International Journal of Coal Geology 310 (2025) 104870

Contents lists available at ScienceDirect

International Journal of Coal Geology

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/coal

The modes of occurrence, distribution and enrichment of critical raw
materials (Ga, Sr, Zr and Ba) within coal discards of the Witbank Coalfield,
South Africa

X. Nkwamza , N. Malumbazo

School of Chemical and Metallurgical Engineering, Richard Ward Building, University of Witwatersrand, 1 Jan Smuts Avenue, Braamfontein, Johannesburg 2000, South
Africa

ARTICLE INFO ABSTRACT

Keywords:

Witbank Coalfield

Critical raw materials

Coal discards

Distribution and enrichment

Coal mineralogy and trace element composition provide vital insights into the geological coal formation pro-
cesses, depositional environments, and potential resource valorization. However, there is limited knowledge and
understanding of the geochemical and mineralogical composition of coal discards from the Witbank Coalfield.
Thus, the coal discards remain underexplored, limiting effective management and future utilization strategies. To
address this gap, this study investigates the occurrence, distribution and enrichment of CRMs within Permian
coal discards of the Witbank Coalfield. An integrated suite of analytical techniques such as TGA, Bomb calo-
rimeter, FTIR, XRD, TIMA, SEM-EDS, XRF and ICP-MS was utilized to determine the dominant mineral assem-
blages and trace elemental enrichments. Results revealed quartz and kaolinite as the principal minerals, with
subordinate carbonate and sulfide phases introduced through diagenetic and hydrothermal processes. The coal
discards were enriched in trace elements such as Ga, Sr, Zr and Ba. Ga was associated with kaolinite and organic
matter, Sr and Ba predominantly occurred in barite, and Zr was hosted primarily in detrital zircon grains. Their
spatial variability reflects depositional and diagenetic controls. Geochemical proxies, such as Sr/Ba and TiOy/
Al,03 ratios, indicate freshwater depositional conditions influenced by volcanic ash input and post-depositional
alteration. These findings enhanced the understanding of the geochemical cycling within coal discards, their
mineralogical stability, and potential environmental implications. Furthermore, the presence of acid-neutralizing
minerals supports the potential use of these coal discards in mitigating acid mine drainage, while the enriched
CRM s highlight opportunities for sustainable resource recovery.

1. Introduction barium (Kolker et al., 2021; Hao et al., 2022), zirconium (Dai et al.,

2011, 2015; Li et al., 2016; Lin et al., 2018a; Yuan et al., 2019; Zhao

Critical raw materials (CRMs) are a group of elements that are in high
demand, difficult to replace, and have a substantial risk associated with
their supply and security (Ferro and Banollo, 2019). These materials are
essential in driving various economic sectors, ranging from energy
production to advanced technologies underpinning the fourth industrial
revolution. The global demand for CRMs is rapidly increasing due to
their widespread applications (Dai and Finkelman, 2018) and is inevi-
tably driven by world population growth and the improvement in the
standard of living (Lin et al., 2018b). These CRMs are extensively used in
electronics, emerging innovations, health care, oil refinery, steel, auto-
motive, aerospace, defense, clean and high-tech products (Ferro and
Banollo, 2019; Lin et al., 2018a). These are rare materials which include
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et al., 2019; Kolker et al., 2021), strontium (Li et al., 2016; Liu et al.,
2021), lithium (Li et al., 2016; Zhao et al., 2019a; Kolker et al., 2021;
Shao et al., 2022; Wang et al., 2022), uranium (Wang et al., 2021),
germanium (Jiu et al., 2021; Davison and Van Rythoven, 2023), and rare
earth elements (Lin et al., 2018; Zhao et al., 2019; Shao et al., 2022).
Geologically, these materials are found in ore deposits; however, their
conventional ore deposits have been exploited and utilized extensively.
Therefore, it is crucial to seek other alternative sources such as coal and
coal-bearing sequences. Coal is strategically important in logistics due to
its widespread availability and dual role as both an energy source and a
reservoir of valuable metal and rare earth elements. This makes coal a
cost-effective and accessible source for critical materials needed in clean
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energy technologies, reducing reliance on traditional mining and
geopolitical risks (Seredin and Finkelman, 2008; Seredin et al., 2013;
Dai et al., 2018a).

Coal discards are low-grade materials produced from coal mining
and beneficiation as waste, and like coal, they are rich in minerals and
organic matter (Falcon and Ham, 1988; Orem and Finkelman, 2005;
Misz-Kennan and Fabianska, 2011; Vo et al., 2022). They have a com-
plex pore structure as well as distinct physicochemical properties
(Falcon and Falcon, 1987). Additionally, their inherent adsorptive and
reduction behavior is attributed to the presence of trace elements (Dai
and Finkelman, 2018). Recent studies have identified coal seams glob-
ally enriched in critical raw materials such as Ba (Zhao et al., 2014), Sr
(Liu et al., 2021), REY (rare earth elements and yttrium; Hower et al.,
2018; Mastalerz et al., 2020; Shao et al., 2022; Rerani et al., 2024), and
Li (Shao et al., 2022; Wang et al., 2022), some exceeding economically
viable cut-off grades. Aluminium and gallium have been economically
extracted from coal since 2018 (Seredin, 2012; China Science and Tech-
nology Daily Report, 2018), while Ge and U have also been industrially
extracted from coal ash (Dai et al., 2012a, 2014a; Dai and Finkelman,
2018). However, there is minimal research conducted on the presence of
CRMs from the South African coal discards, especially the Witbank
Coalfield.

A complete understanding of the geological distribution and
enrichment of the critical raw materials in coal is known to be pre-
dominantly controlled by several geological factors such as source ma-
terials, marine environment, hydrothermal fluids, groundwater and
volcanic ash (Dai et al., 2012a). For instance, hydrothermal fluids
derived from magmatic activities have been associated with elevated Li
and REE concentrations in Pennsylvanian anthracite coals, whereas
marine transgressions influence elements such as Mo, U, Se, and Re
(Zhao et al., 2019). Similarly, the enrichment of the Li, Ga, and REEs in
the upper coal of Datong Coalfield was due to weak seawater influence
(Shao et al., 2022).

The Witbank coal is known to be enriched in trace elements such as
Co, Zn, As, Se, Sr, Yb, Zr, Ba, Pb, W and U (Pinetown, 2007; Net-
shitungulwana et al., 2022). Additionally, Ti, Mn, and Fe have been
documented by Maya et al. (2015), while REY + Sc were highlighted by
Modiba and Wagner (2024). Although the modes of occurrence, distri-
bution patterns, and enrichment mechanisms of these elements in coal
and ash are well understood globally, their behavior in coal discards
remains poorly studied, especially in the South African context. In
addition, it is important to understand the presence of critical raw ma-
terials in coal discards, as they are becoming both an economic burden
to the government and a health hazard to surrouding communities. This
is because coal discards can undergo weathering, oxidation, and
hydrogeochemical processes that alter the speciation, mobility, and
enrichment patterns of trace elements. Therefore, understanding the
occurrence, distribution, and enrichment of Ga, Sr, Zr and Ba in coal
discard dumps is critical for assessing potential environmental risks and
exploring opportunities for secondary resource recovery. Furthermore,
South Africa does not have the geological reserves and resources to mine
Ga, Sr, Zr and Ba. The scientific findings of this paper could potentially
boost the country's commodity markets.

This study aims to address the above-mentioned knowledge gaps by
investigating the occurrence, distribution, and enrichment of CRMs in
coal discards from the Witbank Coalfield. In doing so, the study will
clarify the geological processes influencing CRM concentrations, assess
their potential for resource recovery, and provide scientific insights
which are vital for the sustainable management and utilization of coal
discards. By highlighting the novel occurrence of these elements and
offering an in-depth geochemical assessment, this research will
contribute to advancing CRM exploration from unconventional sec-
ondary sources. This will further advance the potential beneficiation
strategy of the CRMs in coal discards.
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2. Geological setting

The Witbank Coalfield is located in the northeastern part of Mpu-
malanga province, South Africa (Fig. 1). The geological framework of
this coalfield is dominated by a sequence of undeformed to low-grade
metamorphosed volcanic rocks, shales, quartzites, mudrocks, sand-
stones, dolomites, banded iron formations, conglomerates, and dia-
mectites belonging to the Selon River formation (Eriksson et al., 1993;
Eriksson and Altermann, 1998). Overlying this formation are the
organic-rich sandstones, shales, coal beds, mudstones, siltstones, and
minor conglomerates of the Vryheid Formation (Jones and Wagener,
2017; Soeder and Borglum, 2019).

