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Abstract

The purpose of this research was to learn more about the release, transport, dispersal, and fate
of metal species emitted by mine tailings storage facilities (MTSFs) on the Sabie River system.
Analytical techniques and geochemical modelling were used to evaluate the chemical reactions
that occur after metals are released from gold mine tailings in the Sabie Goldfield. MSTFs, a
rainwater runoff pond and the Sabie River system were all considered as potential metal
contaminants flow paths. Seasonal variation was taken into account to learn more about the

effects on metal dispersion during the wet (summer) as well as dry (winter) seasons.

Very high concentrations of metal species were found in the tailings from the Nestor MTSF when
compared to concentrations found in stream sediments. There was no substantial difference in
metal (loid) distribution, specifically, cobalt (Co), nickel (Ni), lead (Pb), chromium (Cr), zinc (Zn),
copper (Cu) and arsenic (As) between the summer and winter seasons. In addition, no indication
of metal species dispersal was observed from the Nestor MTSF to the nearby water bodies,
namely, the Klein Sabie and the Sabie River respectively. This is because the majority of the
metal pollution is detached from the system over a short distance. When compared to
concentrations found in stream sediments, the tailings from the Nestor MTSF had elevated
concentrations of metal species. Acid producing minerals such as pyrite and secondary iron
minerals, which are commonly found in mine wastes, were discovered to be possible polluters to
the Sabie River system. Furthermore, the mineral capable of neutralizing acid dolomite present

in the sediments may function as a critical buffer.

Using traditional acid base accounting (ABA) criteria, gold mine tailings from the Nestor MTSF
are classified as potential acid forming (PAF), whereas gold tailings from the Glynns Lydenburg
MTSF are classified as non-acid forming (NAF) but may still produce alkaline drainage.
Furthermore, tailings from these two sites were mixed, and ABA was performed to determine
whether the alkaline tailings could neutralize the acid from the Nestor (MIX25 and MIX75). The
results indicated that materials from the Glynns Lydenburg are capable of neutralizing the acid
from the Nestor mine tailings. Therefore, materials from the Glynns Lydenburg MTSF can be an
economically viable option to treat potential acid-generation from the Nestor MTSF by forming a

base cover system in which vegetation will grow.

To characterize the solid phase speciation of metal species in the vicinity of the Sabie River

system, a four-stage sequential extraction procedure was performed on mine waste, soil and
il



stream sediment samples. Organics and sulphides-bound fractions, as well as Fe and Mn-bound
fractions were considered bioavailable, with metals in these phases being possibly remobilised
under varying environmental settings. Aluminium and iron were discovered to achieve maximum
bioavailability in mine waste, followed in decreasing order by manganese (Mn), As, Zn, Cr, Cu,
Co, and Pb. Adsorption into Mn, Al, and Fe-hydroxide precipitates observable in the drainage
path flowing towards the Klein Sabie River is the crucial process for this geochemical scavenging.
The PHREEQC modelling code was used in conjunction with sequential extraction to characterize
the chemical reactions that transform metals. According to the results of PHREEQC modelling,
cation exchange played a substantial part in regulating the chemistry of surface water in the Sabie
River system. The obtained results can be used to guide environmental management of gold mine

tailings.

Keywords: Speciation, Toxicity, Stream Sediment, Mine Tailings Storage Facilities, Geochemical

Modelling, Efflorescent Salts, Sabie River Catchment
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STUDY DESIGN

This thesis is comprised of the following chapters:
e Chapter 1: Introduction

This chapter provides a history of gold mining on the Sabie goldfield, as well as a discussion of
the major associated environmental issues. The problem statement, hypothesis, goals, and

objectives, as well as a description of the research area, will be described in Chapter 1.
o Chapter 2: Literature review

This chapter presents a literature review relevant to the study area as well as a general overview

of acid mine drainage (AMD) formation and mitigation measures.
e Chapter 3: Materials and methods

This chapter provides a description of sampling sites, sampling practices, sample preparation,
and analytical techniques. This chapter goes into greater detail than the journal articles with
respect to the analytical techniques.

o Chapter 4: Results and discussion

This chapter presents and discusses all of the study's findings.
¢ Chapter 5: Mitigation measures of the mine tailings storage facilities in the Sabie

In this chapter, all possible mitigation measures of AMD in the Sabie River system are presented.
e Chapter 6: Conclusions

Despite the fact that conclusions are presented in each journal article, this chapter describes the

overall conclusions of the thesis and suggests areas where additional research is needed.
e References

There is a comprehensive list of references, including references in journal articles.
o Appendices

This section contains supplemental material.



CHAPTER ONE

1. Introduction

1.1. Background
Gold mining is a significant industry in South Africa, both in terms of economic importance and
employment. Conversely, gold mining activities generate substantial quantities of waste in the
form of waste rock, slimes, and tailings that in South Africa, are generally referred to as mine
residue deposits. South Africa's gold discovery and mining history is fraught with ambiguity.
According to Pretorius (1994), the first record of finding gold comes from the panning of a quartz
vein as early as 1852 in the Witwatersrand Basin at the farm Paardekraal. However, the first
significant gold concentrations were discovered in 1871 at the farm Eersteling in the Pietersburg
Greenstone Belt, which is located south of the town of Polokwane in Limpopo Province. This was
followed in 1872 by the discovery of the Sabie goldfield in Mpumalanga Province which prompted
the first gold rush in South Africa. Although gold production commenced in 1888 during the
Leydsdorp gold rush, initial finds in the Murchison and Giyani Greenstone Belts date back to 1871
and 1872 respectively. A huge discovery of a gold-rich Main Reef Leader in the Witwatersrand
Basin was made during the year 1886 on the farm Langlaagte which subsequently shifted the
focus away from the earlier discovered Sabie Goldfield (Pretorius, 1994). Bentley (1995)
estimated that about 200 tons of gold have been recovered from the Sabie Goldfield. With its long
history of gold mining, the Sabie Goldfield has resulted in abandoned mine tailings storage
facilities (MTSFs). It is these mine wastes that pollute the environment, most commonly in the

form of acid mine drainage (AMD).

Acid mine drainage, having low pH as well as elevated dissolved metal species concentrations,
has the potential, in addition to other various types of pollution that also contribute to water quality
degradation, to endanger South Africa's water resources. Overabstraction, habitat alteration,
sewage effluents, toxic organic compounds, anthropogenic salinization, and invasive species of
both flora and fauna are amongst known challenges (Davies et al., 1993; Simeonov et al., 2003;
Dallas and Day, 2004; Fosso-Kankeu et al., 2011; Ma et al., 2016). Toxic trace metals from
anthropogenic sources can also endanger marine creatures and affect human wellbeing (Patil
and Paknikar, 2000). In South Africa, AMD has been reported in a number of mining areas,
including the Witwatersrand Goldfields, KwaZulu-Natal and Mpumalanga Coalfields, as well as
the O’Kiep Copper District (McCarthy, 2011).

The Sabie River basin is located in Mpumalanga, South Africa (Fig. 1), and along with those of

the Komati and Crocodile, form part of the Inkomati River system. The Sabie River begins at an
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altitude of 2207 metres above mean sea level (MAMSL) and flows eastward through the Kruger
National Park (KNP) finally meeting the Inkomati River in Mozambique. The river courses through
sawmills, waste treatment plants, fishery areas, trout farms, commercial forestry plantations,
abandoned mines, and agricultural and industrial activities that dominate the upper Sabie River
system (Roux et al., 2018). There are also illegal mining activities occurring in the upper stretches
of the Sabie River system that are reprocessing old mine tailings storage facilities (MTSFs),
especially the Nestor MTSF as well as the underground mining of old mining shafts (Nestor and
Rietfontein mines). The water from the tailings processing was observed to be flowing
downstream from the Nestor mine site towards the Klein Sabie River, about a kilometre before
the confluence with the main Sabie River. In addition, water from material processing in the upper
parts of the Spitskop River, which is less than 1 km from the main Sabie River, was also observed
being washed downstream towards the main Sabie River.
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Figure 1 The Sabie River system.

Various studies have been undertaken in the Sabie goldfield and Novhe et al. (2014) assessed
mine wastes along the Komati/Crocodile catchment on a regional scale and recommended further
investigations in the Sabie mining area. Stolz (2018) however, investigated the quality of water of

the Sabie River system in relation to adjacent land use, without considering the stream sediment



geochemistry. Recently, geochemical studies have been conducted on tailings of the Sabie
goldfields to assess their potential for AMD formation by Lusunzi et al. (2017) as well as Lusunzi
et al. (2018). Based on geochemical findings, metal species concentrations in mine wastes such
as zinc (Zn), lead (Pb), vanadium (V), copper (Cu), chromium (Cr), and arsenic (As) were
elevated. In addition, the samples from the Nestor MTSF were found to be potentially acid
generating, in comparison to samples from the Glynns Lydenburg MTSF, as per acid base
accounting (ABA) experiments and mineralogical assessment (Lusunzi et al., 2018). Both the
MTSFs are located on the bank of the Sabie River with the Nestor MTSF located less than 1 km
northeast of the Klein Sabie River, a tributary of the Sabie River. Leachates from the Nestor
MTSF having lower pH and elevated metal species concentrations were observed being washed
downstream towards the Klein Sabie River (Lusunzi, 2018).

To date there has been no research conducted on the impact of abandoned mine tailings on
water quality as well as stream sediment along the Sabie River catchment. Furthermore, no
previous research has focused on the typical binding groups that contribute to metal retention in
stream sediment near the Sabie River. It is therefore critical to explore the geochemical
configuration of the sediment in Sabie Watercourse system. This data could be useful in

assessing the risk and exposure of communities living in the vicinity of the mine sites.

A recent environmental investigation carried out in the Sabie mining area showed a need to
develop a management plan for the Nestor MTSF (Lusunzi, 2018). This study will also formulate
a management plan that could be used to rehabilitate the Nestor MTSF and mitigation of AMD

further downstream to the Sabie River system.

The rehabilitation of polluted sediments and soil necessitates a thorough in situ classification of
the speciation of potential toxic elements (PTEs) as well as their transformation over time and
space. In this study, the speciation of nine metals, namely, aluminium (Al), cobalt (Co), copper
(Cu), iron (Fe), zinc (Zn), manganese (Mn), nickel (Ni), chromium (Cr), and lead (Pb as well as
the metalloid As concentrations in the Sabie River system sediments and mine wastes have been
characterized in order to evaluate the associated contaminant threat from the redistribution of
metal species among the different phases of the sediment. In addition, the fractionation of these
elements was used to assess bioavailability. This information, combined with site-specific
environments may be applied to guide tailings storage facilities remediation and environmental

management.



1.2. Problem statement
The ratio of primary sulphide to carbonate minerals and trace elements inherited from the ore
deposits as well as any ore processing that have created new compounds determine the
tendency of the mine wastes to generate acid or to produce a neutral drainage. Poor disposal of
mine tailings in the Sabie Goldfield, especially the Nestor mine tailings storage facility (MTSF)
represents substantial environmental concerns due to their potential influence on soils and river
sediments of the Sabie River system, as well as surface and groundwater resources in the

surrounding zones.

1.3. Research aims and objectives

Research aim
The primary goal of this research is to assess release of metal pollutants from mine tailings
storage facilities (MTSFs), as well as to investigate their transport and dispersion within the Sabie
River system. This will help in the development of suitable management plans for remediating
the Nestor MTSF.

Research objectives

To achieve the main aim of the research, the following goals will be investigated:

e To determine the pyrite fractions and oxidation in the waste pile;

o To determine the mobility of trace elements and mineralogical constituents of the waste
particles within the mines;

e To categorize any potential source of pollution (should they occur);

e To provide comprehensive data sets for further instigation such as mathematical
modelling of AMD;

e To evaluate AMD generation and its environmental impact in the Sabie water system;
and

e To formulate the AMD mitigation strategy for the Nestor MTSF.

1.4. The study area

1.4.1. Location of the study area

The Sabie River, which is located in South Africa's Mpumalanga Province, is one of the most
biologically diverse rivers in the region. It flows through the Inkomati Water Management Area
(WMA) and reaches the Kruger National Park (KNP) at a distance of 81.3 kilometres downstream

from its headwaters (Fig. 2). The Inkomati primary drainage (X) region falls within the Inkomati
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Usuthu Water Management Agency (IUWMA). There are three sub-basins within the Inkomati
River system, namely, the Komati (X1), Crocodile (X2), and the Sabie (X3) (Roux et al., 2018).
The Kruger National Park, the Sabie-Sand Game Reserve, and four smaller nature reserves
protect more than half of the Sabie River. Commercial forestry, sawmills, the Sabie town area,
trout farms and fishing areas, and to a lesser degree, agricultural as well as industrial activities
dominate its upper reaches. There are also abandoned mines located in the upper Sabie River
system, in which illegal mining activities are taking place as observed during site visits at the
Nestor Mine.
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Figure 2 Study area location in the Sabie River system.

1.4.2. Geological setting of the Sabie River system

The region is geologically composed of rocks of different ages and groups (Fig. 3). The largest
lithological unit in the study area is the 3105 Ma old Basement Complex consisting of the

crystalline granite-gneiss of the Nelspruit Suite (Karno and Davis, 1991). Robb et al, (1983) and
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Schutte (1986) defined the Nelspruit Granite Suite as a combination of banded gneiss, gneiss
and porphyritic granite and rocks varying from granitic to tonalitic, comprised of minerals such as
guartz, microcline, feldspar, biotite and accessory minerals. The Cunning Moor Tonalite, located
northeast of Skukuza, which intruded the gneiss and migmatites of the Nelspruit Suite has a light
grey colour with a medium-to coarse-grained texture (Robb, 1978, 1994c). In terms of mineralogy,
the tonalite consists of quartz, plagioclase, microcline, biotite, and poikilitic crystals of sphene
(Schutte, 1986). According to Barton, (1983), the tonalite had yielded an Rb-Sr whole-rock age
of 2784 + 53 Ma, having a preliminary 87Sr/86Sr ratio of 0.7034 + 0.0003. To the west, the 2600-
2200 Ma old Transvaal Supergroup rocks underlie the study area. The protobasinal Wolkberg
Group lies unconformably on the Nelspruit Suite and forms the lowermost fragment of the
Transvaal Supergroup (Boer, 1995). Overlying the Wolkberg Group are the siliclastic sedimentary
rocks of the Black Reef Formation that consist of felspathic quartzite, interlayered lenses of grit
and conglomerate (Button, 1973). Conformably overlying the Black Reef Formation are the up to
2 km thick rocks of the Malmani Subgroup, mostly comprising of dolomites, which are part of the
Chunuiespoort Group. Based on chert concentration and algal structures found in the dolomite,
in ascending order, the Malmani Subgroup is divided into five formations, which are Oaktree,
Monte Christo, Lyttelton, Eccles, and Frisco (Button, 1973; Clendanin, 1989; Tyler and Tyler,
1996). According to Martin et al. (1998), the Oaktree Formation is a transitional form of siliclastic
sedimentation to platform carbonates comprised of 10-20 m thick carbonaceous shales,
stromatolitic dolomites, and quartzites that have settled locally. The Monte Christo Formation
consists of an erosive breccia as well as stromatolitic and oolitic platformal dolomites. Overlying
the Monte Christo Formation is the Lyttelton Formation that is 100-200 m thick and is comprised
of shales, quartzites and stromatolitic dolomites. Tyler and Tyler (1996), describe the Eccles
Formation as cherty dolomites, which include a series of erosional breccias containing locally
auriferous mineralization that can be attributed to the hydrothermal remobilisation of fluids by the
Bushveld Complex. The Frisco Formation is the uppermost of the Malmani Subgroup, comprising
mainly stromatolitic dolomites that are shale-rich towards the top, indicating deepening deposition
conditions (Tyler and Tyler, 1996).
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Figure 3 Geological setting of the Sabie River system.

The Nestor MTSF is located within the Black Reef Formation and the Glynns Lydenburg MTSF
is located within the Oaktree Formation of the Malmani Dolomite of the Chunuiespoort Group that

forms part of the Transvaal Supergroup (Lusunzi, 2018; Figure 2).

According to Boer et al. (1995), the Sabie goldfield can be classified as mesothermal and the
Bushveld magmatism was responsible for the mineralization of gold within the Sabie-Pilgrim’s
Rest goldfields (Zietsman, 1964, 1967), which is also supported by isotopic and fluid inclusion
data (Harley and Charlesworth, 1990, 1991, and 1992). Swiegers (1948) indicated that quartz
veins with calcite are the key components of the stratiform ore bodies and both are saturated with
several sulphides, silver, and gold, in various combinations within the goldfield. This includes the

following dominant types:

e Considerable vein quartz-calcite saturated with occasional sulphide minerals;
e Vein quartz with thin sulphide groups;

e Calcite blows which are barren of mineralization;



e Quartz-calcite vein combinations with crystals and veinlets of sulphides;

e Crystalline pyrite masses;

o Considerable arsenopyrite, chalcopyrite, tetrahedrite and/or ores;

e Intertwining pyrite, arsenopyrite, and tetrahedrite masses; banded pyrite, tetrahedrite
and/or arsenopyrite ores; and complex coated ores that frequently contain rafted trashes
of parent rock, which include chert, dolomite, quartz arenite, or carbonaceous mudstones
(Tyler and Tyler, 1996).

The ore in the discordant reefs is comprised of a variation of gold-quartz-sulphide mineralization,
settled on various host rocks. The Rietfontein Reef is the most visible cross reef and the irregularly
developed and refractory ore has been known for its high silver concentration with gold
associated with pyrite, arsenopyrite and chalcopyrite. Meyer (1988) estimates that the Sabie-Rest

Pilgrim's goldfield produced nearly 185 Mt of ore at a typical grade of approximately 8 g/t by 1988.
1.4.3. Topographical and soil setting

Topographically, the Sabie River system is divided into two regions: the Lowveld and the
Middleveld (Fig. 4). The Middleveld region occupies the western portion of the catchment that is
distinguished by a surging topography that becomes more rugged in the west. The Lowveld
region, on the other hand, has a flat to gently undulant terrain, excluding in the east near the
Lebombo Mountains (Deacon, 1996).
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Figure 4 Digital elevation map (DEM) in metres above sea level (MASL) representing the Sabie River system.

1.4.4. Climatic conditions

Cooler temperatures in the Mpumalanga Highveld Plateau and hot, dry conditions in the eastern
portion near the border with Mozambique generally define the climate of the Sabie River Basin.
The whole River system is located in Southern Africa's summer rainfall region, having 80 percent
of the rainfall falling between November and April. Rainfall in the Eastern Lowveld ranges from
600mm/year increasing to 1200mm/year in the Highveld. Evaporation rates are high, particularly
during the summer, when the average evaporation rate is 1900mm/year.

1.4.5. Hydrological setting of the Sabie River system

Davies and Day (1998) defined a catchment as the area from which a river receives its water.
The catchment of the Sabie River is a portion of the Inkomati drainage system (X Region), which
is recognized as an international basin because it is shared by South Africa, Swaziland, as well
as Mozambique (Fig. 5; Annexure A, Fig. 24-44). The Sabie River catchment, which begins in
the north-eastern Drakensberg escarpment north of Long Tom Pass, shields an area of 7096
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km?, of which 6347 km? is located within South Africa and passes through the Kruger National
Park. There are no distinctive large flood plains, wetlands, or swamps along the Sabie River
(Deacon, 1996). However, due to variations in the distribution of sediment over the bedrock, the

catchment contains a wide range of channel types (Van Niekerk and Heritage, 1993).
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Figure 5 Hydrological setting of the Sabie River system.

