
1,50
22,88
30,20
436,47
2,02
38,44
56,00
1323,04
25,80
109,86
0,15
8,71
0,02
0,64
0,17
15,78
0,01
0,22
0,00
0,09
0,02
0,62
0,02
0,62
0,01
0,33
0,11
6,13
0,02
0,62
0,17
1,03
0,02
0,62
0,02
0,47
0,02
0,62



Humidity Cells ZFN1512 ZFN1510 ZFN1512  ZFN1510 A-B units ZFN1512 ZFN1510

cod units coal units A-B units other units = 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
] 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
\% 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 showanincrease of metals for the period @Qlyears. The metals reach their
maximum concentrations in the period of the first 10 years for both ZFN1512 andrib10
thenbecomestabilized(Figure4-27). The major metal iasthat show the increasing trend
include Na, Ca, Mg and S®. K, B, Ba, andAl show decreasing trends in the first 10 years
(Figure 427). The leachate compositi@mow the increase of cations of MK™, Mg** and
Ca™*, and anions of S, CI and HCQ+CQ;s (Figure 428 and 429). The other
classificationplots that supporithis trend arepresented in Appendix. The mineral
saturated states in year 100, inclkdelinite, V203, dolomite, uraninite quartz ZnCr.Og,
siderite, cuprite, gypsum strontianite Co;SiOs and laritefor ZFN1512 coal and ZFN1510
coal shows additions a@liprite andCo,SiOs. This is indicative of continuous reactions for
more than 100 years of inputs of this metals into the receiving environtmecumulative
influxes are presented in Appendix Whese units are probably the source of cations and
anions mails in the receceptor realm. The high concentrations af &30 indicate the
transport ofchalcophileelementssuch asFe, Cu, Zn, As and PIB8Qs* shows a clear
distinction between coafhighest), AB- (intermediate) and other units (lowest). Thials
applies to Mg, B, Ba, (Cu), Fe, Mn,,Svhich are positively correlated with $0in coal
(e.g. BH10, BH11, BH12 etc.) in Appendix But not for Co, Ni, Cr, Pb, Sb, V,,Which

may suggest a different source other than coal seams
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4.4.3.2 Profile above/below coal seams

The aboveandbelow unitsis represented by composite samples ZFN1512 and ZFN1510
A-B units. The moded indicate that most of the reactions occur within the first 10 to 20
years. The pH for ZFN1518ecreases from 8.258 %914 in year 100. The mineral
saturation states in node 9 includeadz witherite, muscovite ZnCr.Os, dolomite,
CoSiOq4, drontianite uraninite dderite, V203, dolomiteandcuprite The pH for ZFN1510
also depeases fron8.237to 6.765 in year 100. e mineral saturation in year 100 are
similar to ZFN1512. The leachate type for both the samplRs-13COs” which changes

to NaSQy towards node 9The other classification that support the leachate type is
presented in Appendix The cation and aniomends are similar to that of the coal seams
but with less concentration$he other units have the leachate classified a$iQ@s".
These units are probably the source of Zn, Co, V, and U. The influxes or effluxes are

represented in Appendix M.

In compaison of all the geological units subjected to kinetic modelling following can
besummarizeda) thecoal seams shows high concentrations af?S@hich remains high

in a system even after 100 years. The other elements of high concentrations Gach as
Mg, K, Fe, and Halso 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 cbatls inZFN1512, H and S@* remairs top in
leaving thedomain, followed by Ca, Na, Md\l and Ba reacts in less than 10 years and
reach equilibriumb) The lithologigical units above and below the coal seams also show
concentrations of S@, which is lower than the coal seams but remaina system for
more than 100 years. Alkalinity (HG®, Na and SGF remains top in entering and leaving

a domain (Appendix M). Al also remains in a system for more than 100 ydansd Ba
remains in system at low concentrations for more than 100;\y®&re other units show

low concentrations of S, which react early and reach equilibrium (Appendix L). The
alkalinity remains in a system for more than 100 ye@listhe lithological units indicate

that H" leaves the domain, which support the proaddsydrolysis.The elements such as

Fe, Mnand Al undergo hydrolysis, thereby consuming the releaset! i@#$ from the
buffer elements and in turn releasidg The elements such as U, Co and V reacts in less

than 100 years and reach equilibrium.
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4.4.3.3 Reaction processes