Structurally, this coalfield is situated in the northern part of the Main
Karoo Basin (MKB), an area characterized by extensive valleys and
ridges shaped by glacial erosion. These landforms bear the imprints of
ice sheets that once traversed the Gondwana region during Palaeozoic
glaciations (Hancox and Gotz, 2014). Within the coalfield, five major
NNE-SSW trending paleovalleys have been delineated: Grootvlei,
Vischkuil, Coronation, Bank, and Arnot. The Grootvlei Valley extends
southward from north of Nigel towards the South Rand Coalfield.
Vischkuil Valley trends from the northeast of Springs to Devon. Coro-
nation Valley runs from north of the Coronation Kromdraai Colliery
southwards to Springbok Colliery and the southeast towards Hendrina.
Bank valley stretches from northwest of Middelburg south to Bank
Colliery, where it connects with Coronation Valley. Lastly, Arnot Valley
extends south from north of Arnot, east of Arnot Colliery. These paleo-
valleys have played a significant role in controlling the distribution,
thickness, and continuity of coal seams, particularly the No. 2 seam,
resulting in complex facies relationships and irregular seam geometries
across the coalfield (Hancox and Gotz, 2014).

Except where the coal seams are tilted by dolerite intrusions, the coal
seams and the surrounding strata are generally flat-lying to gently un-
dulating, dipping regionally less than one degree towards the south and
southeast (Hancox and Gotz, 2014). The coal-bearing strata predomi-
nantly belong to the Vryheid Formation of the Ecca Group (Fig. 2). This
formation comprises alluvium, multiple interbedded coal seams (No. 1
to 5), siltstones, limestones, sandstones, diamictite, and the pre-Karoo
basement (Cadle and Cairncross, 1987; Hancox and Gotz, 2014).
Among the coal seams, No. 2 is the principal seam, notable for its
thickness and high-quality coal, with an average thickness of approxi-
mately 7 m. It is extensively mined using both opencast and under-
ground methods. The other seams such as No. 1, 3, 4 and 5 (from bottom
to top) have average thicknesses of 2.15, 1, 2.5, and 1.8 m, respectively.
Though thinner and generally of lower quality, these seams are also
exploited throughout the coalfield.

The No. 1 seam is overlain by both siltstones and sandstones and
underlain by siltstones, sandstones, diamictite and pre-Karoo basement
rocks. The No. 2 seam is overlain by siltstones and interlaminated
sandstone-siltstone layers and overlain by siltstones and sandstones. The
no. 3 seam is overlain by siltstones and sandstones and underlain by
thick sandstone layers. The No. 4 seam sits beneath a thick sandstone
layer and above both siltstones and sandstones. Meanwhile, the No. 5
seam is enclosed between siltstones layers. The alluvium forms the up-
permost layer, providing protection to the coal seams from erosion
(Fig. 2).

3. Methods and materials

3.1. Sampling

The studied Storage Tailing Facility (STF) is rectangular (1500 m x
500 m) in shape with varying height. It was established in 1987 and
decommissioned in May 2002, with a total volume of 6, 400, 000 m®.
Currently, the facility is rehabilitated and well-maintained to manage
environmental and safety risks, while restoring the land for sustainable
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Fig. 1. Witbank Coalfield in the Mpumalanga province.

future use. A systematic drilling approach was employed, in which
fourteen boreholes were drilled at evenly spaced intervals across the
study area to ensure representative coverage of the variability in the coal
discard material, as illustrated in Fig. 3. The spacing between boreholes
was 200m, to ensure heterogeneity of the coal discard samples. Each
borehole was drilled to a depth of 5 m using a truck-mounted drill rig.
No drilling fluids were used during the drilling process. Upon comple-
tion, cores with a diameter of 80 mm were carefully recovered and
labeled sequentially from STF001 to STF014, preserving their orienta-
tion and integrity. Each 5 m long core was then segmented in to five 1-m
cores to facilitate detailed mineralogical and geochemical analyses. In
total, seventy 1-m core samples were sealed, stored under appropriate
conditions to prevent contamination, and labeled according to borehole
number and depth interval (e.g., STFO01 at 1 m to STFO15 at 5 m).

3.2. Sample preparation

All samples were first air-dried and then crushed using a jaw crusher.
The crushed material was split into representative samples using a
sample splitter. From the splitter, two opposing representative samples
were selected and further grounded using a milling machine to pass
through 212, 75 and 50 pm test sieves. To prevent cross-contamination,
especially from the finer size fractions, strict cleanliness protocols were
followed. After processing each sample, the jaw crusher and splitter
were cleaned with compressed air. The bowl and pestle of the end runner
mill were thoroughly cleaned using a silica sand and wiped with a wiper
roll. Additionally, each sieve utilized in the analysis was washed with
water and dried using compressed air before the next sample was
processed.

3.3. Coal quality assessment

3.3.1. TGA
The proximate parameters of coal discard samples (1 g) that passed

through a 212 pm test sieve were determined according to ASTM
D5142-09 standard (ASTM International, 2009) using TGA 701. The
proximate analysis procedure involves multiple steps. Initially, nitrogen
was employed for drying, starting at room temperature (around 20 °C)
and gradually increasing to 107 °C at a heating rate of 8 °C/min, aiming
to determine the inherent moisture content through mass loss mea-
surements. Subsequently, volatile matter content was then assessed by
monitoring mass loss within the temperature range of 107 to 950 °C.
Following this, a combustion process in an oxygen environment was
carried out, focusing on mass loss at 750 °C. The residual mass after
these steps represented the total ash yield of the sample. Fixed carbon
content was then calculated as 100 % minus the sum of moisture con-
tent, volatile matter content, and ash yield.

3.3.2. Bomb calorimeter

The calorific values of coal discard samples (1 g) that passed through
a 212 pm test sieve were determined according to ASTM D5865-07
standard (ASTM International, 2007) using a Leco AC 500 bomb calo-
rimeter. Initially, the bomb calorimeter was calibrated according to the
manufacturer’s guidelines, ensuring the cleanliness and integrity of all
components. Simultaneously, a standard calibration was performed
using 1 g of benzoic acid, thoroughly dried to eliminate any moisture.
This calibration process involves igniting the benzoic acid in the calo-
rimeter to record the temperature rise, repeated for reliability. Each
sample, representing 1 g, was burnt in a closed vessel under an oxygen
atmosphere at a high pressure of 3, 000 kPa, and the amount of heat
released was measured. The temperature was maintained at 25 °C via
circulating cooling water using a pump. The system uses an electronic
thermometer with an accuracy of 0.0001 to measure the temperature
every six seconds, with the results obtained within 4.5 to 7.5 min. Upon
combustion, the bomb was rinsed, and the wash solution was treated to
precipitate sulfate as barite. The mass of barite was only used to correct
heat released from sulfur oxidation (based on approx. 36 KJ/mol
H3S04), which was subtracted from the gross calorific value to yield the
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Fig. 2. Generalized stratigraphical sequence of the Vryheid Formation of the
Ecca Group in the Witbank Coalfield (Hancox and Gotz, 2014).

sulfur-corrected calorific values.

3.4. Mineralogical characterization

3.4.1. Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy was used to analyze the molecular structure of the
coal discard samples. For each analysis, 25 mg of powdered sample was
carefully weighed and place in the compartment. The measurements
were conducted using a Bruker Tensor II FTIR spectrometer coupled
with an attenuated total reflectance (ATR) crystal, which allows direct
analysis of powdered samples by measuring the evanescent wave that
penetrates a few microns into the sample surface. Spectra were collected
over a range of 4000 and 400 cm™! with a resolution of 4 cm™! and 32
scans. The data were processed using OPUS software to identify char-
acteristic peaks corresponding to specific functional groups.

3.4.2. X-Ray diffraction (XRD)

XRD was utilized to determine the mineralogical composition and
identify the crystalline phases present in the coal discard samples. For
each analysis, 1.2 g of powered sample was prepared and loaded into the
sample holder. The XRD patterns were recorded using a Bruker D2
Phaser diffractometer with Cu Ka radiation (A = 1.5406 10\). Scans were
performed over a range of 5° and 90° 26 with a step of 0.02° and a
counting of 2 s per step. The resulting data were analyzed using EVA
software, which facilitates phase identification and quantification by
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comparing the measured peaks to entries in the ICDD PDF-4 database. It
is important to note that XRD has a detection limit of approximately 0.5
wt%, therefore, mineral identifications below this threshold may be
unreliable unless supported by complementary techniques such as SEM-
EDS or TIMA.