Branches of the Sabie River include Lone Creek (SB10), Klein Sabie (SB12 and SB13), Spitskop
(SB14), Sabaan (SB17), Mac-Mac River (SB18), Marite, White Waters, and North Sand
River/Nkambeni (SB20). Some of the tributaries, focused on in this study, are the Bega River
(SB21; Annexure A Fig. 44), which is part of the Sand River, a tributary of the Sabie River;
Goldstream (SB16; Annexure A Fig. 39), and the Sunlight River (SB19 Annexure A; Fig. 42). In
addition, a sample was collected in an unnamed stream that is flowing less than 50 m east of the
Glynns Lydenburg MTSF (SB11; Annexure A Fig. 34) and a drainage flowing east of the
Rietfontein mine (SB15; Annexure A Fig. 38), which is probably water decanting from the old

mine shaft (Annexure A).
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1.4.5.1. Lone Creek

The Lone Creek begins at an elevation of 1921-MAMSL on a natural grassland area called the
Hartebeesvlakte and flows southeast by easterly to merge with the Sabie River at an altitude of
1 062-MAMSL. The upper catchment is dominated by forestry plantations; nevertheless, there is
also normal grassland and native forest (Annexure A; Fig. 33). The Lone Creek Waterfall, which
is situated upstream from the sampling site, is a recognized feature in the landscape. The
catchment is divided into two aquatic ecoregions: the Northern Escarpment Mountains and the
North-eastern Highlands.

1.4.5.2. Klein Sabie

Beginning at an altitude of 1990-MAMSL (Annexure A; Fig. 35) the Klein Sabie flows southward
to its convergence with the Sabie River at the Sabie Waterfall (Annexure A; Fig. 36). Upstream
from the sampling point, commercial forestry is the dominant land-use, all though sawmills, the
Sabie Waste Land-fill site, irrigated log-decks, dams, an industrial area, Simile and Tweefontein
villages, and old abandoned mine tailings storage facilities (Nestor Mine) are other known
features. The North-eastern Highland aquatic ecoregion encompasses the majority of the Klein

Sabie catchment area. On the Klein Sabie River, there are two waterfalls.
1.4.5.3. Spitskop River

The Spitskop River begins at an elevation of 1474-MAMSL and flows north-by-north-easterly to
the Sabie River, under Sabie town and the Sabie Wastewater Treatment Plants (Annexure A;
Fig. 37). At an elevation of 956-MASL, the Spitskop River joins the Sabie River. The entire
Spitskop catchment is part of the North-eastern Highlands aquatic ecoregion, and the upper
catchment contains two dams and a waterfall. Commercial forestry is the dominant land use, with
two sawmills, villages, and a holiday resort being secondary land uses. lllegal mining also takes

place within the catchment area (Rietfontein Mine).
1.45.4. Sabana River

The Sabana River begins at an elevation of 1207-MAMSL and flows north-eastward to its
convergence with the Sabie River at an elevation of 520-MAMSL. The entire catchment is part of
the North-eastern Highlands aquatic ecoregion; agriculture and commercial forestry predominate
in the upper reaches (Annexure A; Fig. 40). The catchment contains a large number of

impoundments, with ten on the main channel.
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1.4.5.5. Mac-Mac River

Beginning north of Graskop at an altitude of 1502-MAMSL and at an elevation of 518-MAMSL,
the river flows south-eastern by southerly towards its convergence with the Sabie River
(Annexure A; Fig 41). Commercial forestry dominates the catchment, which according to Midgley
et al. (1994) accounts for nearly 90% of the river system. The upper parts, which are located
above the Mac-Mac waterfalls, are part of the Northern Escarpment Mountains ecoregion, while
the lower parts are part of the North-eastern Highlands aquatic ecoregion. York Timber's Driekop
Sawmill is situated in the headwaters of the Mac-Mac River, where it flows through Graskop,
through SAFCOL forestry areas, and then through the commercial plantations of Sappi and
Mountain to Ocean forests to the Sabie convergence.

1.4.5.6. Nkambeni River/Noord Sand

Four villages, namely, Numbi, Shabalala, Mahushu and Sand River surround the Nkambeni
River. This river flows through one of the villages (Sand River) and to the eastern side of
Shabalala. It passes along the western boundary of the Kruger National Park finally joining the
Sabie River (Annexure A; Fig. 43).

1.4.5.7. Marite River

The Marite River system includes the Maritsana, Ngwempisi, and Motitsi Rivers and is a branch
of the Sabie River. The Maritsana River begins at an elevation of 1 752-MAMSL and flows
easterly towards the Injaka Dam, where it enters the dam at an elevation of 800 m; commercial
forestry is the prevailing land use. The Ngwempisi River, which originates at an altitude of 1497-
MAMSL, flows eastward through the catchment towards Injaka Dam. The Motitsi River flows out
of the Injaka Dam at an altitude of 738-MAMSL and flows east by southerly to the Maritsane River
to form the Marite River. Rural settlement and the town of Hazyview dominate the catchment area

that is located at about 2 km south of the sample point.
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CHAPTER TWO

2. Literature Review

2.1. Water pollution

Water pollution is defined as the deterioration of water quality as determined by biological,

chemical, or physical standards (Mateo-Sagasta et al., 2017).

Ahmad et al. (2014) and Silva et al. (2016), indicated that in the main, source rocks and their
weathering intensity determine the composition of the resultant sediments. During the
sedimentation cycle, sediments can be modified by parameters that include transport, deposition
and diagenesis (Hurst and Morton, 2014). The geochemistry of major, trace, and rare earth
elements (REE), as well as their elemental ratios, provides valuable information about sediment
genesis as well as weathering settings at the source area. In most cases, the composition of the
source rock is reflected by the major element geochemistry of the sediments (Armstrong-Altrin et
al., 2012) and the concentration of weathering process (Shao and Yang, 2012; Shao et al., 2012;
Smuc et al., 2015).

Total elemental concentrations do not provide enough data about the bioavailability and toxicity
of potentially toxic elements (PTEs) (Vetrimurugan et al., 2016). In several studies, the total
concentrations of metal species in contaminated and uncontaminated soils in South Africa have
been determined, for example, Netshitungulwana and Yibas (2012) assessed the geochemistry
of stream sediment from the Olifants River catchment for AMD; Edokpayi et al. (2016)
investigated trace metal contamination of surface water and stream sediment in the Mvudi River;
Mugwabana (2018) investigated the sediment patterns and source areas within the Letaba River,
Kruger National Park; and Nde and Mathuthu (2018) assessed the potential toxic elements
(PTEs) as non-point sources of pollution in the Upper Crocodile River catchment. Furthermore
worldwide, for example, Dervig, (2013) used the sediment quality triad to characterise toxic
conditions in the Chisapeake Bay; lbrhaim Adsani (2014) provided a detail study of sediments
(mineralogy and geochemistry) of the Coastal Plain of the Arabian Gulf, Kuwait; Ali et al. (2016)
assessed metal species in water and stream sediment of Karnaphuli River in Bangladesh using
various indices; Hazermoshar et al. (2016) conducted a multidisciplinary study (geochemical,
sedimentological and mineralogical) to charaterise the sediments in Eynak Marsh, North Iran;
Han et al. (2017) studied geochemical and eco-toxicological characteristics of stream water and
sediments affacted by AMD in the South Korea; and Liao et al. (2017) studied the distribution,
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enrichment and source apportionment of metal species in river surface sediment affected with

multiple pollution sources in Southern China.
2.1.1. Sources of water pollution

Pollutants are substances that are capable of causing physical, chemical, or biological changes
in a body of water. Generally, pollution results from point and non-point sources (Spellman, 2009;
Singh and Gupta, 2017). U.S. EPA (1996) defines point source pollution as any single
distinguishable source of pollution from which contaminants are discharged. This includes air

pollution from industrial sources and water pollution from factories.

A nonpoint source (NPS) can come from many sources, unlike point source pollution that
discharges directly into surface waters from a pipe. Mostly, the honpoint source results from runoff
during rainfall or snow melt when precipitation flows over and through surfaces where it picks up
pollutants and deposits them into nearby water bodies. Nonpoint source pollutants include
nutrients, suspended sediments, pesticides, and toxic chemicals, as well as bacteria, viruses,

and trash.

Agriculture, human settlement, and industry are the primary sources of water pollution (WWAP,
2017). Agriculture plays a significant role in water pollution, accounting for about 70 percent of
water abstraction worldwide. According to UNEP (2016), large quantities of agrochemicals,
chemical waste, sediments, and saline drainage are discharged into water bodies, posing risk to
aguatic ecosystems, human health, and productive activities. The second major source of
pollution is human settlement or urbanisation. Increased loading of nutrients, mainly phosphorus,
in urban rivers results from increased imperviousness, increased runoff from urbanised surfaces
and increased municipal and industrial discharges (Paul and Meyer, 2001). According to WWAP
(2017), 80 percent of municipal wastewater is discharged untreated into water bodies worldwide.
This means that each year, millions of tonnes of metal species, solvents, hazardous sludge, as
well as other wastes are dumped into various bodies of water. Many industries such as timber
and paper are frequently located on river banks simply because they require such large amounts
of water for their manufacturing processes. As a result, their wastes, which contain acids, alkalis,
dyes, and other chemicals, are deposited and poured into rivers as effluent (Singh and Gupta,
2017).

Further, water pollutants may be organic or inorganic in nature (Singh and Gupta, 2017). Organic

pollutants are comprised of carbon, hydrogen, oxygen and sulphur compounds. These pollutants

encompass diverse forms of chemicals; pesticides; volatile organic compounds; bacteria from

livestock farming and sewage; food processing waste and pathogens. Inorganic pollutants may
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also come from silt from runoff, metal species from acid mine drainage, logging, landfilling, and
fertilizers from agricultural runoff that contain nitrates and phosphates, as well as chemical wastes

from industrial effluents.

Mining is a significant contributor to water pollution as activities produce substantial wastes in the
form of waste rock, tailings, and slimes (mining wastes). These mining wastes frequently contain
high levels of toxic elements, whose mobility and dispersion pose an environmental risk to soils,
water, ecosystems, and people. Devastating environmental impacts occur when mined sites are
not rehabilitated, particularly when wastes containing sulphide minerals are exposed to water and
weathering over time, releasing acid, metals, non-metals, and sulphate; resulting in acid mine
drainage (AMD) (Akcil and Kodas, 2006; Dold, 2010). The pH of acid mine drainage is typically
low (Gray, 1998), ranging from 2 to 8. (Skousen et al., 1999). Gold mine waste is thought to be
South Africa's most significant single source of pollution (Oefetse, 2008). AMD has also been
reported in South Africa's Witwatersrand region as a result of gold mining activities (Nengovhela
et al., 2007). In the Witwatersrand Basin alone, there are over 270 mine tailings storage facilities
(MTSFs), the majority of which are unlined and pose a serious threat to both groundwater and
surface water quality (Rosner and Van Schalkwayk, 2000). AMD has been exacerbated by
MTSFs that have been abandoned for more than a decade. The MTSFs have been in contact
with oxygenated rain water (Naicker et al., 2003, McCarthy, 2011). As a result, the pyrite and
other sulphide material in the MTSFs has oxidized. According to Naicker et al. (2003), the pyrite
oxidation acidifies the water that percolates through the MTSFs and eventually enters the
groundwater and streams along the Witwatersrand. Surface runoff from the MTSFs severely

pollutes the watercourses in the Klip River's upper catchment (Chetty et al., 2021).

There was no evidence of acid mine drainage from the tailings of the Louis Moore Mine in the
Giyani Greenstone Belt, Limpopo, according to Singo and Kamers (2021). Arsenic, on the other
hand, posed a potential health risk because it could be mobilized under mildly alkaline conditions

and contaminate soils and water.

2.2. Bioavailability of metal species
The bioavailability of elements is dependent on the type of element present in the environment.
Parish (1977) defined metal as an element that exhibits cationic behaviour or is soluble in acids
in an aqueous solution; thus, elements that are non-metals include hydrogen (H), oxygen (O),
sulphur (S), selenium (Se), iodine (1), astatine (At), arsenic (As), phosphorus (P), nitrogen (N),
silicon (Si), polonium, tellurium (Te), carbon (C), boron (B), and the rare gases radon (Rd), helium
(He), krypton (Kr), neon (Ne), argon (Ar) and xenon (Xe). Except for mercury (Hg), most pure
metals are solid at room temperature and are excellent conductors of heat and electricity, as well
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as having a high lustre and malleability (Newman, 2015). Some elements C, O, H, and N, are
recognized to be critical for a sustainable lifespan, with the major essential elements being
magnesium (Mg), potassium (K), sodium (Na), phosphorus (P), calcium (Ca), and chlorine (Cl),
trace elements being iron (Fe), iodine (1), arsenic (As), copper (Cu), manganese (Mn), zinc (Zn),
cobalt (Co), molybdenum (Mo), chromium (Cr), vanadium (V), silicon (Si), selenium (Se), and
boron (B), and some , aluminium (Al), lithium (Li), fluorine (F), and tin (Sn), supporting
physiological functions at the ultra-trace level, (Walker et al., 2012). In bioavailability studies, the
United States Environmental Protection Agency (EPA) identified metals of interest based on their
potential for human exposure and increased health risks. These include antimony (Sb), lead (Pb),
selenium (Se), aluminium (Al), arsenic (As), copper (Cu), mercury (Hg), chromium (Cr), nickel
(Ni), cadmium (Cd), and beryllium (Be) (McKinney and Rodgers, 1992). Metal species like Zn,
Na, V, TI, Mn, Co, Mo, Mn, V, and silver (Ag) are currently considered less important (Dussel,
1994). Bioavailability, as defined by Newman and Jagoe (1994), is the extent to which a
contaminant in a probable cause is available for commitment by an organism. Many factors
influence bioavailability in surface water, groundwater, sediment, and air. Physical and chemical
forms of metal species, pH, mineral assemblages, oxidation-reduction potential, temperature,
total organic concentration, suspended particulate concentrations, water volume, velocity of
water, and extent of water availability, mainly in arid and semi-arid environments, wind transport,

as well as removal from the atmosphere by rainfall are all factors to consider (Luoma, 1985).

Metals exist in a variety of physical and chemical forms in nature. These include the elemental
state (extremely rare in nature), as a mineral combination, as a free cation dissolved in water, or
bound to organic or inorganic molecules in either solid or dissolved phases (Allen, 1993), and this
distribution of metals is referred to as metal speciation. The term speciation has been defined as
the presence of an element in distinct and distinguishable forms, such as chemical, physical, or
morphological state (Nieboer and Fletcher, 1996). In order to understand the biogeochemical
cycling of trace elements in seawater, Goldberg (1954) introduced the concept of speciation.
According to Caruso et al. (2000), during speciation the transition metals, lanthanides and
actinides exist in different oxidation states and form different chemical species. Various factors
affect metal speciation and these include pH, redox conditions, the oxidation state of an element,
the solubility of solid compounds, biochemical processes, the accessibility and nature of
complexing agents, complex and ion-pair development. Speciation studies focus on the
determination of concentrations of different chemical species of an element as well as its physical
exhibitions. The four main chemical reactions that determine metal speciation (Bourg, 1995) are
ion exchange and dissolution reactions; adsorption and desorption processes; precipitation and

co-precipitation; as well as complexation to inorganic and organic ligands. A number of chemical
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reactions determine metal speciation in the environment, namely, sorption, precipitation, and
complexation. These reactions influence metal partitioning across solid and liquid phases,

thereby influencing mobility and bioavailability.

With the application of sequential extraction, it has become possible to determine the speciation
of metals, their bio-mobility and toxicity, as well as to assess the degree of pollution of bottom
sediments (Sahuquillo et al., 2003). It is possible to differentiate between oxidised and reduced,
complexed or chelated and free metal ion in dissolved form through the application of kinetic and
thermodynamic data (Gupta et al., 2013).

According to Elder (1989) and Salmons (1995) metals may be subdivided into six different
fractions in solid phases in soils, sediments and surface water particulates. These include
dissolved; exchangeable; carbonate; iron and manganese oxides; organic; and crystalline (Table
1; modified from Salmons, 1995). Variation in factors such as pH, redox state, organic matter
concentrations, as well as environmental settings affect the segregation of fractions.

Table 1 Trace metal relative mobility and bioavailability.

Metal species and association Mobility

Exchangeable High

Iron-Manganese oxides Medium

Organic matter Medium/High

Sulphide minerals Strongly dependent of the environmental
conditions

Crystalline Low

Potential toxic elements (PTES) of concern, depending on deposit size, include Pb, Fe, Cu, As,
Cd, and, in some cases, Tl or Se. Furthermore, besides PTEs, AMD may encompass rare earth
elements (REEs) (Verplanck et al., 2004). These released PTEs have the potential to
contaminate soils, sediments, surface water, and groundwater (Bain et al., 2001; Jung, 2001;
Armienta and Segovia, 2008). Mccloskey et al. (2005) indicated that mine tailings storage facilities
are the primary source of AMD, but open pit underground workings, highwalls, and ore stockpiles
also add to the volume of AMD formed. While pH-buffering reactions are frequently sufficient to

neutralize AMD, attenuating the concentration of dissolved PTE requires a series of reactions
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(sorption and precipitation). Secondary minerals precipitating during oxidation-neutralization
reactions may be replaced PTEs, either temporarily or permanently (Levy et al., 1997a; Gleisner,
2005; Sanchez et al., 2005). Secondary minerals precipitated in AMD surroundings can be more
effective than engineered designs at removing PTEs in AMD. In this way, secondary minerals

add to the natural decline of PTEs in AMD environments (Levy et al., 1997b).

Bioavailability as well as toxicity of a particular element are dependent on the chemical forms in
which that element occurs in various fragments of the sample (Vetrimurugan et al., 2016).
Comprehensive data applicable to environmental studies can be obtained using a toxicity
characteristic leaching procedure (TCLP) or sequential leaching. The data includes trace metal
origin, occurrence mode, biological and physicochemical availability, mobilization, as well as
transportation (Nemati et al., 2009).