4.4.3.3.1Sulphideoxidation

The coal strata in the study area is dominated by pyrite as discusseapter 3.The
sulphide oxidatiomprocess happeneshen the iron sulfide mineratidate by the reaction
with water and the atmospheric oxyg@&he oxidation of sulfides isharacterized by low

pH and high concentratiom SO, Fe, metalloids, and many metals (Laraed Mann
2005).In the humidity cell the sulphur is reported in them of sulphateThe coal seams
shows strong correlations of Fe ands3@s shown in thdppendix E (e.g. BH10, 11, 12,
13). The humidity cell experiment was undertaken under oxidation conditions enhancing
the reaction rateand the abrupt peaks show tirae when the reactions happening and
stabilizes (Figure-83). The effect on ferrous/ferric species in the leachate is evident from
the high values for free S®and sulphate compoundghe relationship of Fe and $0in

this study is found to be lingaonce the leaching reactigtarted, and the pyrite oxidation
process form$Q? and Fe speciedrigure 4-33). The pyrite has been the main sulphide
mineral identified in the studyVhen exposed to water and oxygen, it can react to form
sulphuric acid K2SQy). The following oxidation and reduction reactions the pyrite
oxidation that leads tAMD (after Stumm and Morgan, 197@&vangelou1995 Usheret

al., 2003)

Fe$+7/2Q+H20:> Fe2++25Q2-+2Héééééééééééé. (1)

Fe2++ 1/402_'_ Hf => Fe’%++ 1/2Hzoééééééééééééééééé. (2)
Fé%++3H20:>Fe(OH)3+3H+éééééééééééééééééééé. . (3)

FeS +14F&" + 8H,0 => 15F&" + 25Q7% + 16H ¢ €¢¢ceecee (4)

4.4.3.3.2Acid neutralization and alkalinity generation (carbonation)

The lithological units discussed in chapter 3oaisdicated the excess of carbonates
minerals. The typical minerals identified include dolomites, calcite and siderite. Figure 4
34indicates the cumulative total alkalinity on the coalbed unit. The acid generation in these

units will start once the avaldée 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 tibepending on the pH of the
solution, the cdronic acid will tend to dissociate to hydrogen, bicarbonate (3)CG@d
carbonate (C€¥) ions the dominant species in solution beingd®; (pH<6, 3); HCQ
(6.3<pH<10.3); and C& (pH>10.3) (Sherlocket al., 1995). This is evident in the
humidity cellconcentrationss illustrated in Figurd-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 AMODalcite is assumed to

consaime 2 moles Hper mole C, according to the following reaction:

CaCQ + 2H" => C&* + H,0 + CQyg) (Kemptonet al,, 1997).

In a closed system:

FeS + 2CaCQ + 3,750, + 3, 5HO => Fe(OH)3 + 2SQ?% + 2C&* + 2H,COs (carbon
dioxide dissolve in water)

H2COs reacts with carbonate in the following reaction:

H.COz + CaCQ => C&" + 2HCQ:- (Lloyd and Heathcotel, 985 Cravottaet al, 1990).

4.4.3.3.3lon exchange or adsorption

The Ca and Mg duinated concentrations results in the increase of sodium, which maybe
due b the exchange of Ca, Mg or ¥dor 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 correlati&s0(8) of the cummulative
concentrations of Mg and Ca for the coallfEgjures 4-35). The evidence of Naearing

mineral of plagioclase was discussed in this study, and confirmed also ireMalhZhao

(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 shownFigure 436.
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4.5 SUMMARY CONCLUSION

The coal seams and associated geological units are capable of generating MD, as supported
by ABA assessmentReaction processes show tththere is metal transportation,
complexing and deposition as discussed in the latter seclibegvidentprocesses that

are involved in thenetal deportmentf the sediments are aktion-reduction, adsorption

or ion exchange, precipitation and carbaratThe continuous hydrolysis process was
demonstrated by means of a the reactive geochemical model over 100 years created in
GWAB, indicating a pH decrease from high to low during that period. This model also proves
a continuous influx of metals from tts®urces for the same period (Appendi). Metal
leachthroughout thelithological stratas evidentin the study areaAccording to the kinetic

model, hecoal seams are tmeainsource oimetalsof Mn, Na, K, Mg, Ca ana@halcophile
elements (Fe, A®b, aad Zn)to the recptor realm The above and below lithogical units

are the main source of metalsZn, Co, V, and Uo the receiving environment, which will

be discussed in the subsequent chapter

The proximity to the receptor realm (streams) is alsmesed to the sourcevhich is active

and inactive coal mineg-igures 437 through 439 depict the locations of coahines
according to the South Africa mineral database (SAMINDABA)this conclusion, the
source is in close proximity to the receptalne (Figure 437). 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 438). The majority of theegion'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 (FigG@.4

The mines are evenly distributed throogh the catchment, with the exception of the
northernmost 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
contentf stream sedimenendthresholds that couldeanfluenced by the sourcesMD

releaseefered ta'geogenic” erosion of bed rock strata to the streams are investigated.
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Figure4-38. Mines occurences proximity to tiOC
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