3.4.3. Scanning electron microscope with energy dispersive spectroscopy
(SEM-EDS)

SEM-EDS was used to examine the surface morphology and
elemental composition of coal discard samples. For each analysis,
approximately 0.5 g of the powdered sample was carefully prepared and
mounted on aluminium stubs using carbon adhesive tape. The exami-
nations were conducted using a ZEISS EVO MA10 SEM equipped with an
Oxford Instruments Xplore30 silicon detector (SDD) for EDS analysis.
The EDS system was operated using AztecLiveLite software (version
6.1). High-resolution SEM images were acquired at an accelerating
voltage of 15 kV and a working distance of 10 mm to characterize the
surface texture and particle morphology. EDS measurements were per-
formed at an accelerating voltage of 20 kV and a working distance of
12.5 mm to optimize X-ray generation for quantitative and semi-
quantitative analysis. Both spot analyses and area scans were used to
identify and characterize the mineral phases present in the samples.

3.4.4. Tescan integrated mineral analyzer (TIMA)

TIMA was employed for automated mineralogical analysis, utilizing
a field-emission scanning microscope (FE-SEM) combined with EDS to
acquire high-resolution backscattered electron (BSE) images and
elemental maps at 20 kV. For each analysis, 2 g of the powdered sample
was carefully prepared. Polished, carbon-coated coal discard samples
were analyzed with four EDS detectors and cross-referenced against a
5000+ mineral database for identification and quantification. The
AutoLoader™ facilitated 24/7 unattended operation, enabling high-
throughput analysis of 7 samples per day. TIMA is capable of accu-
rately identifying mineral particles as small as approximately 1 pm, with
a detection limit around 0.1 wt%. Nonetheless, mineral identifications
below this threshold may be unreliable unless supported by other
techniques such as SEM-EDS or XRD. Limitations of TIMA include
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challenges in distinguishing chemically similar minerals, detecting
particles smaller than 1 pm and its dependence on the quality and
comprehensiveness of the reference database.

3.5. Geochemical characterization

The major oxides were determined by XRF using a PANalytical Axios
X-ray fluorescence spectrometer equipped with a 4 kW Rh tube. The
methodology followed was based on the procedure described by Cloete
(2012). Trace elements were analyzed by ICP-MS after digesting a
mixture of 250 mg of sample with 6 ml of 55 % HNO3, 2 ml of 32 % HClI,
1 ml of 48 % HF, 0.5 ml of 30 % H505, and 1 ml of HO. The digestion
process involved heating the solutions from 55 to 100 “C for 10 min,
then from 100to 200 °C for 5 min, followed by holding at 200 "C for 35
min. After digestion, the vessels were cooled to room temperature with
the stoppers closed. The resulting solutions were transferred to 50 ml
tubes and diluted with deionized water. Prior to analysis, the solutions
were filtered through 0.45 pm filters. Calibration was carried out using
multi-element standards, while internal standards such as Rh and Re
were employed to correct for matrix effects and instrumental drift.
Certified reference materials were also analyzed to validate the accuracy
of the method. Element concentrations were determined based on the
calibration curves and reported in pg/g.

4. Results
4.1. Coal discard quality

The physicochemical properties of the coal discard samples are
relatively homogeneous, though minor variations in certain parameters,
such as ash yield (A) and fixed carbon (FC), are observed with depth, as
illustrated in Fig. 4. The slight variation in fixed carbon is consistent
with expectations for organic-rich samples, where depth-related
changes in organic matter and mineral composition can affect fixed
carbon content. Ash yield exhibits a slight increase at deeper depths,
suggesting a higher mineral content in the deeper samples. Calorific
value (CV) exhibits a modest decrease with depth, likely reflecting the
combined effect of reduced organic matter and increased mineraliza-
tion. This suggest that the energy potential of the coal discards di-
minishes slightly as depth increases. Notably, moisture and volatile
matter contents remain stable throughout the depth profile, indicating
preservation of these properties in the coal discard samples.

International Journal of Coal Geology 310 (2025) 104870

The contents of physicochemical properties of the coal discard
samples from this study and the values reported in the literature on a dry
basis, are presented in Table 1. The volatile matter content in the coal
discards was higher than the average reported by the Department of
Mineral Resources and Energy. In contrast, the ash yield was noticeably
lower than the average. The fixed carbon content and calorific value of
the coal discard samples were slightly higher than those typically found
in the literature. According to the ASTM D388-99 classification stan-
dard, these coal discards, on a dry mineral matter basis fall into the High
Volatile B Bituminous Coals category (ASTM International, 1999).

4.2. Mineralogy of coal discards

4.2.1. FTIR results

The FTIR spectra peaks of samples STF004 and STFO09 (from 1 m to
5 m depth) were analyzed based on current literature (Painter et al.,
1981; Fuller et al., 1982; Martin and Chao, 1988; Mastalerz and Bustin,
1993, 1996; Ozta§ and Yiiriim, 2000; Georgakopoulos, 2003; Oikono-
mopoulos et al., 2013; Xue et al., 2023). Prominent O—H stretching
vibrations between 3600 and 3700 cm ™! (Fig. 5) suggest the presence of
hydroxyl-bearing minerals, such as clay minerals including kaolinite,
illite and muscovite. Aliphatic C—H stretches observed between 2800
and 3000 cm ™!, as well as between 1300 and 1400 cm ™, indicate the
presence of aliphatic hydrocarbons. The peaks between 1500 and 1600
em™! correspond to C=C aromatic rings, signifying aromatic hydro-
carbons. C—O stretching near 1251.9 cm™! suggests the presence of
carbonyl groups and carbonate minerals such as calcite, dolomite, and
ankerite. Saturated aliphatic C—C stretches at approximately 1029 cm ™!
and C—Cl vibrations in the range of 690 and 760 cm™!, consistently
observed in all samples, reflect the complexity of the hydrocarbon
structure present. The Al-OH peak at 912.17 cm ™! indicates aluminium
hydroxyl-bearing minerals, such as clay minerals. Prominent Si—O and
Si-O-Si peaks at 1007.60 and 535.30 cm™!, respectively, reveal an
abundance of silicate minerals. Lastly, sharp metal-oxygen (M-O) peaks
at 466.71 cm ™, consistently present across all samples, indicate met-
al-oxygen minerals such as hematite, magnetite, rutile and ilmenite.

4.2.2. XRD results

The XRD data show quartz and kaolinite dominate the minerals in
Permian coal discards from the Witbank Coalfields, with minor amounts
of calcite, dolomite, pyrite, magnetite, muscovite, and ankerite
(Table 2). Quartz content generally increases with depth, while kaolinite

Depth (m)

L T T
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—e— Calorific value (M)/kg)
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. \/olatile matter (wt%)

60 80 100
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Fig. 4. The average content of physicochemical properties of coal discard samples per depth (m) on a whole rock basis.
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Table 1
Proximate analysis (Wt%) and calorific value (MJ/Kg) of STF coal discards
across various depth on a dry basis.