In South Africa, several studies on sequential extraction have been carried out for example
Gouws and Coetzee (1996) assessed metal speciation in the sediments of the Vaal River system,
Gauteng; the quality of sediment from the Nyl River system in Limpopo was determined using
sequential extraction (Greenfield et al. (2007); Benamer (2014), used measured the mobility and
bioavailability of elements in the Berg River, Western Cape; the mobility of elements in sediments
from the Highveld coalfield acid mine drainage area in Mpumalanga Province was investigated
(Fosso-Kankeu et al. 2017); Manyatshe et al. (2017), studied metal retaining potential of
sediments of the Mooi River, North West; and Matabane et al. (2021), measured the potentially
toxic elements (PTEs) in sediments from the Blood River, Limpopo. In addition, sequential
leaching has been performed worldwide to assess the binding forms of elements including for
example Sracek et al. 2012, investigated mining-related contamination of the Kefue River
drainage system in Zambia's copper district; Nemati et al. (2011), investigated metal speciation
in sediments from Sungai Buloh, Selangor, Malaysia at various depths; Khorasanipour et al.
(2012), investigated trace elements in the sediments from Sarcheshmeh copper mining area,
Iran; metal pollution in river sediments from the abandoned Boccheggiano pyrite mining area in
Italy were investigated (Pagnanelli et al. 2004); Sarmiento et al. (2009), evaluated the toxicity and
potential risk of an AMD-polluted river in the Iberian Belt, which is located southwest of Spain;
Delgado et al. (2011), assessed estuarine sediments from the Guadiana saltmarshes affected by
multiple anthopogenic pollution sources, Spain; Torres et al. (2013), investigated the metal
transfer between Sancho Reservoir water and sediment (Iberian Belt, SW Spain); and Arenus-
Lago et al. (2014), investigated metal contamination in soils from the Touro copper mine in NW
Spain; and Ranville et al. (2004), investigated metal attenuation at the abandoned Spenceville

copper mine, Nevada County (United State of America).
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2.3. Metals in aquatic systems
Various factors are involved in the configuration of water flowing on the surface of the earth.
These comprise the geological setting of the river system as well as the extent of the soil sorption
complex, according to Florinsky (2000) and Walker et al. (2005). Other factors include:

e Physical progressions such as sedimentation and sorption; and

o The watershed system's topography.

e The dissolution and weathering of minerals that formed the catchment area;

¢ The mixing of different types of water;

¢ Chemical processes that occur in the marine environment; hydrolysis, redox, precipitation,
and complexing reactions;

e The means as well as extent of land use in the catchment area, as well as water use;

o The weather (including temperature and precipitation);

e The depth of river systems and their proximity to the basis of contamination.

Metal species can occur in three different forms in the marine environment, subject to the
physicochemical parameters in the water, namely as free ions, which are the most toxic towards
living organisms, complex compounds, and precipitated molecules of a compound (Manahan,
2003). As a result, metal speciation is affected by numerous elements, including water pH,
temperature, concentration of dissolved oxygen, organism biotic action (Horng et al., 2009;
Vicente-Martorell, 2009), and bedrock composition, which will be discussed in the following

sections.
2.3.1. Aluminium

Aluminium (Al) occurs in the form of various alumina-silicates and is one of the most common
elements making up 7.8% of the earth’s outer layer. It exists in almost all rocks and in both primary
and secondary minerals (in excess of 270 different minerals), with orthoclase K(AlISizOs), albite
Na(AlSizOsg), anorthite Ca(Al;Si20g), sillimanite Al,SiOs and kaolinite (Al,032Si0,2H.0,) being
the most important ones. Biotite is the most common mica mineral and marls and clays are results

of aluminosilicates weathering (Kabata-Pendias, 2000).

The aluminium sources are classified into two types: natural and anthropogenic. Aluminium
naturally exists in the atmosphere as a result of weathering processes and volcanic eruptions (Al-
Thai et al., 2018b; Mold et al., 2019b). Aluminium is transferred from soil particulates to the
aqueous environment during natural weathering (Mohammed et al., 2014). Aluminium’s ability to

form organic and mineral complexes with varying degrees of hydration aids in its transition from
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solid to liquid phase (soil-water) (Mohammed et al., 2014). Furthermore, because aluminium is
highly soluble in acidic environments, acid rain can increase the amount of dissolved aluminium
in the surrounding water (Barabasz et al., 2002; Mold et al., 2019b). In fact, aluminium can exist
in several forms in water and is influenced by various parameters such as pH, which determines
which forms of aluminium are available in an aqueous environment (World Health Organisation,
2003).

Aluminium salts are used in a variety of industries including paper, dying and tanning, water and
sewage decontamination, wherein aluminium sulphate [Al.(SO4)318H,0] is used as a coagulant.
Aluminium is only soluble at high or low pH and is not affected by weathering in terms of
dissolution. Therefore, Al is insoluble at pH 5.0 to 9.0, which is typical in most natural waters.
There are three types of aluminium species identified under different conditions, namely, the
soluble AI** that predominates acidic environments, aluminium hydroxide Al(OH)s that is insoluble
and predominates neutral environment as well as Al(OH)s which is dominant in alkaline

environments (Habs et al., 1997).

Aluminium may be present in mine water in concentrations ranging from near zero to more than
4 g/L (Moncur et al., 2005), but researchers are rarely interested in recovering this element due
to the high cost of using the impure recovered product for metallurgy. However, alternative
methods of valorising aluminium were discovered. For example, precipitation of Fe* and Al**
followed by dissolution in sulphuric acid can produce a poly-alumino-iron sulphate coagulant
useful for the removal of suspended solids and colour (Menezes et al., 2010). On the other hand,
aluminium recovery and reuse for advanced mine water treatment via sulphate removal as
ettringite is possible (Dinu et al., 2016). The recovered aluminium in hydroxilated form can be
used directly for further processing of the source mine water or transferred to another mine water
site, primarily when the aluminium quantity exceeds the water source treatment requirements.
This will happen depending on the discharge limits and the amount of aluminium in the mine
water (Dinu et al., 2016).

2.3.2. Chromium

Chromium (Cr) occurs almost entirely in nature in the form of oxygen-containing compounds, with
chromite (FeCr204), crocoite (PbCrOa), and chrome ochre (Cr,0) being the most important ones.
Other anthropogenic sources of Cr include the manufacture of metallic Cr and its complexes,
refractory materials, factories producing mineral and synthetic dyes and anticorrosion paints,
welding gases and tanned leather, oils, spent lubricants, cement, industrial wastewater, the

tanning and printing industries, and municipal sewage (U.S. EPA, 1999).
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Chromium comes into the environment in two forms, dependent on its source of release, namely
C(l) and Cr(VI) compounds (U.S. EPA, 1999). Chromium exists in a variety of oxidation states,
but two of them are particularly important in the environment: Cr(lll) as cationic Cr3* and Cr(VI)
as an anion (CrO4% or HCrOy4) with distinct chemical properties. Under reducing environments,
Cr(lll) is the prevailing form in most minerals and water, whereas Cr(VI) is stable under oxidising
conditions. Cr(VI) is highly soluble, mobile, and toxic in chromate, whereas Cr(lll), which exists
as a cation, is largely insoluble and immobile (Puzon et al, 2005; 2008).

In aqueous solutions, Cr3*, Cr(OH)?*, Cr(OH)s, Cr(OH)s, Cra(OH)**, Crs3(OH)s>* hydroxyl
complexes can exist thermodynamically. At high chloride and sulphate concentrations, mixed
complexes like Cr(SO4)* and Cr(OH)CI* can form, especially in acidic environments (Swietlik,
1998; Barakat and Giusti, 2003). The inorganic species bound to Cr(lll) in the aquatic
environment are determined by the pH. Cr(OH).* is the dominant species at pH 4.5 to 5.5;
Cr(OH),* is dominant at pH 5.5 to 7.0, and Cr(OH)z is dominant at pH 7.5 to 9.0. (Swietlik, 1998).
Cr(VI) appears in agueous solutions as chromates, dichromates, and hydrogen dichromates,
which are only found in strong acid solutions. According to Sperling et al. (1992), HCrO, and
CrO4% ions occur in typical surface water with dissolved Cr concentrations less than 5 g/dm?,
where chromate ions predominate at a pH above 7 and hydrogen chromate at pH 6. While Cr(lll)
compounds are dominant in water with a pH of 5.0 to 7.0, Cr(VI) compounds predominate well-
oxygenated water having a pH close to 8. In natural aquatic environments, chromium precipitates
as a suspension, mostly as hydroxides, and it does not remain dissolved for long (Pettine et al.,
1990). Cr is a siderophile and is found in ultrabasic rocks. It substitutes in micas, garnets,
pyroxene, and magnetite. In soils, it is persistent in chromite, limonite, magnetite, and clays
(Levinson, 1974).).

2.3.3. Copper

The outer layer of the earth contains approximately 0.02 percent copper (Cu). Bornite (CusFeS.),
tetrahedrite (3CuSSbSs), enargite (CusAsS.), chalcocite (Cu2S), chalcopyrite (CuFeS;), cuprite
(Cu20), malachite [CuCO.Cu(OH)], as well as azurite [2CuCO3;Cu(OH);] are the most common
ores containing Cu (Yang and Ni, 2007).

Copper concentrations in water are caused by anthropogenic activities. In water it comes from
smelter effluent, the Cu/Cu-compound processing, and the electroplating industries. Fungicides,
pigments, insecticides, catalysts, algicides, and piping and other corrodible apparatus made of
Cu, brass, or bronze that have been exposed to water, particularly at high temperatures, are other

ways Cu enters water (Kabata-Pendias and Pendias, 2000). Free Cu?* ions, which can easily
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pass through biological membranes are important factors controlling Cu bioavailability, according
to Brown and Markich (2000). While both insoluble and soluble Cu species exist in water, the
presence of nitrates and dissolved oxygen promotes Cu dissolution. Cu?* ions as well as the
complexes such as CuCOs; (aq), Cu(HCOgs)2, Cu(OH)s* and Cu(OH)* are the most common

species in water with a high hydrogen carbonate concentration (Drogowska et al., 1994).

Copper poisoning can cause cancer, hemochromatosis, gastrointestinal problems, and
accumulation in the kidneys, brain, skin, and heart.

Copper forms complexes with a variety of nitrates, sulphates, silicates, and phosphates. Cu
insoluble complexes account for 40-90 percent of its total amount in water; 99 percent of Cu is
transported as adsorbed on the silty segment as well as hydroxides (Moore et al., 1996). Direct
electrowinning, copper reduction on iron metal, and copper precipitation using biogenic produced
hydrogen sulphide, as in the Paquesor BioteQ systems (Menezes et al., 2009), are all options for
copper recovery.

2.3.4. Iron

Iron (Fe) is one of the most abundant elements in nature, accounting for 5.08 % of the earth’s
outer layer (Greenwood and Earnshaw, 1998), and is found in almost all rocks, soils, and natural
water as ferrous or ferric iron compounds. Fe enters water systems through weathering of rocks
and soil, as well as leaching and infiltration. It can also be found in mineral oxides such as
magnetite (Fe;03), siderite (FeCO3), limonite (2Fe033H-0), and goethite (Fe.O3H,0), as well as
such sulphides as pyrite (FeS.) and chalcopyrite (CuFeS,). These minerals dissolve in water and

react with aggressive CO; to form Fe(HCO3). (Kabata-Pendias and Pendias, 2000).

Where there is oxygen existent, Fe2* rapidly oxidizes to Fe*', which is then precipitated as a
hydrated iron oxide. Oxidation is likely driven by ferro bacteria such as Ferrobacillus and

Gallionella in areas with low oxygen levels (subterranean waters) (Coupland et al., 2004).

Mining, engineering industries, rock and mineral dissolution, and sewage systems are all sources
of iron pollution in water. Haemochromatosis (an inherited condition in which iron levels in the
body gradually increase over time) and laundry stains are two potential consequences of iron
poisoning (Holnor, 2015). Iron is the most abundant metal in mine drainage, and several recovery
methods have been investigated, including direct use of ochre deposits as brick components
(Dudeney, 1997; Hedin, 2002), as pigment (Cornell and Schwertmann, 2003; Sapsford et al.,

2015), or as reactive substrate for trace element and nutrient removal (Sapsford et al., 2015), or
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acid dissolution conversion of ochre and mine water treatment sludges for use as coagulants
(Rao et al., 2002).

2.3.5. Lead

According to many scientists, lead (Pb) is the 36" most common element in the outer layer of the
earth, having concentrations ranging between 12.5 and 16 ppm (Levinson, 1974; Kabata-Pendias
and Pendias, 2000). According to Taylor and McLennan (1985), Pb constitutes 8 ppm of the
continental crust and 0.8 ppm of the oceanic crust. Lead commonly occurs in three oxidation
states in nature, namely, Pb, Pb?* and more rarely as Pb*" and Pb*". Galena (PbS) is the most
common lead (Pb) mineral and less common Pb minerals include cerussite (PbCOs3), anglesite
(PbS0O.), crocoite (PbCrO4), wulfenite (PbMoO,) and pyromorphite (Pb(PO4)sCl (Greenwood and
Earnshaw, 1997). All these minerals have poor solubility, which implies that Pb migrates less
intensively than other elements considered toxic such as Cd or Zn.

Lead contamination is common, because it can come in contact with normal waters through the
corrosion of tanks, industrial wastewaters, pipes, and materials containing Pb or admixtures of
Pb. Concentrations of Pb in water draining areas with traces of PbS or other deposits
encompassing admixed Pb may reach 1,000 g/dm?® (Kabata-Pendias and Pendias, 2000).
Furthermore, Pb can enter water from the atmosphere with Pb concentrations in gasoline
additives contributing to approximately 60% of air pollution (Tukker et al., 2001). Pb precipitates
(carbonates, phosphates, and sulphates) are poorly soluble in water, implying that Pb
concentrations in water sources are low. Pb exists primarily in soluble form as Pb?* and [PbCO3
(aq)]°, as well as in a basic medium as [Pb(COs).]* [Pb(OH). (aqg)]° as well as [Pb(OH)]* (Badawy
et al., 2002). The very low concentrations of Pb found in water with a pH of 9.0 to 10.0 and
sufficient hydrogen carbonate concentrations are due to the former's low solubility. [Pb4(OH)4]*,
[Pbe(OH)g]**, and [Pb(OH)s]- are some other soluble forms of Pb (Yusupov et al., 2000). Pb
complexes that may occur in high pH and salinity waters include [Pb2(H20)sOH(NO3)?*]. [NO3],
[Pb(H20)2(OH)2], [Pb(OH)sH2], [Pb(OH)sH2], [Pb2(H.0)sOH](NOs)*, [Pb(H.0)4NOs*], and
[Pb(H20)s0OH]* are some examples (Yusupov et al., 2000). Lead poisoning can have the following
consequences: anaemia, headache, kidney, reproductive system, liver, brain, and central

nervous system destruction (Kannan and Sarojini, 2010).

Lead sorption on bottom sediment particles is influenced by organic matter concentration as well
as sediment granulometry. Pb is strongly partitioned on humic substances in acidic conditions
and at pH>6 is completely adsorbed to sediments with no dissolved compounds (Sauvé et al.,
1998).
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2.3.6. Nickel

Nickel (Ni) is a transition metal that is widely distributed in various environmental settings,
including air, water, as well as soil. It can come from either natural or anthropogenic sources. As
the 24" most common element in the outer layer of the earth, it accounts for approximately 3%
of the outer layer of the earth. In addition, it is the 5" most prevalent element as far as weight is
concerned after iron, cobalt, palladium, and platinum. Under environmental conditions, Ni?* is the
most dominant oxidation state of Ni; other oxidation states, although found less frequently, include
Nit-, Ni**, Ni** and Ni** (Clayton and Clayton, 1994; Young, 1995; Kitaura et al., 2003).

Anthropogenic and natural nickel sources exist in the environment. Silver refineries, the
electroplating industry, metal finishing and forging, battery manufacturing, and mining industries
are all potential sources of nickel pollution in aquatic systems (Patil et al., 2008). Processes such
as precipitation, adsorption, and complexation are responsible for the deposition of nickel in
sediment (WHO, 1991; Ngriagu and Pacyna, 1998). Associated with organic matter, Ni is
transported in the rivers as precipitated coatings on particles (Diagomalnolin et al., 2004).

Dependent on the dose and level of exposure, health effects such as respiratory tract infections,
cancer, asthma, contact dermatitis, lung fibrosis, and cardiovascular disease may occur (Chen et
al., 2017).

2.3.7. Zinc

Zinc (Zn) is one of the most abundant elements in nature, accounting for 4 x 102 percent of the
outer layer of the earth. It occurs in sulphide, silicate and carbonate ores primarily as zincite
(Zn0O), sphalerite (ZnS), smithsonite (ZnCO3), and calamine (ZnSiO4H20). Zn and its complexes
are utilized in the production of pigments, cosmetics, alloys, crop protection products, paints,
pharmaceuticals, wood preservatives, as well as metal surface galvanization (Mattielli et al.,
2009). The main sources of Zn, according to Simon-Hettich et al. (2001), are metal processing
plants, chemical factories, and wastewaters from Zn smelters, particularly viscose producing

ones.

In surface water, zinc is of secondary sources and readily liquefies in water with high levels of
CO, and DO, forming hydrogen carbonate ([Zn(HCOs3)2]. (ZnOH)*, (ZnHCO3)*, [Zn(OH)3],
[Zn(OH)4]* complex ions and (ZnO;)" forms in soils under hypergenic conditions (Masliy et al.,
2000). Zinc species exist only in pH-dependent environments. Zn salts hydrolyse at pH 7-7.5,
whereas at pH >8, the hydroxide Zn(OH). precipitates out and is amphoteric, whereas further

increases in pH may cause it to dissolve, resulting in the tetrahydroxy zincate(ll) [Zn(OH).]*
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(Masliy et al., 2000). Zn exists as a divalent ion at pH 7 and readily forms complexes with
inorganic and organic complexes. Zn is quickly absorbed in bottom sediments as well as the
surface of suspended particulate matter (Bertling et al., 2006). In the presence of sulphide ions,
zinc precipitates and is adsorbed onto organic substances, a process regulated by the pH of the
water. Sorption stops at pH 5.8, and humic acids bind 60% of zinc's cationic concentration at pH
5.8. Given the high solubility of the compounds containing Zn, its assimilation and the associated
risks of it entering the food chain are significant. An acidic pH encourages Zn migration in the
environment as well as binding by plants and other soil creatures (Simon-Hettich et al., 2001).

According to speciation studies, the main forms of Zn found in bottom sediments are sulphides
and carbonates; though it can be found partitioned to Mn and Fe oxides. Organo-zinc compound
concentrations are lower, and the proportion of exchangeable and adsorbed forms reflected as
bioavailable is minimal (Bourg and Darmendrail, 1992; Bertling et al., 2006).

2.4. Basic biogeochemical processes in soils and sediments
Trace elements interact with sediment and soil once they are deposited in these mediums. These
interactions are based on soil-sediment characteristics and environmental influences such as pH
and redox potential. Reactions such as (ad)sorption, precipitation, and complexation can keep

metal species in soil and sediment.

Metals species mostly found in industrial effluents include arsenic silver (Ag) (As), iron (Fe),
copper (Cu), chromium, cobalt (Co), manganese, lead (Pb), nickel (Ni), selenium (Se), zinc (Zn)
and cadmium (Cd). Mining, tanning, paint, paper, printing, plating, fertilizer, electronic industries
insecticides and pesticides, and photographic are the most common (Holnor, 2015). Various
conventional technologies are routinely used to treat metal polluted wastewater, but their
application is frequently limited due to technical and economic challenges. To treat industrial
wastewater containing metals, chemical precipitation, ion exchange, chemical oxidation and
reduction, filtration, electrochemical treatment, and membrane technologies are commonly used
(Potgieter et al., 2006).

2.4.1. Adsorption

According to Stumm and Morgan (1996) adsorption refers to the attachment of molecules onto
surfaces. An adsorption process involves the contact of solids with liquids or gases in which mass
transfer is towards solids and desorption is the reverse of this process. This is because some
solids preferentially adsorb other solutes from the solution onto their surfaces. The main objective
of this process is either waste treatment or purification of the valuable component of a feed

stream. Certain solids have the ability to concentrate some substances from fluids onto their
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surfaces. In this process, the adsorbed substance (solute) is referred to as the adsorbate, and
the solid substance is referred to as the adsorbent, which determines the mobility and

bioavailability of metal species in the sediment in aquatic environments.