Borehole ID Depth (m) M VM A FC cv
1 0 24.21 40.07 35.72 16.2
2 0 23.58 44.99 31.43 17.95
STF001 3 0 22.73 39.3 37.96 10.73
4 0 23.71 35.71 40.57 18.19
5 0 2291 34.26 42.83 21.73
1 0 24.02 36.8 39.18 18.05
2 0 22.76 41.82 35.43 16.81
STF002 3 0 22.74 47.9 29.37 15.22
4 0 23.08 43.49 33.42 16.88
5 0 23.3 40.35 36.35 18.15
1 0 24.97 35.34 39.68 18.3
2 0 24.12 31.9 43.97 20.47
STF003 3 0 22.85 37.26 39.89 19.27
4 0 23.85 32.62 43.53 20.66
5 0 24.06 34.75 41.19 20.52
1 0 24.32 31.39 44.29 19.25
2 0 24.1 34.48 41.42 19.77
STF004 3 0 23.07 44.69 32.24 15.97
4 0 22.95 48.41 28.64 14.75
5 0 19.5 45.84 34.65 17.04
1 0 23.22 30.25 46.52 21.16
2 0 23.3 28.12 48.58 21.53
STF005 3 0 23.91 29.44 46.65 22.03
4 0 24.25 27.43 48.32 23.33
5 0 23.45 29.6 46.9 22.92
1 0 17.67 57.74 24.59 0.12
2 0 23.73 32.61 43.65 20.22
STF006 3 0 23.91 30.33 45.76 21.56
4 0 22.64 33.07 44.29 21.55
5 0 24.52 27.52 47.97 23.94
1 0 23.64 31.99 44.36 20.96
2 0 24.15 29.72 46.13 21.37
STF007 3 0 24.29 31.51 44.2 15.12
4 0 22.79 35.81 41.4 19.92
5 0 23.04 39.77 37.19 21.18
1 0 24.14 32.19 43.68 19.87
2 0 23.72 30.01 46.28 21.14
STF008 3 0 22.99 30.75 46.25 21.75
4 0 23.99 28.61 47.4 23.76
5 0 24.23 27.28 48.48 23.82
1 0 24.22 34.22 41.56 18.89
2 0 2211 41.99 35.9 17.1
STF009 3 0 21.69 40.85 37.45 17.75
4 0 16.66 55.38 27.95 13.65
5 0 7.87 86.38 5.76 0.44
1 0 23.98 33.95 42.05 19.5
2 0 23.39 33.47 43.13 20.69
STF010 3 0 22.55 34.06 43.38 20.1
4 0 22.59 35.54 41.87 20.44
5 0 24.09 32.68 43.25 20.99
1 0 23.34 34.09 42.57 19.17
2 0 24.1 32.76 43.14 20.78
STF011 3 0 23.3 34.71 41.97 19.92
4 0 23.98 31.38 44.65 22.51
5 0 23.52 33.75 42.73 21.09
1 0 23.94 36 40.06 17.6
2 0 23.61 33.4 42.99 19.83
STF012 3 0 22.05 38.55 39.4 17.69
4 0 23.38 37.62 39 19.98
5 0 22.99 35.96 41.05 19.38
1 0 23.51 37.26 39.22 18.64
2 0 24.17 31.87 43.95 20.48
STF013 3 0 23.31 34.25 42.45 20.07
4 0 22.78 35.15 42.08 21.21
5 0 24.61 30.17 45.22 22.24
1 0 22.2 39.74 38.05 18.77
2 0 23.82 31.22 44.96 21.11
STF014 3 0 22.77 36.56 40.68 19.24
4 0 22.71 41.25 36.03 19.08
5 0 23.07 35.16 41.77 20.69
STF’s average 0 22.98 36.43 40.59 19.33
Witbank’s average (DMRE, 2001) 0 19 40 38 17
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decreases, but other minerals remain fairly constant. Samples from
boreholes STF006 at 1 m and STFO09 at 5 m have notably high quartz
content, likely due to localized input of quartz-rich material or selective
disposal of quartz-rich waste during mining. Overall, these mineralog-
ical trends appear driven more by the strategic layering of different
waste materials during processing than by natural sedimentary pro-
cesses, so no clear geological explanation fully accounts for the
variations.

The high-intensity quartz peaks in Fig. 6 indicate its robust crystal-
line structure. The abundance and distribution of detrital quartz across
the samples suggest that quartz has effectively resisted mechanical
weathering (Wang et al., 2012). Similarly, pronounced kaolinite peaks
are observed at 20 values of approximately 12°, 25°, 38°, 39°, 45°, and
63° as shown in Fig. 6. Kaolinite forms through various processes across
different geological environments, such as crystallization from solution,
replacement of pre-existing minerals, crystallization from colloidal gels,
and weathering of both layered and non-layered silicates (Parham,
1969). Specifically, kaolinite forms from intermediate phases that
emerged on the felspar surfaces during weathering in the form of tiny
bumps and tempered projections (Parham, 1969). For instance, in the
Datong Coalfield, the presence of platy kaolinite in coal has been
attributed to feldspar weathering (Liu et al., 2021a). Its distinctive
layered structure facilitates the adsorption of trace elements onto its
surface and allows potential interactions with organic matter.

The identification of muscovite in the sample indicates the stability
of mica phases during sedimentary processes and reflects contributions
from either metamorphic or igneous source rocks with relatively limited
alteration. A minor peak at approximately 35.5° 260 corresponds to
magnetite (Fig. 6). This iron-bearing phase, though present in small
amounts, indicates localized oxidizing conditions during coal formation
and is often found as inclusion within oxidized zones of coal (Wagner
et al., 2019). Its occurrence also suggests detrital input from igneous or
metamorphic rocks. Pyrite was detected as a less abundant phase, evi-
denced by a subtle peak near 42° 20, confirming the presence of sulfide
minerals. This supports the interpretation that coal formation occurred
under anaerobic conditions through both syngenetic and epigenetic
processes (Li et al., 2016).

Carbonate minerals such as calcite, dolomite and minor ankerite,
were also present, indicating a significant carbonate fraction with both
syngenetic and epigenetic origin (Wang, 2017). The calcite peak appears
at 29° 20, while dolomite and ankerite peaks, which overlap, occur
around at 31° 20 (Fig. 6). The presence of calcite suggests the influence
of carbonic-rich fluids from marine or lacustrine environment as well as
possible contributions from biological activity such as microbial pro-
cesses and shell fragments (Vassilev and Vassileva, 1996). The coexis-
tence of dolomite and ankerite reflects varying fluids chemistries;
dolomite forms though precipitation from Mg-rich fluids, whereas
ankerite results from fluids enriched in Mg, Mn and Fe.

4.2.3. SEM-EDS results

The SEM-EDS focuses on the morphology of minerals present in the
coal discards. Based on the XRD data, it has been observed that all the
coal discards have similar mineralogical compositions despite different
depth ranges. Hence, there was no comparison between the types of
minerals present at each depth.

4.2.3.1. Silicate minerals. Silicate minerals are typical constituents of
coal mineral matter. They originate from detrital input, authigenic for-
mation, and volcanic ash during diagenesis (Dai and Chou, 2007). In the
Witbank Coalfield, the principal silicate minerals are quartz and
kaolinite, accompanied by smaller proportions of muscovite, illite and
montmorillonite. The angular to subangular quartz grains illustrated in
Fig. 7a indicate a detrital input, with limited transport and minimal
mechanical weathering. Fig. 7b illustrates fine-grained, platy, and flaky
montmorillonite aggregates, indicative of low-grade digenesis typically
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Fig. 5. The FTIR spectra for selected coal discard samples at different depths.

associated with early authigenesis or weathering-derived input. The
compacted and irregularly edged kaolinite with a blocky texture
depicted in Fig. 7e reflects a more mature, diagenetically transformed
phase, pointing to intense weathering of intermediate phases or feld-
spar. Ultimately, the platy and angular muscovite grain surrounded by
fine-grained materials in Fig. 8f implied low-energy depositional envi-
ronment during coal formation.

4.2.3.2. Carbonate minerals. Calcite, siderite, and dolomite are typical
carbonate minerals present in coal mineral matter. Calcite and dolomite
originate from hydrothermal fluids and groundwater (Shao et al., 2022).
Siderite minerals with Fe*2 typically form in a low-oxygen environment
(Dai et al., 2015). Small, euhedral, elongated, and fragmented crystals of
siderite, as illustrated in Fig. 8b, suggest minimal transportation, early
diagenetic stage, and intense mechanical weathering. In contrast,
anhedral fragmented siderite crystals as illustrated in Fig. 8d indicate
intense transportation and weathering.

4.2.3.3. Sulfide and sulfate minerals. Sulfide minerals formed in coal
during syngenetic and epigenetic processes. Small subhedral crystals of
pyrrhotite, as illustrated in Fig. 9a, reflect the decomposition of pyrite
during coal combustion. Pyrite forms in a low-oxygen environment
where crystal growth is limited, due to small space or chemical pre-
cipitation. As shown in Fig. 9b, barite appears as a well-defined tabular,
plate-like crystal with clear angular edges, suggesting minimal alter-
ation, while in Fig. 9d appears as a more massive crystal form with a
rough surface, indicating intense weathering.

4.2.3.4. Other minerals. These are oxide minerals such as zircon, he-
matite, Ti-hematite, and ilmenite. The presence of magnetite, Ti-
hematite, and ilmenite suggests that coal seams were subjected to an
oxidizing condition in a micro-environment. Ti-hematite appears as an
elongated, tabular crystal form as shown in Fig. 10a, derived from mafic
or heavy minerals (Farjana et al., 2018). Its rough surface and sharp
edges suggest it went through an alteration in situ environment. The
sub-rounded grain of magnetite with some patches of organic matter on
the surface, as illustrated in Fig. 10b, indicates that the magnetite was
transported by water and deposited in an oxidizing environment. The
platy-like crystal of ilmenite with some slickenlines and small inclusion
of organic matter on the surface, as illustrated in Fig. 10e, suggests the
presence of faults caused by tectonic or volcanic activities. Subhedral

crystal of ilmenite as shown in Fig. 10f suggests that ilmenite formed
under high-temperature and high-pressure conditions in a magmatic
environment. A well-developed, euhedral crystal form of zircon with
tetragonal prismatic structure, as shown in Fig. 10c, shows that detrital
zircon resisted weathering.

4.2.4. TIMA results

TIMA was employed to complement the XRD and SEM-EDS data by
cross-validating the mineral phases detected by those methods. Only
two samples (STFO09 at depth of 2 m and STF009 at depth of 4 m) were
selected for analysis, as all coal discard samples exhibited similar
mineralogical composition regardless of depth. Quartz and kaolinite
were the predominant minerals across all samples. These results align
with the semi-quantitative XRD data, which similarly identified quartz
and kaolinite as the major mineral phases. Quartz content increases with
depth, while kaolinite declined correspondingly. The STFO09 sample at
2 m depth was dominated by quartz, kaolinite, pyrite, calcite, fusinite,
vitrinite, and siderite. In contrast, the 4 m depth sample predominantly
contained quartz, kaolinite, fusinite and microcline.

As illustrated in Fig. 11b, small illite phases were observed alongside
with muscovite at the edges of microcline grains, suggesting that illite is
formed under hydrothermal or low-grade metamorphism conditions
(Aja, 2019). Siderite particles were dispersed among quartz, clay min-
erals, and organic matter, and were found associated with calcite and
dolomite, indicating precipitation of carbonate minerals during coal
formation. Additionally, small siderite particles occurred within pyrite,
implying iron mineralization under sulfur-rich conditions. Dolomite
particles embedded within calcite in Fig. 11a and b; align with SEM-EDS
observations. This textural relationship results from incomplete disso-
lution of calcite followed by precipitation and substitution of Ca by Mg
in a shallow marine environment (Querol et al., 2001). In Fig. 11b,
pyrite surfaces were covered by small particles of kaolinite, dolomite,
and to a lesser extent, fusinite and quartz. The presence of ilmenite,
fusinite (high carbon content), dolomite and kaolinite on pyrite implies
a complex geological history, where these minerals were deposited after
pyrite crystallization. Fig. 11a and b also show gypsum adjacent to py-
rite, suggesting that pyrite oxidation occurred, producing sulfate ions
that reacted with calcium to form gypsum. Furthermore, the presence of
small calcite and dolomite particles on gypsum surfaces (Fig. 11b) in-
dicates incomplete transformation of carbonate minerals into gypsum.
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Table 2
Semi-quantitative mineral phase composition (wt%) of boreholes STF001-014 identified by X-ray diffraction across various depth from 1 to 5 m on a whole rock basis.
Borehole ID Depth (m) Q K D C A M Mu P
1 41.11 24 9.35 14.49 1.95 3.31 2.88 2.43
2 40.91 24.02 9.25 14.36 1.84 3.06 2.88 2.25
STF001 3 45.13 19.91 9.13 14.07 1.68 3.16 3.12 2.33
4 46.7 18.07 9.25 14.4 1.93 3.54 2.67 2.6
5 46.72 18.34 9.35 14.54 1.96 3.19 2.74 2.34
1 42.9 23.45 9.35 14.66 1.93 2.47 2.74 1.82
2 39.76 24.33 9.43 14.82 2.16 3.4 2.95 2.5
STF002 3 40.15 18.35 9.43 14.72 2.54 6.37 2.98 4.69
4 42.45 17.77 9.48 14.88 2.5 5.48 2.84 4.03
5 45.69 16.47 9.33 14.49 2.12 4.48 2.77 3.29
1 44.54 23.48 9.17 14.26 1.61 1.93 2.75 1.42
2 46.24 22.7 9.09 14.11 1.5 1.78 2.57 1.31
STF003 3 50.47 14.64 9.09 14.06 1.74 3.58 2.8 2.63
4 48.96 17.74 9.18 14.27 1.77 2.98 2.35 2.19
5 46.14 15.55 9.34 14.5 2.24 5.24 2.55 3.85
1 45.54 17.68 9.64 15.28 2.41 3.25 3.28 2.39
2 52.3 14.46 9.29 14.52 1.84 2.4 2.52 1.77
STF004 3 50.86 12.33 9.63 15.27 2.43 3.42 2.95 2.51
4 45.78 12.03 9.89 15.83 3.04 5.37 3.11 3.95
5 56.28 13.2 8.71 13.31 1.04 1.84 3.6 1.35
1 40.22 29.26 8.95 13.79 1.23 1.24 2.51 1.91
2 47.78 25.33 8.61 13.13 0.77 0.74 1.64 1.54
STF005 3 51.93 18.65 8.84 13.59 1.09 1.03 2.41 1.76
4 51.56 18.24 8.96 13.81 1.32 1.72 217 1.27
5 53.34 16.38 8.93 13.78 1.23 1.26 2.37 1.93
1 64.77 13.02 8.65 6.17 1.12 2.89 2.43 1.13
2 53.16 24.63 9.05 6.93 1.42 1.89 0.56 1.39
STF006 3 54.07 24.69 8.95 6.81 1.27 1.38 0.57 1.01
4 54.09 23.94 9 6.89 1.4 1.96 0.64 1.44
5 55.17 23.98 8.94 6.75 1.25 1.5 0.42 1.1
1 44.39 23.72 9.08 13.99 1.49 2.14 2.83 1.57
2 47.32 22.49 9 13.91 1.35 1.56 2.52 1.14
STF007 3 46.19 22.49 9.05 14.02 1.48 1.99 2.53 1.46
4 47.69 17.14 9.23 14.34 1.86 3.26 2.93 2.39
5 48.17 21.87 8.91 13.74 1.33 2.07 1.8 1.52
1 45.89 23.6 8.95 13.76 1.21 1.2 2.8 1.88
2 44.22 25.35 9.04 13.98 1.39 1.57 2.5 1.15
STF008 3 44.81 24.92 9 13.92 1.34 1.39 2.39 1.02
4 45.24 25.13 8.96 13.82 1.28 1.44 2.45 1.06
5 48.24 21.69 8.98 13.85 1.32 1.57 2.35 1.16
1 43.3 21.79 9.87 15.89 2.56 1.84 2.95 1.36
2 41.29 21.97 9.21 14.24 1.97 4.47 3 3.29
STF009 3 43.25 22 9.14 14.14 1.76 3.43 3.03 2.52
4 59.66 10.14 8.66 13.21 0.95 1.59 4.24 1.17
5 92.7 1.58 nd nd nd nd 5.2 nd
1 44.42 23.23 9.14 14.14 1.56 2.02 2.7 1.48
2 44.87 22.74 9.26 14.47 1.76 2.06 2.58 1.52
STF010 3 46.8 23.08 8.86 13.63 1.11 1.06 2.44 1.78
4 45.57 21.2 9.23 14.4 1.79 2.57 2.45 1.89
5 45.8 20.42 9.25 14.41 1.82 2.78 2.51 2.04
1 44.24 23.98 9.09 14.06 1.51 2 2.89 1.47
2 45.09 23.08 9.1 14.08 1.54 2.13 2.67 1.57
STFO11 3 44.02 23.1 9.18 14.31 1.69 2.26 2.67 1.66
4 43.05 25.5 9.07 14.04 1.48 1.93 2.53 1.42
5 46.36 21.01 9.08 14.07 1.58 2.45 2.66 1.8
1 42.61 24.5 9.24 14.31 1.69 2.29 3.01 1.68
2 43.87 23.22 9.2 14.24 1.69 2.53 2.7 1.86
STF012 3 44.05 23.74 9.11 14.12 1.57 2.2 2.82 1.62
4 41.78 23.37 9.37 14.7 2.02 2.92 2.72 2.15
5 43.8 23.56 8.97 13.82 1.47 2.73 2.79 2.01
1 41.96 23.9 9.54 15.08 2.09 1.88 2.86 1.38
2 44.82 2291 9.09 14.01 1.43 1.66 2.63 1.22
STFO013 3 44.33 23.55 9.1 14.05 1.53 2.19 2.79 1.61
4 42.59 23.12 9.12 141 1.71 3.22 2.67 2.37
5 47.15 21.77 9.03 13.99 1.44 1.86 2.36 1.37
1 44.81 24.12 9.02 13.92 1.39 1.78 3.18 1.31
2 45.86 22.4 9.1 14.04 1.49 1.96 2.5 1.44
STF014 3 48.08 19.92 9.09 14.09 1.56 2.25 2.88 1.65
4 47.11 18.65 9.33 14.62 1.95 2.8 2.92 2.06
5 50.2 17.12 8.94 13.74 1.46 2.95 2.56 217

Q-quartz, K-kaolinite, C-calcite, D-dolomite, A-ankerite, M-magnetite, Mu-muscovite, P-pyrite and nd - not detected.
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Fig. 6. XRD data for coal discards samples at various depths, Q-quartz, K-kaolinite, Mu-muscovite, C-calcite, D-dolomite, M-magnetite, P-pyrite, and A-ankerite.