Physical adsorption and chemical adsorption/chemisorption are the two types of adsorptions. The
forces of attraction between adsorbate and adsorbent particles in physical adsorption are weak
Van der Waals forces. Because Van der Waals forces are weak, physical adsorption is limited.
Chemical bonds serve as the forces of attraction between the adsorbate and the adsorbent in
chemical adsorption. It is a lengthy procedure. . The physical adsorption is a freely reversible
phenomenon that results from intermolecular forces of attraction between the solid and the
adsorbed substance. On the other hand, chemical sorption is an irreversible process resulting
from chemical interaction between the solid and the absorbed substance (Halnor, 2015).

The adsorption process is suitable even when the metal ions are present in concentrations as
low as 1mg/L due to adsorbent regeneration, minimization of chemical and/or biological sludge,
high efficiency, metal recovery (Ahalya et al., 2003), flexibility, and simplicity of design. Adsorption
has been found to be a superior technique for removing metal species from wastewater due to
its insensitivity to toxic pollutants, low cost, and ease of operation (Holner, 2015). Holnor and

Ubale (2013) were the first to propose the use of activated carbon for heavy metal adsorption.

Several chemical, biological, and waste vegetable matters or substances have been used as
adsorbents for the removal of heavy metals from wastewater by various researchers. However,
in order to make the adsorption process cost effective, the adsorbent must be readily available,
inexpensive, and environmentally friendly. As a result, most researchers used low-cost
adsorbents that were abundant in nature, or materials that required little processing or were by-
products or waste materials from another industry, or that had lost their economic or further
processing values. Seaweed, orange peel, peanut skins, bamboo-pulp, dyed sawdust, algae,
clay, zeolite, sawdust, flyash, maize or corn cob, modified cotton and wool, tea waste, dyed jute,
groundnut shells are examples of adsorbents (Holnor and Ubale, 2013), cassia siamea, coffee,
green tea, date tree leaves, jambhool, potato husk, ashoka leaf powder, syzygium cumini, Jute
and sun hemp, prosopis spicegera, ratrani leaf powder, jute stick, cashew nut shells, coconut

husk, feathers, hairs, bagasse, apple pomace, and almond husk (Holnor, 2015).

Various factors influence the adsorption process and these include the pH, temperature, surface
area, adsorption isotherms, and the nature of absorbate. Metal removal from wastewater,
softening hard water and drying gases, decolourisation and purification are some of applications

of the adsorption process (Singh and Singh, 2005).
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2.4.2. Precipitation

Precipitation is the process that occurs in a chemical reaction when the solubility of a salt is
exceeded, implying that the solution is supersaturated in terms of the precipitating compound. As
a result, the solute concentration will be greater than the rate of solid-liquid equilibrium.
Precipitation processes are characterized by the solubility of the metals to be removed. The
driving force behind the process of precipitation is the degree of supersaturation required for
effective precipitation. The addition of another reagent to the system alters the equilibrium
conditions in the process of precipitation (Ullmann and Gerhartz, 1998).

The precipitation process occurs in three mechanisms in the order: nucleation, growth, and
agglomeration. According to Jones et al. (2004), nucleation is the preliminary development of a
solid phase solution that occurs when the clusters and aggregates of molecules or ions in a
supersaturated solution reach a critical size where entities grow rather than dissolve. Primary and
secondary nucleation can occur. The birth of a solid phase naturally from the solution is referred
to as primary homogeneous nucleation, which is induced by foreign patrticles. It is caused by the
presence of existing crystals. Contact nucleation, such as crystal-crystal contact or crystal-
crystalliser contact is one type of secondary nucleation. Furthermore, shear nucleation influenced
by fluid, fracture nucleation influenced by particle impact, attrition nucleation resulting from
particle impact from fluid flow, and needle nucleation influenced by particle disruption are all
possible (Jones et al., 2004). Nucleation rate is a function of supersaturation. Crystals enlarge
during the growth process as a result of crystalline material deposition on the existing crystalline
surface. This process is also a function of supersaturation occurring at lower supersaturation
levels than the nucleation process. The final particle size distribution is determined by the rate of
nucleation and growth. The level of supersaturation influences the type of growth that occurs.
Rough growth is preferred at high supersaturation levels, birth and spread growth is preferred at
intermediate supersaturation levels, and spiral or smooth growth is preferred at low
supersaturation levels. When the rate of nucleation exceeds the rate of growth, the resulting
crystals are small and numerous (Kroschwitz and Seidel, 2006). Agglomeration is the process by
which two or more particles are brought together and remain in contact for a sufficiently long
enough period for a crystalline bridge or a stable particle/agglomerate to form. This is a collision-
driven process with direct relationship to the nucleation process. As a result, the rate of
agglomeration depends on supersaturation and the square of the number of particles present.
Furthermore, because of the large number of particles involved, agglomeration plays an important

role in the formation of larger particles and crystallisation processes (Lewis et al., 2015).
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Generally, precipitation is utilized to remove metals from several types of wastewaters, including
AMD and hydrometallurgical effluents (U.S. EPA, 2000). Chemical precipitation is used in
approximately 90 percent of industrial wastewater treatment plants (Grijalva, 2009). However,
metal recovery by precipitation is not yet common practice and there are several possible
chemical precipitations for removing metals from wastewater, including hydroxide (OH"), sulphide
(S?), carbonate (COs%), and phosphate (PO4*) (Grijalva, 2009). Depending on the geochemical
and biogeochemical conditions, oxidation and hydrolysis reactions can lead to the precipitation
of a variety of hydroxides (e.g., goethite, gibbsite, and hydrous ferric iron), sulphates (e.g.,
gypsum, anglesite, melanterite), and hydroxy sulphates (e.g., jarosite, alunite, and
schwertmannite) (Nordstrom and Alpers, 1999). Secondary minerals are important in reducing
pollutants in mine seepages (Lee et al., 2002; Sanchez-Espana et al., 2005).

2.4.3. Complexation

The complexes are compounds that result from donor-acceptor mechanisms between two or
more chemical species. Complex ions are formed by combining simple cations and anions

together with other molecules that can act as binding agents (ligands).

Complexes are categorized into three types depending on the nature of acceptor substance,
namely, metal ions complexes, inorganic molecular complexes, and inclusion complexes.
Generally, the metal ion complex consists of a transition metal (e.g., Cu, Fe, Ni) coordinated with
one or more counter ions or molecules to form a complex. The cation (typically a metal) serves
as a central atom and the anion (which serves as a ligand) may be an inorganic species including
bromine (Br), chlorine (CI), fluorine (F), carbonate ion (COs%), and phosphate (PO.*). The
interaction of solutes with metals results in both inorganic and organic complexes. Metal species
such as Cd and Cr can be dissolved and transported more easily thanks to complexation

reactions (Langmuir, 1978).

Chelation is one of the most important complexation reactions that occurs between a central
cation as well as a specific ligand known as a chelating agent resulting in very stable complexes.
The formation of two or more coordinate bonds between a multidentate ligand (chelating agent)
and a single central atom is referred to as chelation (Ringbom, 1967). Complex formation is
subjective to factors like pH, temperature, species concentration, as well as competitive reactions
(Chauhan et al., 2015). Chelating agents are commonly used in soil decontamination (Peters,
1999; Dermont et al., 2008; LeStan et al., 2008; Zhang et al., 2013). Several factors should be
considered when selecting a chelating agent. These advantages include: (i) the ability to form

very stable complexes; (ii) discernment for some metal species; (iii) lower sorption attraction on
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soil surfaces; (iv) lower cost; (v) environmental friendliness combined with low toxicity; (vi) the
ability to be recycled or reused; and (vii) low biodegradability if reuse is required (Peters, 1999;
Dermont et al., 2008; Lestan et al., 2008). Because of its ability to form stable complexes and low
biodegradability, polyaminocarboxylic acid and nediaminetetraacetic acid (EDTA) are the most
commonly used chelating agents (Nowack and Vanbriesen, 2005). Citric acid (CA), on the other

hand, can be used in some cases (Wasley et al., 2001).
Disadvantages of biogeochemical process

When metals in solution in the range of 1-100 mg/L are present, these processes may be
ineffective or extremely expensive, and they frequently necessitate a high level of skill for
operation and use of hazardous chemicals (Ahluwalia and Goyal, 2007). Another disadvantage
of traditional treatment technologies is the generation of toxic sludge as a result of the chemicals
used (Gupta et al., 2000), which is often difficult to dewater and must be disposed of with extreme
caution (Kapoor et al., 1999). Metal ion removal is unpredictable, and the reagent requirements
are high (Barros, et al., 2003).

2.5. Acid mine drainage
Acid mine drainage (AMD) occurs in mining environments as a consequence of sulphide minerals
such as pyrite (FeS;) being exposed to water as well as oxygen resulting in the oxidation of
sulphides (Blowes et al, 2003). To oxidize pyrite, water and oxygen must be present where water
serves as a reaction medium, reactant, as well as product transport in this process. Mine residue
deposits typically contain pyritic minerals such as pyrrhotite and pyrite, which can oxidize when
exposed to oxygen and water, resulting in AMD. AMD is distinguished by a low pH and elevated

concentrations of contaminants such as metal species and sulphate ions (Sracek et al, 2010).

The detrimental effects of AMD have been documented by various researches in Africa for
example, Naicker et al. 2003 and McCarthy, 2011, in Asia for example, Naoto et al. 2021, in
Canada for example, Neculita et al. 2007 and Sracek et al. 2004 in Europe, for example, Galan
et al. 2003 and Gomes and Favas, 2006, and in the USA for example, Alpers et al. 1994b.

It is also worth noting that mine drainage can either be acidic or alkaline; thus, the word AMD

refers to drainage waters with high concentrations of potential contaminants throughout.
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2.5.1. Management of AMD
2.5.1.1. Control of AMD

There are numerous approaches that can be taken for mine waste segregation and avoiding

oxidizing environments to keep sulphides isolated from oxygen.
25.1.1.1. Water covers

In humid climates, preventing AMD usually entails controlling oxygen fluctuation with water or
approximately saturated porous media (Pabst et al., 2018). Water covers are typically used to
dispose of reactive mine tailings under water (Pabst et al., 2018).

The tailing materials that have a potential to produce acid can be prepared and stored under
water in order to avoid contact between the minerals and dissolved oxygen (Pabst et al., 2018).
In the past, the practice of disposing of mine wastes into the ocean took place without any
environmental concerns or considerations. Recently, most countries have excluded this practice
for AMD control (Edinger, 2012); however, few countries still use it cautiously (Edinger, 2012),
including Canada (Samad and Yanful, 2005).

A changing water table in reactive waste rock has been identified as the ultimate environment for
acid formation as well as relocation (Bell, 1988; Jones, 1990). Because of the very low diffusivity
of oxygen in water, disposing of reactive waste rock underneath the water table limits oxidation
to almost zero. Underwater disposal of reactive waste rock provides a lasting solution to the
problem of acid generation. Under saturated conditions, oxygen diffusion is limited; nevertheless,

a small volume of oxygen transfer occurs (List, 1989).

The oxygen supply to tailings under water is small, being approximately 1000 times lower than in
air, making AMD generation negligible. This approach may be more expensive to implement for
older simulated tailings storage facilities. The method, however, is effective in inhibiting the
oxidation of reactive tailings. Another significant challenge is constructing dikes that will last the
lifetime of the tailing pools (Pabst et al., 2018). As an alternative, elevated water tables (EWT)
can be used as water covers. The EWT approach is based on regulating the reactive tailings'
water table level and degree of saturation (Pabst et al., 2018). When well premeditated and
employed, the EWT approach can be quite effective in limiting AMD generation (Pabst et al.,
2018).
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2.5.1.1.2. Mine land reclamation

Mine land reclamation was previously defined as either restoring mine property to its pre-mining
condition before modifying it to mark it accessible for another dynamic use (Sweeting and Clark,
2000). Heavy equipment used to clear vegetation and eradicate both soil and waste rock during
mining operations disrupting landscape aesthetics and soil mechanisms (Sweeting and Clark,
2000; NYSDEC, 2005). Inadequate management and the absence of regulations can result in
severe disruption of soil and water resources, landscape, vegetation, and habitats, or even total
destruction in the worst-case scenario (Nsiah and Schaaf, 2019; Salmiati et al., 2012). Mine land
reclamation helps nature restore itself from such disturbances and destructions within short
periods, as natural processes alone may take many years to rehabilitate such damages.
However, there is a need to test long-term ecosystem recovery because the restoration science
has grown rapidly in recent years (Prach et al., 2001; Roubickova, 2013).

Compaction and amalgamation during storage can also weaken soil structure (Strohmayer,
1999). Reduced nutrient cycling and availability may result from topsoil stockpiling (NYSDEC,
2005; Rai et al.,, 2014), which can jeopardize reclamation and overall revegetation success
(Salmiati et al., 2012).

Following instabilities like mining, organic modification has been shown to encompass elevated
amounts of major plant nutrients and can also be a valuable source of organic matter (Larney
and Angers, 2012; Nsiah and Schaaf, 2019), which can improve the biological, chemical, and
physical properties of the soil. Soil organic matter (SOM) concentration, nutrient supply, and pH
are the most important determinants of a disturbed site's suitability for reestablishment (Nsiah
and Schaaf, 2019). The use of organic amendment in conjunction with stockpiled topsoil (TSP)
is a thriving management exercise for improving nutrient supply as well as the soil’s physical and
chemical characteristics (NYSDEC, 2005; Nsiah and Schaaf, 2019). Salmiati et al. (2012) also
described the use of organic amendment for reclamation as interdependent, with waste products

from agriculture, forestry, and urban areas helping to meet land reclamation goals.

Backfilling and revegetation work well together to reduce acid loads from disturbed land areas
(Skousen et al., 2019) However, according to Kuipers et al. (2006), these methods work best
when used in tandem and tailored to specific site conditions. Systematic modelling studies of the
site's unique condition (biological, hydrologic, and geochemical characteristics) are a prerequisite
to laying a foundation for durable monitoring as well as providing an understanding into the
mechanistic processes involved in AMD progression (Edwards et al., 2000). Alternatively, gold

mine tailings have the potential to be used for building and construction (Mashifana et al., 2019)
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or as a prospective site for profitable artisanal gold mining employing straightforward methods

like a centrifugal separation system (Munganyinka et al., 2022).
2.5.1.1.3 Biocidal AMD control

An abandoned mine that has already begun producing AMD can be considered a perpetual
polluter. Because both oxygen and water are required to generate AMD, excluding either (or both)
of these should be possible to prevent or reduce AMD production (Johnson and Hallberg, 2005).
Furthermore, bacterial activity regulation prevents the contamination process from being
catalysed (Obreque-Contreras et al., 2015). The bacterial component of AMD formation was first
recognized in the early 1950s by Leathen et al. (1953) and subsequent research that appears to
peak in the 1980s and 1990s revealed that many common surfactants such as sodium lauryl
sulphate (SLS), sodium dodecylbenzene sulfonate (SDS), alkyl benzene sulfonate (ABS),
biosolids, and other organic materials significantly inhibited bacterial activity with respect to
Thiobacillus ferrooxidans (Gusek, 2005). According to Kleinmann and Erickson (1983),
Thiobacillus ferrooxidans is crucial in determining the rate of pyrite oxidation.

The bacteria organism thrives in aqueous environments with pH values of 2.0 (Baker and
Banfield, 2003). To survive in this hostile environment, the microbes encase themselves in a thick
oily protein membrane that employs several protective mechanisms, including proton "pump"
mechanisms that allow the cells to maintain a circumneutral cytoplasmic pH (Goulbourne, et al.,
1998). The microbe, in effect, "stews in its own juices" and is destroyed. Because of the simple
destruction mechanism involved, developing a surfactant resistance strategy for a Thiobacillus
ferrooxidans cell may be difficult (but not impossible). The AMD, on the other hand, could be
viewed as a de facto Thiobacillus ferrooxidans defensive strategy: the acidity in the AMD tends

to destabilize the long-chain carbon bonds in surfactants, making them less potent (Gusek, 2022).

Bacterial populations related to acid production have been successfully controlled with anionic
surfactants, primarily in coal mines such as North Fork Coal Mine (Jones, 1990; Duggan et al.,
1992) and Fisher Coal Mine (Gusek and Plocus, 2016) in the United States of America. Anionic
surfactants inhibit bacterial activity, slowing acid production. Because anionic surfactant
compounds are highly soluble and easily degradable, especially under acidic environments, their
effectiveness as a control technique may be limited in time, despite their being proven as biocidal
agents (Kleinmann and Erickson, 1983; Johnson and Hallberg, 2005). For maximum benefit,

surfactant application should be repeated three times per year (Gusek, 2022).

In the mid- to late-1980s and the decade that followed, bactericide use was centred on promoting

revegetation of pyritic coal mine wastes such as coarse coal refuse (e.g. Branchton Coal Refuse
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Disposal Area, Butler County in the USA, Parish et al., 1994) and reducing acidic drainage from
pyritic shale partings in surface mine backfill. One significant advancement in Thiobacillus
ferrooxidans bactericide technology was the development of controlled release pellets containing
SLS. The revegetation step appeared to be critical to the success of the bacteria suppression
process; otherwise, SLS reapplications as frequently as three times per year were suggested
(Kleinmann, op cit.). Verburg et al. (2003) found that using a 1% LS solution to suppress ARD
formation in a metal mine tailing containing 60% pyritic sulphur yielded positive results.

Other non-surfactant organic amendments that have been found to be effective in suppressing
Thiobacillus ferroxidans include: composted sewage sludge, composted paper mill sludge,
pyruvic acid, a water-soluble extract from composted sewage sludge (Pichtel and Dick, 1990),
spent brewery grain (Lindsay et al., 2010; Gusek et al., 2021) and waste milk/dairy products (Jin
et al., 2008).

2.5.1.1.4 Alternative dump construction

A reactive waste managing technique that suggests settlement of reactive as well as nonreactive
waste material during the construction or restoration of the mine storage facility. The goal of this
storage facility design is to compress reactive waste in a non-reactive material, thereby
preventing or controlling acid generation (Jones, 1990). For this method to be successful, it is
very important to attain the correct degree of thoroughness by mixing alkaline and acid-generating
materials. This type of mine storage facility construction is only reasonable if there is an abundant
bulk of impermeable neutralizing material available and an equitable hauling distance. The model

of selective mine storage facility was used at Equity Silver Mine (Jones, 1990).
2.5.1.2. Treatment of AMD

To be appealing, this process must be cost effective, simple to set up and preserve, and produce
a limited quantity of solid by-products. The efficiency and viability of water treatment varies greatly
subject to the treatment used and the unique characteristics of the site. There are active and
innovative (passive) management systems for AMD, and the choice depends on site-specific

conditions. The following sections summarize some of the available technologies.
2.5.1.2.1. Active Treatment

In cases where AMD is already taking place a commonly established treatment measure is to
treat the already polluted water to remove elevated metal levels and acidity. Active treatment is
the process of improving water quality through techniques that necessitate continuous inputs of

artificial energy and/or (bio)chemical reagents (Younger and Sapsford, 2006). There are several
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active methods, with ODAS, which stands for -oxidation, alkali dosing, and sedimentation, being
the well-known active technique (Younger and Sapsford, 2006). The method is comparable to
the one used in a wastewater treatment plant. Traditional wastewater treatment methods include
desulphurisation, sorption, sedimentation, ion exchange, as well as membrane practices such as
reverse osmosis and filtration. The water is diverted from the course, treated, and then discharged

in these treatment systems (Younger and Sapsford, 2006).