4.3. Geochemistry of coal discards

4.3.1. Major oxides

The main components of the coal discards in the Witbank Coalfield
are SiO4 and Al;O3, which together account for approximately 76 % of
the major oxides present in these samples (Table 3). The weighted av-
erages of SiO; and Al;O3 are 20.15 and 9.33 wt%, respectively. Notably,
the Al,O3 content falls below 37 %, the standard criterion for high Al-
bearing coal (Sun et al., 2022). Concentration coefficients (CC) for the
coal discards were determined by dividing the average oxide concen-
trations by the corresponding averages reported for South African coals,
based on the data from Pinetown (2007), Netshitungulwana et al.
(2022), Biswas et al. (2024), Modiba and Wagner (2024). The resulting
CCs values are: 0.33 for SiO,, 0.60 for TiO,, 0.45 for Al,Os3, 0.72 for
Fe503, 1 for MnO, 0.71 for MgO, 1.06 for CaO, 0.78 for Nay0, 0.48 for
K20 and 1.1 for P50s, as illustrated in Fig. 12. Chromium oxides were
generally excluded from this analysis owing to their consistently low
concentrations.

These CC values indicate a depletion of SiO5 and Al;O3 in the coal
discard samples relative to South African coal averages, suggesting a
lower abundance of silicate minerals such as quartz and clay minerals.
This observation is consistent with TIMA data, which also show
decreased silicate mineral content across various depths. In contrast,
CaO and P5Os exhibit slight enrichment, indicating the presence of
carbonate and phosphate minerals such as calcite, ankerite, apatite, and
dolomite. The relative depletion of K,O may reflect the limited presence

of potassium-bearing minerals such as muscovite, which is consistent
with TIMA and XRD data showing reduced muscovite content
throughout the coal discard samples. Similarly, notable depletion of
TiO9, Fe303, MgO, and NayO reflects the limited presence of Ti-, Fe-, Mg-
, Na-bearing minerals such as anatase, pyrite, montmorillonite, ankerite,
hematite, ilmenite, and albite. These findings align well with TIMA data
showing reduced content of these minerals. Overall, the geochemical
composition observed in these samples corresponds with regional coal
characteristics reported in previous studies, offering valuable insights
into the depositional environment and diagenetic processes that have
influenced the Witbank Coalfield coal seams.

4.3.2. Trace elements

The average concentrations of trace elements analyzed by ICP-MS
are summarized in Table 4. The analysis includes a comprehensive list
of elements such as Li, Be, Sc, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Mo,
Ba, La, Ce, Nd, and Pb. However, some REEs and other elements were
consistently below the detection limit in all samples and are therefore
excluded from the data presentation. The focus on Ga, Sr, Zr and Ba
stems from their prominence as the abundant elements in South African
coal discards, exhibiting notably higher ppm values compared to other
detected elements (Maphoso et al., 2024). To ensure clarity and rele-
vance, only those elements that were reliably detected are reported.

The average Ba concentration was 960.85 pg/g, which is approxi-
mately four times higher than the Ba cut-off grade of 150 pg/g, (Ketris
and Yudovich, 2009). Sr had an average concentration of 344.94 pg/g.
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Fig. 7. a) angular to subangular grains of quartz, b) fine-grained, platy, and flaky montmorillonite aggregate, c¢) EDS spectrum for point +1, d) EDS spectrum for
point +2, e) irregular edged kaolinite particle with a blocky texture, f) platy and angular muscovite grain with a smooth texture, g) EDS spectrum for point +3, and f)

EDS spectrum for point +4.

Zr averaged 495.39 ng/g significantly exceeding the world average
concentrations in coal, which are reported as 35 pg/g for low-rank coals
and 36 pg/g for hard coals (Ketris and Yudovich, 2009). For comparison,
average Zr concentration have been reported as 27 pg/g in U.S. coals
(Orem and Finkelman, 2005) and 89.5 pg/g in Chinese coals (Dai et al.,
2012a). Ga averaged 141.07 pg/g, notably higher than its cut-off grade
of 30 pg/g (Dai et al., 2006a). Concentration coefficients (CC) were
determined by diving the average concentration of each trace element in
the coal discards by the corresponding global averages for hard coals
provided by Dai et al. (2015a). As shown in Fig. 13, the Witbank Coal-
field coal discards are significantly enriched in Ba, Zr and Ga (CC > 5);
moderately enriched in Sr, Li, Co, Ni, Cu, Zn, Pb, Rb and Nb (2 < CC <
5); slightly enriched in Sc (1.2 < CC < 2); depleted in Y (0.5 < CC < 1.2)
and significantly depleted in La, Ce and Nd (CC < 0.5) when compared
to hard coals around the world (Ketris and Yudovich, 2009). Notably,
the concentrations of Mo and Be were comparable to global averages for
hard coals. Overall, the studied coal discards are characterized by en-
richments of Ba, Zr, Ga, Sr, Li, Co, Ni, Cu, Zn, Pb, Rb, and Nb.

10

5. Discussion
5.1. Vertical distribution of Major oxides and Ga, Sr, Zr and Ba

The spatial distribution of elements in the coal discard dump was
examined along the vertical profile. One particularly observation is that
coal discards at shallower depths are more likely to have undergone
leaching, oxidation, erosion, weathering and spontaneous combustion,
whereas those at greater depths tend to be relatively fresh (Vo et al.,
2022). As shown in Fig. 14, the averages of major and trace elements
were calculated as the arithmetic mean of samples collected at each
depth. Across the different depths, major oxides exhibited only minor
fluctuations, indicating a relatively uniform geochemical composition
and consistent mineralogy. In contrast, trace elements displayed mod-
erate geochemical mobility with depth.

Specifically, Ba concentration increased with depth up to 4 m before
declining; Ga showed a gradual increased until 4 m, then decreased; Sr
generally decreased with depth but spiked at 4 m; and Zr remained
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Fig. 9. a) small subhedral crystals of pyrrhotite, b) tabular, plate-like and euhedral barite crystal with clear angular edges, c) massive subhedral crystal of barite with
rough surface, d) EDS spectrum for point +1, e€) EDS spectrum for point +2 and f) EDS spectrum for point +3.

mostly stable with a slight increase at 5 m. These patterns suggest that
trace elements tend to concentrate at deeper levels, possibly transported
by water. CaO was depleted at 5 m, indicating the presence of acidic
groundwater that likely dissolved calcite (Liu et al., 2018). The SiOy/
Al>O3 ratios measure were 2.18 at 1 m, 2.00 at 2 m, 2.05 at 3 m, 2.22 at
4 m, and 2.36 at 5 m, slightly higher than the theoretical ratio of 1.18 for
pure kaolinite (Zheng et al., 2016). This supports the interpretation that
quartz is the dominant mineral, followed by kaolinite, consistent with
XRD and TIMA data. Additionally, SiO is also present in other silicate

11

minerals with high Si concentration such as illite, muscovite, smectite
layer and zircon.

5.2. Modes of occurrence of Ga, Sr, Zr and Ba

The mode of occurrence of elements in coal results from various
processes during peat deposition, followed by geological processes
during diagenesis and epigenesis. It provides valuable insights into the
origin of the elements, the geochemical processes undergone by the
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Fig. 11. TIMA images and quantitative data showing mineral and organic matter contents at various depths.
Table 3
Average concentration of major oxides (wt%) at various depths on a whole rock basis.
Depth (m) Si02 TiO2 Al203 Fe203 MnO MgO CaO Na20 K20 P205 LOI
1 21.69 0.63 9.97 3.19 0.04 0.91 3.46 0.19 0.53 0.24 59.13
2 18.32 0.62 9.16 3.3 0.03 0.89 3.15 0.16 0.41 0.23 63.72
3 19.5 0.65 9.51 3.76 0.04 0.86 3.14 0.18 0.49 0.23 61.63
4 20.26 0.66 9.13 4.3 0.04 0.88 3.41 0.18 0.47 0.24 60.42
5 21.41 0.66 9.06 4.14 0.04 0.84 2.79 0.18 0.54 0.22 60.1

parent peat and coal, and crucially, how the elements will behave during
coal cleaning, utilization, leaching, and disposal (Orem and Finkelman,
2005; Finkelman et al., 2019; Dai et al., 2021). Indirect methods, such as
statistical methods, have been widely used to investigate the modes of
occurrence of elements in coal. However, these methods have inherent
uncertainties due to their purely statistical nature and lack of mineral-
ogical evidence. Recent studies recommend complementing statistical
analyses with at least one direct method such as SEM-EDS or EPMA, to
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address these limitations (Orem and Finkelman, 2005; Dai et al., 2021).
Accordingly, this study combines the statistical method with direct
methods such as SEM-EDS, XRD, and TIMA, to provide a more robust
and comprehensive understanding of the elemental occurrence.

5.2.1. Ga
Ga typically isomorphically substitutes for Al in Al-bearing minerals
owing to their similar electronegativity, ionic radii, and charges (Wang
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Fig. 12. The concentration coefficients of major oxides in the coal discards of the Witbank Coalfield compared to the average concentration of major oxides in South
African coals (Pinetown, 2007; Netshitungulwana et al., 2022; Biswas et al., 2024; Modiba and Wagner, 2024).

et al., 2011). However, Ga has multiple modes of occurrence in coals.
For instance, in the high-volatile bituminous coals of the Jungar Coal-
field, Ga is primarily hosted by collotelinite maceral (Jiu et al., 2023),
whereas in the medium-volatile bituminous coals of the Muli Coalfield,
it is predominantly associated with kaolinite (Shao et al., 2018).
Although some Ga-bearing minerals such as boehmite and goyazite were
not detected by SEM-EDS, XRD and TIMA except for kaolinite, most
studies reported that Ga primarily occurs in Al-bearing minerals, espe-
cially kaolinite (Wang et al., 2011; Shao et al., 2018; Zhao et al., 2019),
as well as boehmite (Dai et al., 2006, 2006a; Wang et al., 2011; Shao
et al., 2018) and goyazite (Dai et al., 2012; Zhao et al., 2019). This study
showed that kaolinite is the second most abundant mineral in coal dis-
cards. Given the significantly elevated Ga concentration (CC > 5)
compared to averages reported for most hard coals around the world, it
is reasonable to infer that kaolinite and organic matter are the primary
carriers of Ga in these samples. However, this inference should be
considered with caution due to limited direct mineralogical evidence.

5.2.2. Sr

Sr occurs in organic matter in low-rank coals and in calcite in hard
coals (Swaine, 1990). Previous studies have reported that Sr occurs in
minerals such as celestine, clay minerals, gypsum, strontianite, barite,
crandallite, gorceixite and goyazite. To a lesser extent, Sr has also been
identified in clinoptilolite, heulandite (Swaine, 1990; Dai et al., 2013,
2015; Spiro et al., 2019) and svanbergite (Li et al., 2016). A statistical
correlation study revealed that leached Sr shows a strong positive cor-
relation with both low-Ge and high-Ge coals (Liu et al., 2021). The Sr
concentration is slightly enriched (2 < CC < 5) compared to the average
levels for most coals worldwide. SEM-EDS analyses show that Sr is
present in barite, which aligns with previous findings that sulfate min-
erals are frequent carriers of Sr in coal (Karayigit et al., 2000). As
illustrated in Fig. 15a and b, Sr exhibits a weak positive correlation with
P05 and CaO, respectively. This suggests that Sr isomorphically sub-
stitutes Ca in apatite and, to some extent, occurs in carbonate minerals
such as calcite, dolomite, and ankerite. Overall, these observations
indicate that Sr is hosted primarily in barite, phosphate, and carbonate
minerals within the coal discard samples.

5.2.3. Zr

The concentration of Zr is significantly high (CC > 5) compared to
averages levels observed in coals worldwide. SEM-EDS and TIMA data
show that Zr is present in detrital zircon minerals. This observation is
consistent with previous research identifying zircon as a frequent Zr-
bearing mineral in coals (Karayigit et al., 2000; Dai et al., 2006). The

13

correlation analysis presented in Fig. 16a shows a strong positive cor-
relation between Zr and TiO,. This suggests a mineral association be-
tween zircon and Ti-bearing minerals rather than the incorporation of Zr
within Ti-bearing minerals. Both zircon and Ti-bearing minerals are
heavy and resistant, commonly concentrating in deposits due to their
physical stability during alteration processes. However, Zhao et al.
(2017) highlighted that Zr occurs in anatase. A moderate positive cor-
relation between Zr and Al;O3 in Fig. 16b indicates the presence of Zr in
Al-bearing minerals. Supporting this Karayigit et al. (2024) reported
that Zr occurs within aluminosilicate minerals. These findings align with
earlier studies where Zr was not directly observed in SEM-EDS data but
was inferred though correlation analysis to have an inorganic affinity
within coals (Karayigit et al., 2017, 2024).

5.2.4. Ba

The Ba concentration in the high-volatile bituminous coal discard is
significantly high (CC > 5) compared to values typically observed in
coals worldwide. Notably, one sample from a deeper depth exhibited an
exceptionally high Ba concentration of 3426.22 ug/g. SEM-EDS analysis
confirms that Ba is present primarily in barite, consistent with previous
studies identifying barite as a common Ba-bearing mineral in coal (Zhao
et al., 2014; Karayigit et al., 2019, 2022, 2024). Earlier research has
shown a positive correlation between Ba and ash yield in Permian
bituminous coals from the Guizhou Province (Dai et al., 2005).
Conversely, lignite coals from the Can Basin in Turkey exhibited a
moderate negative correlation between Ba and ash yield, suggesting that
organic matter is the primary host of Ba in those coals (Giirdal, 2008).
Additionally, Ba has been reported to isomorphically substitute K in clay
minerals, with this substitution balanced by the replacement of Si** by
A1, indicating Ba’s presence in silicate minerals. In medium -volatile
bituminous coals from the Ordos Basin, barite, boehmite, and organic
matter have been identified as the major Ba carriers (Zhao et al., 2014).
In overall, these findings confirm that Ba is mainly hosted in barite, with
the remaining Ba accommodated in kaolinite and other clay minerals
within bituminous coal discards.

5.3. Mechanism of Ga-Sr-Zr-Ba enrichment

Enrichment refers to the mechanisms that increase the concentra-
tions of elements in coal. Base on the above geochemistry and miner-
alogy of the Permian coal discards of the Witbank Coalfield, it is
anticipated that the enrichment of Ga, Sr, Zr and Ba occurs. This section
discusses the significant enrichment of these trace elements, by explor-
aring the geochemical and geological controls responsible for their
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Table 4

Average concentration of trace elements (pg/g) across various depths (m) on a whole rock basis.
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elevated concentrations.

5.3.1. Source materials

The Al,03/TiO; ratio serves as a key indicator in determining the
origin and source of sedimentary rocks (Hayashi et al., 1997) and coal
seams (Zheng et al., 2017; Zhao et al., 2019a). Ratios between 3 and 8
indicate a mafic igneous rock source, values between 8 and 21 reflect
intermediate igneous rocks, while ratios from 21 to 70 are typical of
felsic igneous rocks (Hayashi et al., 1997). The AlyO3-TiO4 plot for the
Witbank Coalfield coal discard samples (Fig. 17a) shows that all samples
fall within the intermediate igneous rock field. The reciprocal of the
Al;03/TiO4 ratio increases as the SiO, content decreases in igneous
rocks (Huemer, 1997). Correspondingly, the TiO,/Al503-SiO2 plot for
these coal discard samples (Fig. 17b) indicates a predominant influence
from igneous rocks. This supports earlier findings that coal seams in the
Witbank Coalfields were intruded by a series of igneous rocks (Coetzee
and Kisters, 2016).