The six most commonly used chemicals in AMD treatment include, but not limited to, are
limestone, hydrated lime, quicklime, soda ash, caustic soda, as well as ammonia (Trumm, 2010).

25.1.2.1.1. Limestone

For decades, limestone has been used to increase the pH and metal precipitation in AMD. This
is because it is less expensive and easier and safer to handle than any of the other AMD
chemicals. Nonetheless, limestone has a low solubility and a tendency to armour the iron
hydroxides when added to AMD, limiting its use. To increase limestone dissolution and reaction,
fine-ground sand-sized limestone can be dumped directly into streams (Simmons et al., 2006),
or the limestone can be pulverized by water-powder rotating drums and metered into the stream
(Skousen et al., 2019). Limestone has been studied for its use in AMD treatment in both aerobic
and anaerobic environments, such as open limestone channels and anoxic limestone drains.
According to Barnhisel et al. (2000) and Skousen et al. (2019), limestone is of limited use in
routine chemical treatments as it reacts slowly and dissolves, whereas other more reactive and

effective liming materials are available.

Several studies have used limestone to treat AMD from coal and metal mines, for example, Maree
et al. 2004 and 2005.

25.1.21.2. Hydrated lime

According to Skousen et al. (2019), hydrated lime is frequently used for AMD treatment. It is
hydrophobic due to the finely ground powder and in general, mechanical mixing is required for
dissolution. According to Barnhisel et al. (2000a), hydrated lime performs well and is cheaper in
high acidity as well as high volume flow situations where a lime treatment plant with large storage
bins and an aerator/mixer is used to help dispense and mix the chemical with water. However,

hydrated lime is ineffective when a very high pH (>10) is essential to remove ions like Mn.
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25.1.2.1.3. Quicklime

According to Skousen et al. (2019) quicklime (CaO) is used with lime dozers and portable
guicklime dispensing machines, which may have controlled dispensers or a water-wheel concept.
The water wheel rotates in response to the flow of water, causing the screw feeder to dispense
the chemical. Due to the fact that CaO is highly reactive, this system (water wheel) was initially
used for small and/or periodic high acidity flows, but recently, controlled automated dispensers
have been attached to large silos for high-flow/high-acidity situations (Barnhisel et al., 2000;
Trumm, 2010).

Tests comparing a portable water wheel dispensing system to caustic soda (NaOH) systems
revealed an average cost savings of 75% and savings of 20-40% over NH3 schemes (Skousen
et al., 2019).

2.5.1.2.1.4. Soda ash

Soda ash is commonly used in remote areas for AMD treatment due to its low flow rate of less
than 750 L/min as well as low levels of acidity and metal species (Skousen et al., 2019). In most
cases, the use of soda ash is motivated by convenience rather than cost. Skousen et al. (2019)
reported that soda ash is delivered in briquettes and gravitationally fed into water via storage bins.

Water quality and flow rate determine the number of briquette bags that can be used per day.

One disadvantage of soda ash is that it cannot be utilized in high flow situations such as those
exceeding 750 L/min as it becomes too expensive, the briquettes adsorb moisture and then

expand to the corners of the bin, preventing them from contacting water (Skousen et al., 2019).
2.5.1.2.15. Caustic soda

Caustic soda (NaOH) is the best option in remote areas having low flow (100 L/min or 30 gpm)
high acidity situations or high concentration of Mn in AMD (Skousen et al., 2019). Caustic soda
requires special care when handling (Skousen, 2002).According to (Johnson and Hallberg, 2005),
NaOH is nearly nine times more expensive than lime despite being approximately 1.5 times more

effective.
25.1.2.1.6. Ammonia

Even though ammonia complexes (NH3z or NH4OH) are useful in the treatment of AMD, anhydrous
ammonia is extremely dangerous. Ammonia has the ability to increase the pH of receiving water

to 9.2, is extremely soluble, reacts quickly, and forms gas when released from the tank (Barnhisel
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et al., 2000). To go beyond pH 9.2, a large amount of NH3 must be added because at this value
the buffering capacity of the solution is reached and no further pH increases will occur. Injecting
NHs into the AMD is one of the quickest ways to increase the pH of the water. Because NH3 has
a lower density than water it should be injected near the bottom of the pond or water inlet.
According to (Barnhisel et al., 2000), NHs is cheap, with a cost reduction of 50-70 percent possible

when NHs is replaced with NaOH.
Advantages of AMD active treatment technology 2005 (Johnson and Hallberg):

e There is no need for additional space or construction;

e Quick and efficient removal of acidity and metals; and

Active treatment technology disadvantages (Hilton, 1990; Barnhisel et al., 2000; Skousen, 2002;
Skousen et al., 2017):

e There must be an uninterrupted supply of energy and chemical energy to function
properly;

e The overall cost is increased by the use of expensive chemicals and the engagement of
sufficient manpower to maintain the system;

e They should be regularly maintained as well as supplying chemicals for proper
functioning, which is not easy to control; especially for most remote previously mined sites;
and

o System costs and efficiency vary depending on the type of neutralizing means used.
2.5.1.2.2. Passive Treatment

Also known as innovative treatment systems, passive treatments require little maintenance to
treat water or solids using improved natural processes onsite (Gazea et al., 1996; Younger and
Sapsford, 2006; Skousen et al., 2017; Skousen et al., 2019). These systems of AMD treatment
were originally developed in the USA’s Appalachia coalfield where many coal seams are
associated with pyritic strata, especially in the northern Appalachians (Skousen et al., 1998;
Skousen et al., 2017).

These treatment systems increase the quality of the influent water through naturally occurring
geochemical and biological processes while requiring little operation and upkeep. The pH of mine
water will rise when it mixes with alkaline water or comes into direct contact with carbonate rocks.
The precipitation of hydroxides, oxyhydroxides, and sulphides influence metal contaminant

removal and these reactions are influenced by prevailing local conditions such as oxygen
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concentration, water chemistry, and soil chemistry. The reactions can take place in either aerobic
(oxidizing) or anaerobic (reducing) environments (Skousen et al., 1998, 2017; Skousen, 2002).
Site-specific passive treatment technologies exist. Before evaluating and selecting the type of
appropriate passive treatment, factors such as discharge chemistry (pH, dissolved oxygen
concentration, ferric/ferrous Fe ratio, and Al concentration), flow rate, site characteristics, and
local topography should be taken into account (Hedin and Nairn, 1993; Hedin et al., 1994;
Skousen et al., 1999 Skousen et al., 2000). In many cases, passive treatment systems are made
up of a series of treatment stages, each of which are designed to target and remove a specific
contaminant. The first treatment stage in most passive treatment systems occurs in a
sedimentation pond to remove sediment that has the potential to clog subsequent treatment
stages (McCauley, 2011).

The different types of passive treatment technologies range from proven technologies operating
at full scale to technologies that appear promising but have yet to be confirmed at full scale and
newer technologies that have been explored at laboratory-scale only. These technologies have
been applied worldwide to treat polluted water and have been proven to treat a few hundred
kilolitres per day (DWA, 2013; Skousen et al., 2017). Two different types of passive treatment
exist, namely, biological (e.g., wetlands and vertical flow systems) and geochemical (open

limestone channels, permeable reactive barriers, limestone leach beds) (McCauley, 2011).
25.1.2.2.1. Biological Passive Treatment Systems
2.5.1.2.2.1.1. Aerobic Wetlands

The system makes use of wetland vegetation such as Typha (Cattails) planted in shallow
sediments (30cm) beneath a limestone base. The limestone is mixed with an organic substrate,
and the system is designed to collect water while also providing residence period for metal
oxidation, hydrolysis, and metal hydroxide settling (White, 2000; Skousen and Ziemkiewicz, 2005;
Skousen et al., 2017; Skousen et al., 2019). Plants in the system help to achieve uniform flow,
stabilize the substrate, and maintain microbial activity, whereas limestone aids in the creation of

net alkaline conditions (Skousen and Ziemkiewicz, 2005; Skousen et al., 2019).

Metal removal from an aerobic wetland is accomplished by reducing the flow and allowing
oxidation, which is frequently catalysed by bacteria. If the pH is 3.5 or higher the resulting Fe3*
from Fe?* oxidation precipitates as iron hydroxide in these configurations. Other metals that

coprecipitate with Fe may settle on these structures as well.
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2.5.1.2.2.1.2. Anaerobic Wetlands

Anaerobic wetlands are composed of wetland vegetation such as Typha established in shallow
(>30 cm) porous substrates made of soil that, according to Skousen et al. (2019), can be mixed
with organic materials such as sawdust, bales, manure/straw, peat moss, hay, and spent
mushroom compost. The dissolution of carbonate and reduction in microbial sulphate generates
alkalinity. AeWs are the best-suited technology for handling net-acidic drainage, having low pH,
elevated Fe concentration, as well dissolved oxygen of above 2 mg/L AMD because they produce
an alkaline environment. The mechanism and efficacy of AMD treatment varies according to
season and wetland age (Barnhisel et al., 2000). Some wetland plant species accumulate metals
differently, with some accumulating high concentrations on their tissues and others accumulating
little (Barnhisel et al., 2000).

The alkalinity produced in an AeWs by certain bacteria; Desulfovibro and Desulfotomaculum
consumes acid as a source of metabolism between organic substrate and sulphate. Bacteria can
only degrade a portion of organic matter because it requires simple organic compounds or action
by fermenting or other bacteria to degrade complex compounds. The bacterial conversion of

sulphate to hydrogen produces bicarbonate alkalinity in water:
S04% + 2CH,0 = H,S + 2HCO3 (3.1)

The sulphate reducing bacteria work best at pH levels between 6 and 9, but can function at pH
levels as low as 5. (Skousen et al., 1998). Skousen et al. (1998) discovered that bacteria control
their microenvironment even when the influent pH is lower than 3. If the degree of acidity input
exceeds the system's neutralization capability, there will be a decrease in pH as well as a
reduction in sulphate (Skousen et al., 1998). Seeding of the wetland system with specially
designed and selected microorganisms is crucial to present or re-establish microbial activity
(Skousen et al.,, 1998). Experiments with appropriate controls have not been conducted to
determine the efficacy of this approach (Barnhisel et al., 2000).

Another source of alkalinity in an anaerobic wetland is when limestone under organic material

reacts with acid:
CaCOs * H* = Ca?" + HCOgs" (3.2)

Anaerobic wetlands work best when treating low AMD flows with adequate acidity (Hedin et al.,
1994; Skousen et al., 1998).
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2.5.1.2.2.1.3. Vertical Flow Wetlands

Developed for contaminated water treatment in the 1980s, vertical flow wetlands (VFWSs) were
described by Skousen et al. (2017). Burns et al. (2012) and Skousen et al. (2017) coined the
word successive alkalinity producing systems (SAPS), but other researchers have referred to
them as reducing and alkalinity producing systems (RAPS) (Skousen et al., 2017), or vertical flow

ponds.

Vertical flow wetlands have three basic components: a layer of organic substrate, a layer of
limestone, and a drainage system, which in most cases, may include a flushing system (Skousen
et al., 2017). In the VFWs, low pH and metal-rich water is deposited to a depth of 1 to 2 m over
0.2 to 0.6 m of organic substrate resting on 0.5 to 1 m layer of limestone. When the hydraulic
head of the water drives it through the organic substrate, oxygen is consumed and anoxic
conditions occur. The main function of the organic layer is to convert all iron (Fe) to ferric iron
(Fe?*), thus preventing ferric hydroxide from coating the underlying limestone. Sulphate reduction
neutralizes acid in the organic layer and in the limestone base (Skousen et al., 2019). Mine
drainage flows into the cell's top, forming a layer of water that prevents oxygen from infiltrating
the bottom layers. The organic layer in the water will remove dissolved oxygen, while anaerobic
conditions deeper in the water will promote the growth of sulphate-reducing bacteria. The
reducing anaerobic environment reduces the likelihood of hydroxide precipitation by converting

ferric iron to ferrous iron.

Because iron (Fe) and aluminium (Al) oxidation and reduction produce precipitates capable of
clogging the cell, many SAPS systems now incorporate flushing systems (Rees and Bowell,
2001b). In general, flushing systems work by creating head alterations that move water quickly
through the system (Skousen et al., 2017). Other organic materials have plugging issues,
whereas mushroom compost performed well in SAPS. Composted municipal waste and a variety

of other organic materials contributed to acceptable levels of sulphate reduction (Eger, 1994).

SAPS requires little material for the provision of similar treatment as aerobic wetlands are more
proficient (Skousen et al., 2017). SAPS requires some maintenance in addition to periodic
flushing (Rees and Bowell, 2001a; Costello, 2003; Skousen et al., 2017).

2.5.1.2.2.1.4. Bioreactors

Bioreactors, also known as sulphate-reducing bioreactors, were modified from anaerobic
wetlands (SRB). They are similar to VFWs except that the main reactant is organic matter, which

is commonly mixed with limestone (Gusek, 2004). SRBs are anoxic chambers consisting of
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organic matter and sulphate reducing bacteria such as Desulfovibrio, where the bacteria
facilitates chemical reactions that promote alkalinity, sulphate reduction and metal precipitation
(Gusek, 2005; Christenson et al., 2017). The setup of the system consists of a mixture of

limestone and organic substrates (Gusek, 2005; Moreira, 2018).

Bioreactors are typically injected with particular microbial populations intended for specific water
or may include specified substrates (Neculita, et al., 2007b; Lefticariu et al., 2015; Skousen et al.,
2017). Microbial sulphate lessening is the crucial method of treatment (Neculita et al., 2007Db).
Bioreactors handle highly acidic and elevated metal water, such as AMD containing transition
metals like Fe. Because of their slow flow rate and the ability to operate multiple units in parallel,
SRBs can be used to treat either low flows or comparatively large systems. Skousen et al. (2017)
stated that most bioreactors are useful in treating metal mine drainage, but Sandy and DiSante
(2010) reported few bioreactors built to treat acidic effluent from coal mining to remove selenium.

The microbial system must first adapt to the AMD chemical composition and substrate which
slows bioreactor start-up. To speed up treatment the bioreactor may be injected with microbial
communities from other operational systems. Iron sulphide (FeS) is a bioreactor by-product that
removes both iron and sulphur from the solution (Skousen et al., 2019). In the organic layer, iron
sulphide (FeS) precipitates. However, in some cases, FeS can be found in the effluent and

settling pond, probably in conjunction with intrinsic sulphur.

The system is cost effective and has low operational and maintenance requirements; burial of the
system minimizes vandalism and it can be constructed in remote areas (Gusek, 2005; Kousi et
al., 2015; Figueroa et al., 2016). It can regulate and accommodate differing flow rates and
retention time (Gusek, 2004). However, there are also disadvantages associated with SBSs. Cold
climates can compromise the efficiency of the system because it decreases the rate of bacterial
growth and degrades the quality of organic matter in the system (Karabelnik et al., 2008;
Langergraber, 2008; dos Reis et al., 2018; Ben Ali et al.,, 2019;). Acidic conditions reduce
sulphate-reducing bacteria, which has a negative impact on metal removal in the system
(Karabelnik et al., 2008; Langergraber, 2008; dos Reis et al., 2018). Long-term efficiency of these
systems is frequently reported to be limited by hydraulic failures such as clogging and preferential
flow-paths (Gusek, 2005; Uster, 2013).

Few bioreactor methods rely on adding organic supplements on a regular basis to provide
microorganisms with nutrients and carbon (Zamzow, et al., 2006; Sobolewski, 2010; Skousen et

al.,, 2017). The addition of ethanol to the influent improves system performance in cold
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temperatures, while the addition of limestone buffers the pH of influent water to a neutral range
(Gusek, 2005; Moreira, 2018).

25.1.2.2.2. Geochemical Passive Treatment Systems

Anoxic limestone drains (ALDs), open limestone channels (OLCs), limestone leach beds (LLBS),
steel slag leach beds (SLBs), diversion wells, limestone sand, and low pH iron oxidation channels

are examples of geochemical passive treatment techniques.
2.5.1.2.2.2.1. Anoxic Limestone Drains

Kilborn (1999) and Seervi et al. (2017) defined anoxic limestone drains (ALDs) as layers of coarse
limestone aggregate buried in carefully constructed drainage lines along gently graded slopes
through which contaminated water will pass. ALDs are covered with clay or compacted soil to
retain carbon dioxide (COy), exclude oxygen (O.), and promote metal hydrolysis (Cravotta et al.,
2004). Before the water is released into the environment, the effluent is contained in a settling
pond, where metal precipitation occurs (Hedin et al., 1994).

ALDs are intended to raise the alkalinity of the acid mine drainage (AMD) while retaining the iron
(Fe) in its reduced state. This avoids oxidation of ferrous iron (Fe?*) and precipitation of Fe(lll)
oxide-hydroxide on the limestone or armouring, which would significantly reduce the neutralising
agent's effectiveness. When compared to an open system, which will produce 50-60 mg
alkalinity/L in equilibrium, the partial pressure of carbon dioxide (CO,) in the drain is increased,
accelerating the rate of limestone dissolution and, as a result, increasing the concentration of
alkalinity, which can reach up to 275 mg/L. (Hedin et al., 1994). The mining industry has taken
note of the concept of producing alkalinity using anaerobic limestone treatment systems. In acid
drainage, buffering is introduced in the form of alkalinity (Barnhisel et al., 2000b; Santomartino
and Webb, 2007; Skousen et al., 2017).

Once constructed, the use of ALDs to mine water requires little maintenance. Mine water is held
in a drain that is impervious to both oxygen and water and is allowed to course through a bed of
limestone gravel. Plastic bottom liners and a clay cover are typically used to construct the bed.
The drain's dimensions range from narrow (0.6 to 1.0 m) to wide (up to 20 m diameter, usually

about a metre deeper, with the length of about 30 m) (Hedin et al., 1994).

The Tennessee Department of Health and Environment was the first to propose ALD for coal
mine water treatment. This has recently been established at various sites for the treatment of
both coal and metal sulphide mine water (Gusek, 1995; Gazea et al., 1996; Barnhisel et al.,

2000b; Santomartino and Webb, 2007). ALDs are typically used as stand-alone passive treatment
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systems, or together with aerobic wetlands and/or compost wetlands for subsequent metal
removal. ALDs have been reported to enhance the performance of constructed wetlands that

previously had performed poorly (Hedin et al., 1994).
2.5.1.2.2.2.2. Open Limestone Channels

According to Santomartino and Webb (2007), open limestone channels (OLCs), also known as
oxic limestone drains (OLDs), are open channels containing coarse limestone for treatment of
contaminated water. These systems are more useful when AMD must be transported over a long
distance before or during treatment via an open channel lined with calcium-rich limestone
(Cravotta and Trahan, 1999). OLCs can be built in two ways. The first method involves a drainage
trench packed with limestone and polluted mine drainage (Ford, 2003). The limestone raises the
alkalinity of the system and promotes precipitation of ferric as well as aluminium hydroxides. The
second method involves directly dumping limestone fragments into a contaminated stream. The
limestone dissolves, adding alkalinity to the polluted mine water and raising the pH (Rose and
Lourenso, 2000).