The TiOy/Al;03 ratio has also been used to infer the pH of the
depositional environment of coal seams. Typically, TiO2/Al;03 ratios
between 0.014 and 0.048 suggest acidic conditions; values from 0.048 to
0.125 indicate neutral conditions; and ratios between 0.125 and 0.333
reflect basic conditions (Shao et al., 2022; Huemer, 1997). As shown in
Fig. 17c, the TiO2-Aly03 plot reveals that the coal discards exhibit
neutral pH characteristics, contrasting with the typically acidic nature of
South African coals. This observation aligns with TIMA and XRD data,
which demonstrated the presence of acid-neutralizing minerals such as
kaolinite, calcite, dolomite, illite and muscovite. Notably, Mxinwa et al.
(2020) highlighted the potential of South African coal discards to act as
neutralizing agents for acid mining drainage, suggesting their use as
precursor for lime neutralization.

The Zr/TiO, and Nb/Y ratios are key indicators for magma source
discrimination (Winchester and Floyd, 1977). The Zr/TiO»-Nb/Y plot
(Fig. 17d) shows that most coal discard samples fall within the tra-
chyandesite field, with some samples located in the trachyte field, and a
few in the comendite-pantellerite, and phonolite fields. These findings
suggest that the coal seams were influenced by both felsic and mafic
volcanic ashes. Additionally, these results corroborate previous studies
that indicated alkaline felsic ashes are rich in SiO5, Nb, Zr and Ga,
whereas mafic volcanic ashes tend to have high concentrations of Co and
Ni, accompanied by depletion of Ce, La, Nd, and Y (Dai et al., 2014; Zhao
et al., 2017; Zheng et al., 2017).

5.3.2. The Sr/Ba ratio and depositional environment of Witbank Coalfield
coal discards

The Sr/Ba ratio is a well-established indicator for paleosalinity
assessment in sedimentary deposits (Wang et al., 1979; Dai et al., 2020;
Karayigit et al., 2024) and has proven useful in coal research as well (Dai
etal., 2018; Spiro et al., 2019). Typically, ratios below 1, as consistently
observed in the Witbank Coalfield coal discard samples (Fig. 18),
confirm a predominantly freshwater depositional environment (Wang
et al., 1979; Dai et al., 2020). This finding aligns with geochemical and
sedimentological studies describing peat formation in wetlands, fluvial
systems, and lacustrine settings characteristics of the Witbank basin
(Weeber et al., 2000; Soeder and Borglum, 2019; Netshitungulwana
et al., 2022).

While Sr/Ba ratios provide valuable paleosalinity constraints, inter-
preting trace elements requires careful consideration of post-
depositional mobility and mineralogical hosts. In the Witbank sam-
ples, trace elements such as Ga, Sr, Zr and Ba exhibit varying degrees of
mobility influenced by geochemical processes like leaching, diagenesis,
and groundwater interaction. For instance, Ba is frequently hosted in
barite, a sulfate mineral that can form syngenetically or through
diagenetic precipitation, which may concentrate Ba independently of
depositional salinity (Dai et al., 2020; Karayigit et al., 2022). SEM-EDS
data confirm Sr and Ba association with barite grains (Figs. 9e and 9f),
underscoring the influence of authigenic mineral formation on trace
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element distribution. Siderite and pyrite presence, along with Fe-, Mn-,
Mg-bearing carbonate minerals such as ankerite and dolomite, reflect
redox-driven diagenetic processes and suggest an evolving geochemical
environment where sulfate reduction, organic matter decay, and
groundwater chemistry exert control on mineral formation and
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elemental partitioning (Liu et al., 2019; Wang, 2017).

Diagenesis alterations are documented by the abundance of car-
bonate minerals and the neutral pH signatures inferred from TiO3/Al;03
ratios (Fig. 17¢), contrasting with the generally acidic nature of South
African coals. The presence of acid-neutralizing minerals such as
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Winchester and Floyd, 1977).

kaolinite, calcite, dolomite, illite and muscovite supports the buffering
of acidic fluids and may regulate trace element retention or remobili-
zation (Mxinwa et al., 2020). The vertical distribution data (Fig. 14)
further point to geochemical mobility related to groundwater transport.
Trace elements such as Ba and Ga show enrichment at mid-depths (up to
4 m), while CaO depletion at 5 m indicates acidic groundwater disso-
lution of calcite (Liu et al., 2018), reflecting localized diagenetic
alteration.

Ash yield, which indicates the inorganic mineral content of coal,
serves as a vital sedimentological proxy, linking geochemistry and
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depositional environmental. In this case, ash yield shows a moderate
negative correlation with the Sr/Ba (Fig. 18), supporting a freshwater
depositional setting with terrigenous input, as previously suggested by
Spiro et al. (2019). This correlation aligns closely with the work of Dai
etal. (2018), which comprehensively analyzed the relationship between
Sr/Ba ratios and ash yields in coal samples. Their study demonstrated
that lower Sr/Ba ratios correspond to freshwater conditions and higher
organic content, reflected by lower ash yields, whereas higher Sr/Ba
ratios tend to indicate marine influence accompanied by increased
mineral matter. Dai et al. (2018) highlighted that ash yield is a reliable
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proxy to distinguish depositional environmental when used alongside
Sr/Ba and B geochemical signatures.

In the case of the present study, most samples fall below the 50 wt%
ash yield threshold that defines high-ash coals (Fig. 18), indicating
moderate minerals content consistent with freshwater peat accumula-
tion with significant clastic sediment influx. The low Sr/Ba ratios and
ash yields together reinforce the interpretation of coal formed pre-
dominantly under freshwater conditions. Supporting this, geochemical
data show depleted levels of MgO, MnO, NayO, K20 and REY, which is
characteristics of minimal marine input despite the common presence of
marine minerals such as pyrite, dolomite and calcite.

The geochemical composition and mineralogy of the Witbank coal
discards align with regional trends observed in other South African
coalfields and globally. The elevated concentrations and enrichment of
Ba, Zr and Ga (CC > 5) observed in this study are consistent with those
reported for other bituminous coals, where Ga commonly associated
with kaolinite (Wang et al., 2011; Shao et al., 2018; Zhao et al., 2019)
and Zr with detrital zircon (Karayigit et al., 2000; Dai et al., 2006).
Additionally, the combined geochemical and mineralogical data support
previous models of the Witbank coal seams being intruded by igneous
rocks (Coetzee and Kisters, 2016), as explained by intermediate igneous
rock signatures in TiOo/Al,O3 ratios (Fig. 17a) and magma source
discrimination plots (Fig. 17d) indicating felsic and mafic volcanic in-
fluence (Dai et al., 2014).

6. Conclusion

This study offers a comprehensive mineralogical and geochemical
characterization of coal discards from the Witbank Coalfield, elucidating
their formation environment as well as occurrence, distribution and
enrichment of trace elements. The coal discards are dominated by quartz
and kaolinite, with minor carbonate and sulfide minerals that reflect
diagenetic transformations and hydrothermal influences. Trace element
analyses reveal significant enrichments in gallium (Ga), strontium (Sr),
zirconium (Zr) and barium (Ba). Ga is primarily associated with both
kaolinite and organic matter, with an average concentration of 141.07
pg/g; Sr and Ba occur predominantly in barite, with average concen-
trations of 344.94 and 960.85 pg/g, respectively; and Zr is hosted in
detrital zircon grains, with an average concentration of 495.39 pg/g.
These elevated concentrations highlight the economic potential of these
elements, indicating that targeted extraction from coal discards could be
a valuable avenue for resource recovery.

The Sr/Ba rand TiO/Al,03 ratios confirm a freshwater depositional
environment with notable contributions from intermediate igneous rock
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sources and volcanic ash. Additionally, the negative correlation between
Sr/Ba ratios and ash yields further supports terrigenous clastic input in
peat formation under continental freshwater conditions. Diagenetic
process and groundwater chemistry have modulated mineral abundance
and trace element mobility, as evidenced by vertical variations in
element concentrations and minerals assemblages. The presence of acid-
neutralizing minerals such a kaolinite and carbonates suggest potential
application of these coal discards in mitigating acid mine drainage,
enhancing their environmental value beyond waste material. Overall,
the integration of multi-technique mineralogical data and trace element
geochemistry advances the understanding of depositional and post-
depositional evolution of Witbank coals. It also provides a valuable
framework for future studies on coal discards management, sustainable
resource utilization, and the recovery of economically important ele-
ments in similar coal basins globally.
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