OLCs are most effective for AMD remediation when the concentrations of iron (Fe) and aluminium
(Al) are between 10 and 20 mg/L and the acidity is less than 90 mg/L as calcium carbonate
(CaCO0:s). Furthermore, studies have shown that the generation of alkalinity is directly proportional
to the acidity of the influent. This means that the higher the acidity of the influent, the greater the
alkalinity generation. A steep topography is required in OLC systems to generate the required
aeration and to prevent metal hydroxide coating of limestone (Skousen et al., 2019). Taylor et al.
(2005) reported field results from a variety of locations, demonstrating that OLCs are capable of

removing approximately 70% of Fe, 40%-50% Al, and 10%-20% Mn from solution.

In practice, increasing channel length/residence time compensates for the slow reaction rate of
armoured limestone. OLCs are used for long-term treatment in appropriate cases. (Skousen et
al.,, 2017). These systems require continuous maintenance in order to ensure a maximum
lifecycle and efficiency. This is because their performance is reduced with Fe-armouring.
Therefore, the OLCs perform best when incorporated with other passive treatment systems
(Cravotta and Trahan, 1999).

2.5.1.2.2.2.3. Limestone Leaching Beds

Limestone Leaching Beds (LLBs) are typically small basins laden with coarse limestone, with 2-
10 cm diameter sized lumps. The systems are constructed in such a way that water can have a

residence time of at least 30 minutes in the LLB (Skousen et al., 2017, 2019). These beds are
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also utilized in the pre-treatment of AMD with a pH of less than 3.0 and dissolved oxygen (DO) of

less than 1mg/L in both upward and downward flow strategies (Skousen et al., 2017).
25.1.2.2.3. Emerging Passive Treatment Systems
2.5.1.2.2.3.1. Phytoremediation

Environmental contaminants are removed, contained, or rendered harmless using florae and the
microbiota associated with them, and agronomic and techniques soil modifications, according to
Wong (2003). This technology has recently gained attention as a novel, cost-effective alternative
to more traditional treatment methods used at hazardous waste sites (Salt et al., 1995, 1998;
Chaney et al., 1997; Chaudhry et al., 1998; Meagher, 2000; Prasad and Freitas, 2003; Pulford
and Watson, 2003; Alkorta et al., 2004; Gardea-Torresdey et al., 2005a). The branch of
phytoremediation used to treat contaminated soil includes subcategories such as
phytoextraction/phytomining, phytostabilization, rhizofiltration, and phytovolatilization.

Phytoremediation is most effective when combined with other treatment methods for low and
moderate concentrations of contamination, or as a final polishing step in site remediation. This is
because high levels of contamination can be lethal to plants and inhibit their growth (U.S. EPA,
2006).

Before implementing phytoremediation technology, the following factors must be considered
(U.S. EPA, 2006):

e Depth of the contamination requiring treatment that must be within the range of depth of
plant root growth;

e To be treated, the root zone must be in contact with contaminants;

e Possible bioconcentration of contaminants up the food chain; and

e Monitoring of the fate of contaminants within the plants.
A number of sites have fully implemented phytoremediation (U.S. EPA, 2006).
2.5.1.2.2.3.2. Phytoextraction/Phytomining

If metal must be recovered, phytoextraction or phytomining, as defined by the ITRC (2009), is the
uptake of pollutants by plant roots and translocation within the plants. The notion of using plants
to clean up polluted areas is not new, and there is no specific source to which it can be traced
(Blaylock and Huang, 2000). Metals can accumulate in plants via two methods:

continuous/natural and chemically improved phytoextraction (Salt et al., 1998). Continuous
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phytoextraction is dependent on certain plants' natural capability to gather, translocate, and resist
high metal concentrations throughout the growth cycle. Chemically enhanced phytoextraction is
based on the use of chelating agents in the soil to stimulate metal uptake by the plants (Garbisu
and Alkorta, 2001). The use of fast-growing trees such as Salix or Populus species has recently

been proposed as a third method for metal extraction (McGrath et al., 2001).

Various plants were suggested for use in water treatment about 300 years ago, according to
Hartman (1975). Thlaspi caerulescens (pennycress) and Viola calaminaria (viola) were the first
plant species documented at the end of the nineteenth century as accumulating high levels of
metals in leaves and containing elevated concentrations of zinc when growing on soils enriched
in this element (Salt et al., 1998).

If there are only a few plants that can do this, climate, soil conditions, and ground/surface water
are all a detriment to species selection. This tool is typically used to treat inorganic contaminants
such as metals like zinc (Zn), lead (Pb), manganese (Mn), copper (Cu), mercury (Hg),
molybdenum (Mo), cadmium (Cd), silver (Ag), cobalt (Co), chromium (Cr), and nickel (Ni),
metalloids selenium (Se), arsenic As), radionuclides uranium (234U, 238U) plutonium (239Pu),
caesium (137Cs) strontium (90Sr), and nonmetals boron (B). For phytomining, plants must be
hyperaccumulators. More than 300 species hyperaccumulate Ni, including 26 species of Co, 24
species of Cu, 19 species of Se, 16 species of Zn, 11 species of Mn, one species of Tl, and one
species of Cd (Barcel6 and Poschennrieder, 2003). Consideration should be given to if the

resulting vegetation will be detrimental to local faunas.

Plants like Indian mustard, hybrid poplars, pennycress, and alyssum sunflower can be used in
phytoextraction. Because they have shallow root systems and grow slowly, these plants are most
effective in the top 30 cm of soil. However, Indian mustard can be genetically modified to grow in
contaminated soil with more biomass, allowing it to hyperaccumulate selenium in less time than

unmodified Indian mustard (Adams et al., 2000)

Phytoextraction is more cost effective than other remediation techniques (Glass, 2000; U.S. EPA,
2000). Furthermore, there may be an economic benefit from metal recovery from the ashes of

some hyperaccumalors' burned material (Chaney et al., 1997).

The main disadvantage of this technique is that it can only be applied to remediate low to
moderately contaminated sites and requires a long duration (Robinson et al., 1998; Blaylock and
Huang, 2000; Vassilev et al., 2004).
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2.5.1.2.2.3.3. Phytostabilization

The ITCR (2009) defined phytostabilization as "the immobilization of contaminants in soil via
adsorption and accumulation by roots, adsorption into roots, or precipitation within the root zone
plants, and the use of plants and plant roots to prevent contaminant migration via wind and
erosion, leaching, and soil dispersion." The advantages associated with this technique include
low cost, no soil removal requirements, enhances ecosystem restoration, and does not require
any disposal of hazardous materials or biomass (ITCR, 2009). Nonetheless, there are drawbacks
to phytostabilization; the contaminants will persist. Additionally, fertilization or soil modification
may be required (ITCR, 2009). The phytostabilization technique supplies fertilizing agents and

aids in the establishment of microorganisms.
2.5.1.2.2.3.4. Rhizofiltration

Rhizofiltration is the process of removing contaminants via plant roots from solutions through
biogeochemical processes, namely, adsorption or precipitation or absorption (ITCR, 2009), which
is accomplished by rhizosphere microorganisms (Wong, 2003). Because this technique is used
in water, plants on a floating platform are either aquatic or terrestrial (Phytoremediation Team,
2009). The presence of plant roots improves conditions for bioremediation by increasing soil
aeration and regulating soil moisture. By physically removing the plants, the contaminants can
also be physically removed. This technique has been shown to be very effective in the
remediation of extracted groundwater, surface water, and wastewater with low pollutant

concentrations (Salt et al., 1995).

Rhizodegradation is advantageous because contaminants are actually broken down rather than
transported, eliminating the need for harvesting. This technology has some drawbacks, such as
the fact that pH control is required. In addition, influent concentrations and flow rate regulation
are required. Plants, particularly terrestrial plants, may need to be grown and relocated to their
new location (ITCR, 2009).

According to Salt et al. (1995), plants used in rhizofiltration can remove up to 60% of their dry
weight in toxic metals. This technology is useful for removing metals such as lead (Pb), zinc (Zn),
cadmium (Cd), copper (Cu), nickel (Ni), and chromium (Cr), as well as radionuclides such as
cesium (Ce), strontium (Sr), and uranium (U) (U.S. EPA, 2000; ITCR, 2009). Many large root
plant species, including sunflower (Helianthus sp.), rye (Elymus sp.), corn (Zea mays), and Indian
mustard (Brassica juncea), have shown success in rhizofiltration process (Salt el al., 1995). Many

aguatic species are capable of removing metals from water. Water hyacinth (Eichhornia
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crassipes; Kay et al., 1984; Zhu et al., 1999), pennywort (Hydrocotyle umbellate; Dierberg et al.,

1987), and duckweed (Lemna minor spp.; Mo et al., 1989) are examples.
2.5.1.2.2.3.5. Phytodegradation

Phytodegradation comprises the uptake of contaminants and breaking them down through
metabolic processes within the plant (ITCR, 2009). Aside from the plant roots, contaminants can
also be broken down in the soil by enzymes and other compounds produced by plant tissues.
Phytodegradation is applicable to organic contaminants and their uptake is influenced by their
hydrophobicity, solubility, and polarity (U.S. EPA, 2006). After absorption by the plant roots,
moderately hydrophobic and polar compounds are more likely to be taken up (Adams et al.,
2000). Contaminants such as chlorinated solvents, insecticides, PCP, PCBs, and munitions may
be removed through phytodegradation (U.S. EPA, 2006).

2.6. Waste management in South Africa

South Africa has developed a wide range of legislative measures aimed at improving the quality

of the environment. These are some examples:

e Act 85 of 1993 on Occupational Health and Safety; To provide for the health and safety
of persons at work, as well as the health and safety of persons in connection with the use
of plant and machinery; to protect persons other than persons at work from hazards to
health and safety arising from or in connection with the activities of persons at work; to
establish an advisory council for occupational health and safety; and to provide for matters
related thereto.

e Act 108 of 1996, South African Constitution; According to Chapter 2 section 24 of the
south African Constitution, Everyone has the right to an environment that is not harmful
to their health or wellbeing; and to have the environment protected, for the benefit of
present and future generations, through reasonable legislative and other measures that
prevent pollution and ecological degradation; promote conservation; and secure
ecologically sustainable development and use of natural resources while promoting
justifiable economic and social development.

e Act 36 of 1998, National Water Act; The National Water Act 36 of 1998 seeks to
fundamentally reform the law governing water resources, repeal certain laws, and address
related issues.

e Act 107 of 1998, National Environmental Management Act; The National Environmental
Management Act 107 of 1998 intends to provide for cooperative, environmental

governance by establishing principles for environmental decision-making, institutions that
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will promote cooperative governance, and procedures for co-ordinating environmental
functions exercised by state organs; and to provide for matters related thereto.

e Act 28 of 2002 on Mineral and Petroleum Resource Development; The Mineral and
Petroleum Resources Development Act 28 of 2002 aims to provide for equitable access
to and sustainable development of the nation's mineral and petroleum resources, as well
as to address related issues.

e The Act on Air Quality (Act 39 of 2004); Intends to do the following: to reform the law
governing air quality in order to protect the environment by providing reasonable
measures for the prevention of pollution and ecological degradation, as well as for
securing ecologically sustainable development while promoting justifiable economic and
social development; to provide for national norms and standards governing air quality
monitoring, management, and control by all spheres of government; to provide for specific
air quality measures; and to provide for matters incidental to air quality monitoring,
management, and control.

e The Waste Act of 2008, National Environmental Management (Act 59 of 2008); An Act to
reform the waste management law in order to protect health and the environment by
providing reasonable measures for the prevention of pollution and ecological degradation
and for ensuring ecologically sustainable development; to provide for institutional
arrangements and planning issues; to provide for national norms and standards for
regulating waste management by all spheres of government; and to provide for specific

waste management measures.

2.7. Geochemical modelling
Many studies involving geochemical modelling have been conducted since the 1960s.
Environmental reactions that affect water quality frequently occur at temperatures ranging from 0
to 100 °C. Evaporation, dissolution and precipitation of minerals, dilution or mixing of water
bodies, speciation and complexion of organic and inorganic matter, ion exchange, adsorption or
desorption of solute, oxidation-reduction of constituents, reaction with or production of gases, and
reactions catalysed by light or biological organisms are examples of processes of interest
(Nordstrom, 2007). Geochemical modelling attempts to simulate all of the aforementioned
processes have been undertaken by employing either mass action or mass balance equations.
Geochemical modelling, on the other hand, does not account for transport and can be
conceptualized as a stirred tank reactor in which the distribution of chemically reactive species is
calculated mathematically. Modelling of the transport of chemical constituents down a flow path

is included in coupled transport and reaction models (Crawford, 1999).
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Inverse models and reactive path models are two types of geochemical modelling. Geochemical

reaction models include speciation-solubility reactions.
2.7.1. Speciation-solubility models

The speciation-solubility models define the distribution of a stable species in the system as well
as calculating mineral saturation states (Zhu and Anderson, 2002). To determine the species
spectrum and solve the equations involved, most of these models assume local equilibrium (van
der Lee and De Windt, 2001). Chemical equilibrium can be solved by minimizing a system's
Gibb's free energy or using mass action equations and equilibrium constants (Crawford, 1999).

The Mixed-Solvent Electrolyte model, a comprehensive thermodynamic model, has been used to
calculate phase equilibria and chemical speciation in selected aqueous actinide systems (Wang
et al., 2017). Jimenez et al. (2022) investigated the speciation and solubility of sodium molybdate
(Na;MoO.,) in water of temperature ranging between zero and 110 °C. Metals originating from
active gold mining tailings storage facilities (TSFs) in the Witwatersrand Basin's evolution and
transport were assessed using this technique (Camden-Smith et al., 2014) and Drapeau et al.
(2021), investigated the extraction of lead from waste at two typical mining sites, namely, Zeida

and Mibladen, two non-operational former Pb-Zn mines in Morocco's Moulouya region.
2.7.2. Inverse modelling

Inverse modelling or mass balance modelling, can provide a list of possible reactions that
occurred during the transformation of a combination of initial water samples into a final
composition if the composition of water samples along the same flow path and the mineral
assemblages of the rock through which the water flows are known (Nordstrom, 2007). Inverse
modelling does not take into account thermodynamic properties or kinetic constraints, instead

relying on mass balance equations (Zhu and Anderson, 2002).

This technique is primarily used in groundwater modelling (e.g. Slimani et al., 2016) but it can
also be used for surface water modelling (e.g. Peikam and Jalali, 2016). Ibrahim and EI-Naga
(2018), used inverse geochemical modelling to define the chemical reactions responsible for the
salinization of the Azraqg basin along the groundwater flow path. Stour et al. (2022) used inverse
geochemical modelling to investigate the hydro-geochemical processes that govern the evolution
of surface and groundwater resources in Egypt's El Fayoum depression. Camden-Smith and Tutu
(2014) investigated the release mechanisms of pollutants from an abandoned mine tailings

storage facility near Johannesburg, Witwatersrand goldfield, using inverse geochemical
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modelling. Inverse geochemical modelling was also used to assess the rainwater leachability of

metals from gold mine tailings (Grover et al., 2016).
2.7.3. Forward modelling

Forward modelling is especially useful in performance testing or design studies, where the

composition of a solution is calculated after a reaction or equilibrium is reached (Crawford, 1999).

Thermodynamic models use equilibrium constraints and are assumed valid for homogeneous
reactions with sufficient residence time to reach equilibrium. Heterogeneous reactions, on the
other hand, such as mineral dissolution and precipitation, as well as their adsorptive properties,
are frequently kinetically controlled, and models should ideally be accustomed accordingly. The
geochemical modelling had been applied for characterization of gold mine tailings in the Central
Rand Goldfield (Netshiongolwe, 2018). Wu (2021), used geochemical modelling to study gold
tailings storage facilities of the West Rand Basin, Witwatersrand goldfield.

2.7.4. Reaction path modelling

In this modelling type, the reaction progress is monitored in small increments. The species
distribution and saturation indices are calculated at each step and equilibrium is maintained by
the dissolution or precipitation of defined minerals (Crawford, 1999). These reactions are used to
describe forward reactions in a water system, such as the addition of gas or minerals. (Zhu and
Anderson, 2002).

The guantitative assessment of uranium distribution and modeling of its geochemical speciation
in gold mine polluted land in South Africa was carried out by Tutu et al. (2003). Marini (2013)
discussed the theoretical aspects and applications of reaction path modelling in predicting water-
rock interactions. Apallaro et al. (2011) used reaction path modelling to investigate the release

and fate of elements in the metabasalt-serpentine shallow aquifer.
2.7.5. Coupled transport and reaction modelling

A reactive transport model is a hybrid of a forward geochemical reaction and a hydrologic model
that is used to depict geochemical changes over time along various dimensional flow paths
(Crawford, 1999). According to Charlton and Parkhurst (2002), reactive transport modelling can
be used to study the migration of contaminants such as metals, radionuclides, and organic
compounds, as well as to simulate natural and artificial processes for aquifer remediation and

laboratory column experiments.
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To account for the transport of chemical species produced by microbial processes, a coupled
transport/reaction model for copper was developed (Liu and Neretniesks, 2009). A simplified solid
mechanics model was developed for the local variation of permeability and porosity as a function
of local bed deformation (Sallown et al., 2013). To better understand the transport and reactions
of trace metals as they move through a catchment from upland sources to downstream areas and
water bodies, a spatially distributed trace metal transport and transformation model was
developed (Suie et al., 2021).
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CHAPTER THREE

3. Materials and Methods

3.1. Sampling and site description
The research was carried out at specific sampling points along the Sabie River catchment in
Mpumalanga Province.

There are abandoned mines situated in the upstream of Sabie River basin that include the Nestor,
Glynns Lydenburg, and Rietfontein Mines. In order to assess the probability of the metal species
dispersion from mine tailings storage facilities (MTSFs) into the Sabie River catchment, various
sample mediums were used. The samples were classified as follows: (i) sediments eroded from
(MTSFs), (ii) efflorescent crusts developed on the surfaces of the MTSFs, (iii) seepage from
MTSFs, (iv) soils surrounding MTSFs, (v) soils away from mining activities, (vi) stream sediments
from the Sabie River and connected streams and (vii) surface water. In addition, sediments and
water samples were taken along the mine watercourse (Nestor and Rietfontein). These samples
were considered the most representative of the surface environment and are generally used in
environmental geochemical surveys. Sampling was done seasonally, commenced in November-
December 2019 (wet season), and was repeated in July-August 2020 (dry season); December
2020 (wet season); May-June 2021 (dry season); September-October 2021 (wet season); June-
July 2021 (dry season); February-March 2022 (wet season).

All the sample sites were located by GPS and geo-referenced to UTM coordinates (Table 2).

Table 2 Location of sampling sites

Sample ID Latitude Longitude Name

NSO1 -25.07640 30.79641 Nestor MTSF

GLO1 -25.09921 30,77105 Glynns Lydenburg MTSF
SBO1 -25.10180 30.75148 Sabie River

SB02 -25.09328 30.76915 Sabie River

SBO3 -25.09139 30.79383 Sabie River

SB04 -25.07399 30.85084 Sabie River

SBO05 -25.02999 31.01396 Sabie River

SB06 -25.02865 31.05386 Sabie River
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SBO7 -25.03009 31.12361 Sabie River

SBO08 -25.01968 31.21520 Sabie River

SB09 -24.98432 31.28106 Sabie River

SB10 -25.11795 30.72392 Lone Creek River

SB11 -25.09743 30.76707 Malieveld

SB12 -25.08810 30.77848 Klein Sabie River

SB13 -25.06341 30.79114 Klein Sabie River

SB14 -25.09753 30.80553 Spitskop River

SB15 -25.09382 30.81434 Rietfontein drainage

SB16 -25.07068 30.90130 Goldstream

SB17 -25.03235 31.02239 Sabana River

SB18 -25.00851 30.92504 Mac-Mac River

SB19 -25.00318 30.92422 Sunlight River

SB20 -25.03386 31.15503 Nkambeni/Noord Sand

SB21 -24.98270 31.24733 Bega River

SB26 -25.00336 30.92363 Soil away from mines

SB27 -25.12038 30.72363 Soil away from mines

SB28 -25.08709 30.78212 Soil away from mines

SB29 -25.06496 30.87818 Soil away from mines
3.2. Sampling procedure

3.2.1. Tailing sampling

Data generated from Lusunzi (2018) formed the baseline to this study. The two MTSFs in the
Sabie Goldfield, namely, Nestor and Glynns Lydenburg were mapped and characterised, based
on their acid-base accounting, geochemistry and mineralogy. In addition, three samples were
collected seasonally from tailings eroded from the Nestor MTSF (NSO1; Fig. 6A). These tailings
were traced downstream of the MTSF and five additional samples were collected in the middle
(NSO2; Fig. 6B) and before the confluence with the Klein Sabie River (NS03; Fig. 7). Grab

sampling was done using a scoop and the samples were placed in polythene plastic bags that
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were tightly sealed with cable ties. Additional tailings were also taken from the adjacent Glynns
Lydenburg MTSF (GLOO and GLO01).

phe &
£ A

Figure 7 Photograph showing the sediments that are eroded from the Nestor MTSF before the confluence with the
Klein Sabie River.
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Two bulk samples were collected from the Nestor MTSF (AG) and the Glynns Lydenburg MTSF
(AN) respectively. About 20 kg composite tailings samples were collected from the base of the
MTSFs and placed in plastic buckets that were tightly closed and transported to the North-West
University laboratory for analyses. The samples were dried in a drying stove at 40°C for 24 hours
and were stored in airtight containers to limit the degree of pre-oxidation as proposed by the
ASTM D5744-18 standard. The samples were sieved using a 200-mesh sieve to obtain samples
of less than 75 ym particle size distribution to be able to conduct the following tests (Stewart et
al., 2006). Two mixtures were prepared using the samples from the Nestor MTSF (AG) and the
Glynns Lydenburg MTSF (AN). The mixtures contained 25 wt. % AN and 75 w t% AG was
prepared and is referred to as MIX25. The second mixture contained 50 wt. % AN and 50 wt. %
AG was prepared and is referred to as MIX50. MIX25 and MIX50 were subjected to the same
static test (ABA, NAG and ABCC) that was used to estimate the acid-generating probabilities of
samples AG as well as AN.

3.2.2. Efflorescent crusts sampling

Two samples were collected from each mine tailings storage facility seasonally, namely, Nestor
(Fig. 8A; ENO1) and Glynns Lydenburg (Fig. 8B; EGO01) in the wet season (February 2018) and
during the dry period (August 2020). The efflorescent crusts developed on the sides of MTSFs

were carefully collected and tightly sealed in polyethylene plastic bags using cable ties (Fig. 9).

Figure 8 Efflorescent crusts sampling in the Nestor and Glynns Lydenburg MTSFs.
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3.2.3. Soil sampling

The soil samples were taken near the Nestor and Glynns Lydenburg mine tailings storage
facilities in February 2019 as well as November 2021 in order to assess potential of metal species
dispersion. In addition, four samples were collected in the dry season in areas not influenced by

mining activities (June 2021) and they were used as background reference samples.

Generally, soils contain various layers that are referred to as soil horizons. There is variation in
terms of properties and elemental distributions together with thickness, which can range from few
millimetres to sometimes meters. It is crucial to be consistent in terms of the soil horizon being
considered when comparing the composition of different soils. Therefore, the B-horizon was
considered for this study. Soil samples of approximately 5 kg were randomly collected near the
mine tailings storage facilities as well as away from these mine impoundments (Fig. 9). Organic
debris was removed from the surface samples prior to collection, and placed in double plastic
bags with duplicate labels of the sample number. After collection of the samples, precise
coordinates (WGS84) of the localities were saved with the sample number. All information,

sample number, coordinates and general site description, was updated and saved daily on

spreadsheets for future use.

Figure 9 Soil sampling was conducted along the Sabie River system.

3.2.4. Stream sediment sampling

In total, 21 composite stream sediment samples (SBO1 to SB21) were randomly collected at

various distances from the mine tailings storage facilities (MTSFs), agricultural area, industrial

area, and commercial/urban areas. Sampling took place in November and December 2019 to
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represent the summer season, as well as in July and August 2021 to represent the winter season.
Samples of stream sediment were taken along the Sabie River system, upstream, middle, and
downstream, to evaluate their potential influence on metal distribution in receiving water. The top
part of the sediments (0 to 10 cm) were collected using a shovel and plastic bucket to homogenize
the samples collected, and then placed in sample bags that were tightly sealed to prevent the

infiltration of oxygen as well as preservation of biological or chemical equilibria (Fig. 10).

Figure 10 Photographs showing where stream sediment sampling in the Sabie River system, was conducted.

A handheld GPS was used to define the position of the predetermined sample locations. Metal
concentrations in sediments are not uniformly distributed across grain sizes, so the finer-grained
clay-size fraction (-75 m) with high metal concentrations due to large surface areas present, as
well as the existence of metal oxide and organic layers on mineral surfaces that tend to sorb

metals, was chosen for analysis.
3.2.5. Water sampling

Water samples were also taken before the stream sediment at the same sites and drainage along
the mine sites to assess the prominence of AMD from the MTSF. Two mine sites were considered
for this study, namely, Nestor Mine (seepage from the mine storage facility; Fig. 11A) and the
Rietfontein Mine (water decanting from the mine adit; Fig. 11B). There was no seepage/leachate
observed near/around the Glynns Lydenburg mine tailings storage facility.
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Figure 11 Sampling conducted on the seepage from the Nestor MTSF (A) and (B) photograph showing the water
decanting from the Rietfontein mine adit.

Physico-chemical parameters of the collected samples were analysed to determine the speciation
of pollutants and impact of dispersion potential due to tailings storage facilities. Onsite analysis
of physico-chemical parameters, namely, temperature (°C), redox potential (Eh), electrical
conductivity (EC), and pH were done using a Wissenschflich-Technsche-Weskstatten (WTW)
multi 3430 measurement meter in accordance to the South African National Standard (SANS)
5011 method (Fig. 12). Sampling was done according to standard procedures (APHA, 1998).
Before field analysis, the probes were calibrated with reference buffer solutions. Water samples
were taken in 500 mL polyethylene bottles that had been pre-cleaned. The samples had been
filtered through 0.45 pum filters to eliminate all microorganisms as well as suspended sediments
before being prepared for elemental (major, minor, and trace element) and anion studies. The
alkalinity and acidity levels of the water samples was also tested, with the samples for alkalinity
testing not being filtered. The elemental analysis samples were collected in acidified plastic
bottles and preserved with nitric acid (in order to prevent oxidation or reduction of redox-sensitive

species). Samples were immediately placed in a cooler (at 4°C) for transportation and storage.
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Figure 12 Onsite water analysis was conducted in the Sabie River system.

3.3. Analytical methods
X-ray fluorescence (XRF), X-ray diffraction (XRD), as well as four-stage sequential extraction was
used to analyse the collected tailings and stream sediment samples. Analytical techniques such
as inductive coupled plasma-mass spectrometry (ICP-MS) and ion chromatography (IC) were
used to analyse water samples. All experiments were carried out in triplicate, with the results

reported as mean values.
3.3.1. Acid-Base Accounting

Established in 1974 to assess coal wastes, the acid-base accounting (ABA) of a waste material
is the balance between its acid production and acid consumption properties. In 1978 these test
procedures were modified (Sobek et al., 1978). This concept is very important in terms of decision
making regarding the storage and treatment of mine wastes. The acid production potential (APP)
is calculated as APP= 31.25 x percent sulphur, with the assumption that two moles of acid are
produced for every mole of sulphur. In modified ABA, the APP is calculated from the sulphide
sulphur concentration (Lawrence, 1990).

By first determining the acid strength to be used in the next step, a simple fizz test is used to

determine the neutralization potential (NP). Based on this data, hydrochloric (HCI) acid is added

to the sample and boiled until the reaction ends. The subsequent solution is then back titrated to

pH 7 with sodium hydroxide (NaOH) to define the quantity of acid used up in the reaction between

the sample and HCI. Modified ABA determines NP by performing a 24-hour acid digestion at room
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temperature and back titrating using NaOH to determine the acid consumed to an end point of
8.3. The net neutralizing potential (NNP) is a measurement of the difference between the
neutralizing and acid forming potentials. It is calculated by subtracting the APP from the NP and
can be positive or negative. NNP values less than 20 (kg CaCOs /ton) are likely to form acid, NNP
values greater than 20 are unlikely to form acid, and NNP values between -20 and 20 are

uncertain in terms of acid potential (Lapakko, 1993b).

The ABA test assumes that all of the sulphur in the sample is reactive, which does not account
for the occurrence of non-reactive sulphur minerals such as gypsum. Modified ABA assumes that
sulphur present as sulphate does not produce acid. If acid-producing sulphate minerals such as
jarosite are present, this may underestimate available APP.

3.3.2. X-ray fluorescence methods

Generally, X-ray fluorescence (XRF) is the emission of characteristic or secondary X-rays from a
material that has been excited by bombardment with high energy electrons or other X-ray or -ray
photons. If the incident particle has enough energy, it can knock an orbital electron out of the
inner shell of the target atom. Environmental analysis has grown dramatically in the last decade,
owing primarily to the need to assess the quality of our environment, which necessitates the

availability of reliable analytical data (Khalid et al., 2015).

The solid samples (mine tailings, soil, and stream sediment) were geochemically analysed for
elemental composition by XRF at the Council for Geoscience using a PANanalytical Zetium XRF
spectrometer. Major oxides, namely, aluminium oxide (Al.Os), magnesium oxide (MgO), iron(lll)
oxide (Fe2Ost), manganese oxide (MnO), silica (Si.O), calcium oxide (CaO), sodium oxide
(Na20), titanium oxide (Ti2O), potassium oxide (K20), chromium(lll) oxide (Cr.03) as well as
phosphorus pentoxide (P2Os) were analysed on glass disks while trace elements, nickel (Ni),
copper (Cu), cobalt (Co), arsenic (As), uranium (U), zinc (Zn), lead (Pb), cerium (Ce), lanthanum
(La), gallium (Ga), chromium (Cr), barium (Ba), strontium (Sr), vanadium (V), thorium (Th),
Yttrium (), scandium (Sc), zirconium (Zr), and Ytterbium (Yb), were analysed on pressed powder
pellets.

Milled samples were heated at 1000 degrees Celsius for a minimum of three hours to oxidize the
Fe?* and S and to define the loss of ignition (LOI) gravimetrically. One gram of heated sample
and 10 g of Claisse flux (49.5% LiBO,, 49.5% Li,B4O7, and 1% LiBr) were fused at 980 °C to
produce homogeneous glass disks. Twelve grams of milled sample and three grams of Licowax
were combined, poured into an aluminium cap, and pressed using hydraulic press with a pressure
of about 25 tons to produce a stable powder briquette.
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The major and trace element calibrations on the XRF spectrometer were set up using optimum
optical combinations for each selected element and corrected for background, matrix and inter-
element interferences where applicable. Reference materials were used to set up regression lines

between measurements and certified concentration and to verify the calibrations.

3.3.3. X-ray diffraction methods

The XRD measurements were carried out on BRUKER D8ADVANCE instrument equipped with
2.2kW Cu long fine focus tube(Cu Ka, A=1.54060) and a sample changer with 90 positions. The
instrument is outfitted with a 3.7° active area LynxEye detector. Samples were scanned from 2 to
70° 26 CuKa radiation with step size of 0.02° 20 steps size/0.5 sec and generator settings of 40
kV and 40mA. A representative sample of the soil material was crushed and pulverized to fine
powder of about 20 um in size for bulk analysis. To ensure random orientation, a sub-sample was
pressed into a shallow plastic sample holder against rough filter paper. The phase identification
was performed using the BRUKER DIFFRACPIus evaluation program. Semi-quantitative
approximations were used to determine phase concentrations (with a 5% accuracy) using the
RIR (Reference Intensity Ratio) method and relative peak heights/areas proportions (Brime,
1985).

3.3.4. Sequential extraction procedure

To estimate binding forms of metal species in solid samples, the European Standard,
Measurement and Testing (SM&T), formerly the BCR (Community Bureau of Reference of the
European Commission), proposed sequential extraction. All extractions were performed using a
mechanical shaker for 16 hours (overnight) at room temperature (25 °C). The extract was then
separated from the solid residue by centrifugation at 3000 rpm for 20 minutes, and the
supernatant liquid was transferred into a polyethylene volumetric flask. The residue was washed
with 20 mL of deionized water, shaken for 15 minutes on the end-over-end shaker, and

centrifuged at 3000 rpm for 20 minutes. As a result, the supernatant was decanted.

A four-stage sequential extraction was done following the procedures described by Nemati et al.

(2011) and Takalio et al. (2001). The sequential extraction procedure was as follows:

e The first step (exchangeable metals) is as follows: 1 g of dry sediment was treated with
40 mL of 0.11 M acetic acid. The mixture was shaken at 22°C for 16 hours at a speed of
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250 rpm. Centrifugation at 3800 rpm for 20 minutes separated the extract from the solid
phase. Prior to analysis, the supernatant liquid was decanted into a 50 mL polypropylene
centrifuge tube and stored in a refrigerator at 4 °C. The residue was washed with 20 mL
of double-distilled water, shaken for 15 minutes, and centrifuged for 20 minutes at 3800
rpm. The second supernatant liquid was discarded with no residue loss (Nemati et al.,
2011).

Second step (metals bound to iron and manganese oxides): Metals bound to iron and
manganese oxides were extracted by adding 40 mL of 0.1 M hydroxyl ammonium chloride
(NH20OH.HCI) to the first step residue (adjusted to pH 2 with 2 M nitric acid). After shaking
the mixture for 16 hours at 22 °C at a speed of 250 revolutions per minute, it was
centrifuged for 15 minutes and decanted as described in step 1. Before proceeding to the
next step, the residue was washed with 20 mL distilled water, centrifuged, and the
supernatant discarded as described in the first step (Nemati et al., 2011).

Third step (metals bound to organic matter and sulphides): small aliquots of 10 mL of 8.8
M hydrogen peroxide (pH 2 to 3) were carefully added to the centrifuge tube residue. The
tube was loosely covered (to avoid significant hydrogen peroxide loss), and the residue
was digested at room temperature for 1 hour with occasional shaking. The contents of the
tube were digested continuously for 1 hour at 85 °C in a water bath with occasional
shaking for the first 30 minutes, and the volume was reduced to 2 to 3 mL by further
heating the uncovered tube. After adding 10 mL of hydrogen peroxide (pH 2-3) to the
tube, it was heated to 85 °C and digested for 1 hour before the volume in the uncovered
tube was reduced almost to dryness. After cooling, 50 mL of 1 M ammonium acetate (pH
2 adjusted with concentrated nitric acid) was added to the residue and shaken for 16 hours
at 22 C at 250 rpm. The extract was separated from the solid phase using centrifugation
and decantation, as previously described, and stored at 4 degrees Celsius (Nemati et al.,
2011).

For metals that were insoluble in the previous steps, the residue from the third step was
digested with aqua regia (HNO; + 3HCI). To accomplish this, 6 mL of distilled water was
added to the same residue, followed by 15 and 10 mL of aqua regia solution. The residue
was evaporated to near dryness in a water bath after each aqua regia solution was added.
The extract was filtered through filter paper after a small amount of 1 M nitric acid solution

was added to the last residue in the centrifuge tube (Tokalio et al., 2001).
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3.3.5. lon Chromatography and Inductively Coupled Plasma-Mass Spectrometry

The IC technique is frequently employed to determine the concentrations of common anionic
components (U.S. EPA, 1986). A sequence of columns were filled with ion-exchange resins
separate anions from solution and combine them with hydrogen to form acids. Using a
conductivity detector, the electrical conductivities of various acids, which are varyingly strong

electrolytes from which anions concentrations can be calculated, were measured.

An inductively coupled plasma (ICP) is a type of plasma source that gets its energy from electric
currents generated by electromagnetic induction, or time-varying magnetic fields. Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) is an elemental analysis technique. The resulting
instrument is capable of detecting trace multi-element analysis, often at the part per billion or part
per trillion or Nano grams level. ICP-MS has been widely used over the years, with applications
in a variety of fields including drinking water, wastewater, natural water systems/hydrogeology,
geology and soil science, mining/metallurgy, and food sciences (U.S. EPA, 1986; Ammann,
2017).

The ICP-MS analysis was done using the Agilent 7500ce with Octopole Reaction System. Based
on calibration curves with standard solutions made from a commercial stock solution, element
concentrations were quantified. The ICPMS method was validated by analyzing the water
reference material NIST 1643e before the analysis of unidentified samples. Every ten samples

were run through the control material throughout the study to guarantee analytical precision.

ICP-MS has a number of significant advantages, including extremely low detection limits for a
wide range of elements. Some elements can be detected at part per trillion levels, while the
majority can be detected at part per quadrillion levels. Table 3 below lists some of the most
common detection limits for each element. The ICP-MS can determine elements with atomic
masses ranging from 7 to 250. This ranges from lithium (Li) to uranium (U). Because of the
abundance of argon in the sample, some masses, such as 40, are prohibited. Other regions that
may be blocked include mass 80 (due to the argon dimer) and mass 56 (due to ArO), the latter
of which greatly hinders Fe analysis unless the instrumentation is equipped with a reaction
chamber (Batsala et al., 2012).

Table 3 Detection limits for some selected elements

Element Detection limit (ppt)
U <10

Cd, Au, Sb  10-50

Pb, Se,Co  50-100
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Cr, Cu, Mn  100-200
Zn, As, Ti 400-500
Li, P 1-3 ppb
Ca <20 ppb

ICP-MS spectrometers can analyse both solid and liquid samples. In this study, triplicate aqueous
samples were analysed for metals and anions using ICP-MS and lon IC. The element
concentrations were compared to the South African SANS241 (2015) and the World Health
Organization (WHO, 2011) water quality guidelines. ICP-MS was used to determine the elements
manganese (Mn), arsenic (As), chromium (Cr), cobalt (Co), copper (Cu), aluminium (Al), nickel
(Ni), lead (Pb), and iron (Fe) while IC was used for measuring fluorine (F), chlorine (Cl), nitrate
(NO3) and sulphate (SO.).

3.4. Data treatment: statistics and geochemical modelling

3.4.1. Data analysis
3.4.1.1. Assessment of metal pollution in sediment

Metal concentration in sediments is the result of an addition of metal species originating from
natural sources and anthropogenic activities. Therefore, the choice of background values plays
a major contribution in the interpretation of geochemical data. In many studies, the average
crustal abundance data was used as a reference baseline. The enrichment factor (EF), pollution
load index (PLI), and geo-accumulation index (lgeo) were used to evaluate the grade of pollution
along the Sabie River system because of metal species dispersion. A similar approach was used
to characterise sediment pollution (e.g., Han et al., 2017; Muzerengi, 2017). In addition, the
chemical index of alteration as described by Nesbit and Young (1982) and Taylor and McLennan
(1995) was employed to calculate the degree of weathering in the Sabie River system.

Enrichment factor

The enrichment factor (EF) is an index/indicator that measures the level of contamination in the
environment (Barbier, 2016). In this study, EF was calculated to assess the potential

anthropogenic input of metal species to the Sabie River catchment. It was calculated as follows:

Cn

GB
EF = [<ﬁ) sample — (ﬁ) background]
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Where (Cn/LV) sample is the concentration of analysed metal species and one of the following
metals: Al/Ca/Fe/Sc/Ti/Rb and (GB/LV) background-reference concentration of analysed metal
species (Cn) and one of the following metals: Al/Ca/Fe/Sc/Ti/Rb.

Rb was used as a reference element in this study, and SB18 (Mac Mac River) was chosen as a
background because there are no mining activities and little anthropogenic input. Islam et al.
(2015c) proposed the ratio of measured concentration to natural abundance as a contamination
factor (CF) and classified it into four grades for long-term pollution monitoring of a single metal:
low degree (CF<1), moderate degree (1<CF<3), significant degree (3<CF<6), and very high
degree (CF=6).

Geo-accumulation

The geo-accumulation index was used to assess the degree of metal pollution in sediment by

comparing it to the baseline metal concentration in the surrounding area. Geo-accumulation index

can be defined as follows: 1(geo) = log2(

En ) ; where Cn is the potential toxic element (PTE)

1.5Bn
concentration and Bn is the measured concentration of the element in unpolluted sediments

(Barbier, 2016).

Other studies, such as (Sarmiento et al., 2011), used a similar approach to characterize sediment
pollution (Han et al., 2017). The samples were categorized as unpolluted (Igeo <1) or highly

polluted (lgeo > 5).
Chemical index of alteration

The chemical index of alteration (CIA) was used to assess the extent of feldspar weathering in
comparison to unaltered rocks from the Sabie catchment area. The CIA is defined as follows:
CIA= (Al,03/Al,O3+Ca0*+Na,O+K,0) x100 (Nesbit and Young, 1982), where CaO* is the amount
of CaO incorporated in the silicate fraction of rocks. Taylor and McLennan (1995) determined that
the average upper continental crust had a CIA value of 47. This means that CIA values between
45 and 55 indicate weak weathering conditions, while values above 100 indicate extreme
weathering, which is supported by the presence of typical weathering minerals like kaolinite and

gibbsite.
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3.4.2. Geochemical modelling

PHREEQC is a computer program that simulates chemical reactions and transport processes in
unpolluted or polluted water. In addition, PHREEQC has all of the geochemical model's
capabilities, including speciation, batch-reaction, one-dimensional reactive transport, and inverse

modelling (Parkhurst and Appelo, 1999).

PHREEQC is frequently used as a geochemical calculation module (server) in other software
programs due to its general geochemical speciation and reaction capabilities, as well as its
modular input organization. PHREEQC has been used to calculate saturation indices, activities,
and pH in water-quality data management software (Scientific Software Group, 2010,
AquaChem), to generate predominance diagrams and estimate parameters (Kinniburgh and
Cooper, 2010, PhreePlot), and to consider geochemical effects in watershed processes (Hartman
et al., 2007, DayCentChem). PHREEQC is most commonly used as a geochemical module for
reactive transport models. The unsaturated zone (Jacques and Simanek, 2004, HP1; Szegedi et
al., 2008, RhizoMath; Wissmeier and Barry, 2010a, 2010b) is a reactive-transport environment
(Mao et al., 2006, PHWAT; Parkhurst et al., 2004, 2010, PHAST; Prommer et al., 1999, PHT3D),
acid mine drainage (Malmstrém et al., 2004, LaSARPHREEQC) and radionuclide isolation
(Kallvenius and Ekberg, 2003, TACK).

The PHREEQC geochemical modelling software was used to forecast metal speciation in water.
The MINTEQ.V4.DAT was used for the ion interaction method because it could incorporate all of
the parameters that were chosen. pH, temperature, redox (pE), and determined concentrations
of calcium (Ca), magnesium (Mg), iron (Fe), arsenic (As), calcium (Ca), manganese (Mn), copper
(Cu), chlorine (CI), sulphate (SO4), and nitrate (NO3) were used as input data for the modelling

program.
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CHAPTER FOUR

4. Results and discussion

4.1. Mine tailings storage facilities geochemistry and mineralogy
During the sampling period of July 2020, two bulk samples were taken from each MTSF; namely,
Nestor and Glynns Lydenburg and their acid-base accounting, geochemistry, and mineralogy are
discussed below.

4.1.1. Acid base accounting results

In Table 4, the ABA of the samples collected from the Nestor and Glynns Lydenburg MTSFs
respectively, are summarised. The Nestor MTSF sample (AG) is characterised by a low paste pH
of 2.5, which is a strong indication that the sample is acid generating and may contain high
concentrations of stored acidity. In addition, the sample AG has no acid neutralizing capabilities
(ANC). On the other hand, the Glynns Lydenburg MTSF (AN) has a relatively high paste pH of
7.7, indicating that it may be most likely be a non-acid generating sample. It also has an extremely
high acid neutralising capacity (ANC) of 184 kg H»SOuJ/t, which indicates a high concentration of
acid-neutralizing minerals. MIX25 and MIX50 have a paste pH of 5.1 and 6.1 respectively, which
indicates that both mixtures may generate alkalinity. The mixtures may be suitable to treat or
prevent AMD generated by the tailings from the Nestor Mine. These two mixed samples also
have ANC values of 56 and 96 kg H.SO.u/t respectively, which are relatively high when compared
with their maximum potential acidity (MPA) values.

Table 4 Results of acid base accounting.

ANC MPA NAPP
Sample Paste s R
D pH (otal) ANC/MPA
(kg H2S0u/t) (kg Hz2S0u4lt) (kg H2S0u4lt)
AG 2.5 0 0.43 13 13 0
AN 7.7 184 0.07 2 -182 86
MIX25 51 56 0.34 10 -46 5
MIX50 6.1 96 0.25 8 -89 13

AG, MIX25, MIX50 and AN have net acid generation capacity (NAG) pH values of 2.7, 4.9, 5 and
5.9 and NAG values of 6.9, 0, 0 and 0 kg H.SOu/t, respectively. The NAG results thus indicate

that AG is a potential acid-forming sample and could release up to 6.9 kilograms of sulphuric acid
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per ton of material. MIX25, MIX50, AN were categorized as non-acid forming (NAF) using the

NAG classification criteria summarised in Table 4.

The acid buffering characteristic curve (ABCC) curves of MIX25, MIX50 and AN are illustrated in
Figure 13. The sample from the Nestor MTSF (AG) does not have an ABCC as it has no acid-
neutralizing capabilities. The mixed sample, MIX25, MIX50 together with the Glynns Lydenburg
MTSF sample (AN) have the ability to neutralise 50 and 90 kg H.SO.J/t respectively, before the
pH of the solution drops substantially below 2,5, which corresponds closely to the ANC results
determined using the ABA method (Table 4).

When the pH of mine tailings falls below 4 due to sulphide mineral oxidation by Fe?*, rate as well
as amount of acid produced increases dramatically. Thus, the effective or freely available acid-
neutralising capacities refer to the quantity of acid neutralized prior to drop in pH of solution to a
value of 4. Samples MIX25, MIX50 and sample AN neutralize 35, 77 and 155 kg H>SOu/t
respectively before the pH of the solution drops to a value of 4 (Fig. 12). A large portion of the
ANC determined using the ABA method is freely accessible for acid neutralization.
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Figure 13 Acid buffering characteristic curve (ABCC) curves of samples MIX25, MIX50 and AN.

Comparing the ANC of each sample using the ABCC and the ABA method (Table 5), a

substantially large portion of the ANC measured using the ABA method is freely accessible for
68



acid neutralisation. A high concentration of highly reactive carbonate minerals such as calcite or
dolomite will most likely be the cause of the high availability of acid neutralization. It can be
concluded that the ANC of MIX25, MIX50 and AN are not overestimated and will be readily

available for acid neutralisation.

Table 5 Comparison of ANC calculated and at a pH of 2.5 and 4.0.

ANC (ABA) ANC (ABCCph=25) ANC (ABCCph=1)
Sample

(kg H2SO0u4lt) (kg H2SO0u4lt) (kg H2S0u4lt)
MIX25 56 53 35
MIX50 96 87 7
AN 184 170 155

Using the net acid production potential (NAPP), NAG pH as well as the classification criteria
summarized in Table 6, the acid-generating capabilities of the Nestor MTSF (AG), MIX25, MIX50
and the Glynns Lydenburg MTSF (AN) can be classified as PAF, NAF, NAF and NAF to a high

degree of confidence as seen in Table 5.

Table 6 Final classification.

NAPP
Sample NAGpH Classification
(kg Hz2S0u4lt)

AG 13 2.7 PAF
MIX25 -46 4.9 NAF
MIX50 -89 5 NAF
AN -182 5.9 NAF

4.1.2. Geochemistry of sediments eroded from Nestor MTSF

Generally, the tailings from the Nestor MTSF display a yellow-ochre colour, all though areas of
grey-greenish traces can be observed (Fig. 14). The lowest levels of the MTSF exhibits slightly
cemented layers (crusts) of brown-reddish colour. The tailings have a sandy-clayey appearance
and a variation of sand and very fine (silt and clay) fractions. These small sizes of grains (silt and
clay) suggest that the waste is susceptible to airborne transport during the dry seasons, a possible
cause for metal dispersion. However, this mechanism of environmental contamination might only
be limited to dry seasons as the MTSF remains wet for most of the wet season. In addition, the
69



upper levels of the MTSF are crossed by numerous erosion gullies that point to the removal of

the tailings through mechanical transport by water, followed by a discharge of the waste outside
the MTSF boundary.

Figure 14 Photograph showing the sediments that are eroded from Nestor MTSF.

There is a big variation in terms of metal species on sediments eroded from the Nestor MTSF
expresses as milligram per kilogram dry weight (mg/kg DW; Table 7). These concentrations vary
significantly from the sample collected near MTSF (NS01) to the sample collected before the
confluence with the Klein-Sabie River (NS03). In all the samples, the concentrations of the metal
species As, Cr, Cu and Pb occur above upper continental crust values as per Rudnick and Gao,
especially during the wet season (2003). In addition, the concentrations of metal species As, Cr,
Cu, Ni and Pb occur above TEL guidelines (MacDonald et al., 2000), and are likely to impact
nearby aquatic organisms. In addition, the concentrations of the metal species As and Cr occur
above the consensus-based PEC guideline of 33 ppm and 111 ppm respectively (MacDonald et
al., 2000).

Table 7 Geochemistry of trace elements from sediments eroded from the Nestor MTSF.

As (mg/kg) Co (mg/kg) Cr (mg/kg) Cu (mg/kg) Ni (mg/kg) Pb (mg/kg)  Zn (mg/kg)

Sample
number

WT DR WT DR WT DR WT DR WT DR WT DR WT DR
NSO01 366 363 11 17 135 58 77 37 32 24 38 14 27 8.8
NS02 782 552 29 7.7 247 147 70 74 53 31 27 60 15 14
NS03 224 89 30 45 127 238 99 74 51 49 13 17 90 42
ucc 4.8 26 92 28 47 17 67
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TEL 9.79 43.4 31.6 22.7 35.8 121

PEC 33 111 149 48.6 149 459

WT, wet season; DR, dry season

Based on the geochemistry of the sediments eroded from the Nestor MTSF, the pollution to the
Sabie River system might be limited to As and Cr. This is because the concentrations of these
two metal species are extremely high, occurring above the consensus-based PEC guideline.

4.1.2.1. Metal distribution in sediments and soils around the Nestor and Glynns
Lydenburg MTSFs

A sequential chemical extraction was performed in order to define the distribution of metal species
in various geochemical portions of tailings and sediments from Nestor MTSF. The samples were
collected near the MTSF (SB0O0O and NSO1), traced downstream under the Klein Sabie bridge
(NS02) and before the confluence with the Klein Sabie River (NS03; Annexure B). In addition,
two samples from the adjacent Glynns Lydenburg MTSF (GLOO and GL01) were also assessed.
Because mobility and bioavailability of metal species are associated with solubility, bioavailability
declines in the order exchangeable>reducible>oxidizable>residual. Figure 15 depicts

concentrations of selected metal species associated with each soil fraction.

With the exception of Mn at samples NS01, NS03, and SBO0O, all metal species in the Nestor
MTSF are found to be highly partitioned to the crystalline structure of the tailings material (F4
fraction). This implies that these metals are geogenic in origin. The mobility and bioavailability of
metal species extracted from the tailings samples investigated declined in the following order:
Fe>AlI>As>Mn>Zn>Cu>Ni>Cr>Pb>Co. The residual fraction has the highest concentration of Fe
in the tailings material, followed by the Fe-Mn bound, exchangeable, and less oxidizable fraction
(F3). Mn is released from the exchangeable, residual, oxidizable and reducible fractions and will
be bioavailable. Therefore, the concentration of Mn can have negative impact to the ecosystem.
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Figure 15 Metal species concentrations (mg/kg) in different fractions of mine wastes and surrounding soils.

In the Glynns Lydenburg MTSF, all the metal species are partitioned on the fourth fraction.
However, in the sample site GLO1, elevated Mn partitioned on the fourth fraction can be attributed
to the dolomitic nature of the tailings stored in that facility. This is of no concern since substantial
concentrations of Mn can co-precipitate with the carbonates in the MTSF like dolomite. In the
studies samples from the Glynns Lydenburg MTSF, the mobility and bioavailability of metal

species decreased in the order Fe>Al>As>Mn>Zn>Cr>Cu>Ni>Pb>Co.

In addition to Fe, also found in all the four fractions, except at NSO1 (F3), the majority of Al
occurrences in the mine wastes is partitioned on the first and the fourth fractions, that is, they are
bound to the fractions containing exchangeable metals and the residual fraction. This indicates
that the Al and Fe in the mine wastes are not very bioavailable (4™ fraction) and will only be
released with changes in ionic composition (1% fraction). In both the Nestor and Glynns Lydenburg
MTSFs, the total Zn, Cr, As, Cu, Ni, and Pb were highly partitioned in residual fraction. This
suggest that there is relatively low mobility and availability of these metal species from the MTSFs

to the surrounding environment.
4.1.2.2. Geochemistry of bulk samples

The geochemistry of the bulk samples is shown in Table 8. The dominant oxide is silica in both
bulk samples occurring at 71.7 wt. % and 54.5 wt. % at the Nestor (AG) and Glynns Lydenburg
(AN) MTSFs respectively. The Nestor MTSF sample has a low concentration of CaO, F,03 and
MgO respectively compared to that found at the Glynns Lydenburg site, but the Fe,O3 value is
still 3 times higher than the UCC value. This can be attributed to the dolomitic nature of the mine
tailings from the Glynns Lydenburg Mine. All concentrations of CaO, Fe;03, and MgO occur

above upper continental values for the Glynns Lydenburg MTSF (Wedepohl, 1995).

Table 8 Geochemistry of bulk samples.

Sample al?.z Al,Os  Fe:0s  CaO  MgO 53? (T\Ail?z Cr0:  MnO  ViOs :/3?-5
ID %) (wt. %) (wt. %)  (wt. %) (wt. %) %) %) (wt. %)  (wt. %) (wt. %) %)

AG 717 67 128 01 03 35 02 003 004 002 007
AN 545 3.8 22.1 117 39 15 24 005 01 003 009
UCC 668 151 400 424 23 3.19 0.07 018

UCC, upper continental crust (Wedepohl, 1995); _, no values
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4.1.3. Mineralogy of sediments eroded from Nestor MTSF

The Nestor MTSF samples contain quartz and mica as the main primary minerals (Table 9). In
addition, two secondary minerals hematite (2 wt. %) and jarosite (4 wt. %) are present at sampling
site NSO1. The primary acid-producing mineral pyrite is present in the sample collected before
the confluence with the Sabie River (NS03). In addition, the secondary mineral, gibbsite, is
present together with a clay mineral kaolinite; implying that there is weathering of pyrite taking

place.

Table 9 Mineralogical composition of tailings from the Nestor MTSF.

Sample Id Quartz Mica Plagioclase Pyrite Gibbsite Hematite Jarosite Kaolinite

(wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %)
NSO01 84 6 3 ND ND 2 4 ND
NS02 93 7 ND ND ND ND ND ND
NS03 83 5 ND 3 7 ND ND 2

ND, not detected

4.1.3.1. Mineralogy of tailings (bulk samples)

Table 10 shows the mineralogy of the tailings collected from the Nestor (AG) and Glynns
Lydenburg (AN) MTSFs. The acid-generating sample (AG) is mainly composed of quartz and
mica, with low concentrations of goethite and magnetite respectively. On the other hand, the
Glynns Lydenburg MTSF sample (AN) is composed of quartz as the principal mineral and acid-
neutralizing mineral dolomite as well as mica. In addition, the secondary mineral goethite is
present in higher concentration than in the Nestor MTSF, consistent with geochemical data that

detected higher concentration of Fe»Os in the Glynns Lydenburg MTSF.

Table 10 Mineralogy of tailings.

Sample ID Quartz (wt. %) Dolomite (wt. %) Goethite (wt. %) Mica (wt. %) Magnetite (wt. %)
AG(B) 80.5 ND 15 17.9 0.1
AN 59.7 29.4 2.9 8 ND

Based on the findings from Lusunzi (2018), the Glynns Lydenburg MTSF had no potential to
produce AMD and it was suggested to use these tailings to rehabilitate the Nestor MTSF. Based

on the mineralogical composition of the bulk tailings sample (Table 9), the Glynns Lydenburg
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mine tailings have an acid neutralising potential as it contains high concentration of dolomite.
Therefore, soil samples surrounding the MTSF were also collected in order to assess the

suitability of their geochemical properties for rehabilitation of the Nestor MTSF.

4.2. Efflorescent crust geochemistry and mineralogy
The efflorescent crusts developed on the Nestor and Glynns Lydenburg MTSFs were seasonally
collected to assess their possible impact onto the surrounding environmental settings. Their

geochemical and mineralogical compositions are discussed below.
4.2.1. Efflorescent crusts geochemistry

There was a wide seasonal variation shown in terms of major elements geochemistry in the
Nestor (NS00) and Glynns Lydenburg (GS00) MTSFs. From XRF results, the dominant oxides
silica and Fe203, showed a wide seasonal variation (Table 11). In both sites, silica dominated the
wet season while during the dry season, Fe;O3; was the dominant oxide at Nestor MTSF (32.0 wt.
%). The concentrations of CaO occurred in high concentrations in the Glynns Lydenburg
efflorescent in both seasons’ crusts (10.9 and 8.3 wt. %) and this can be attributed to the dolomitic
nature of the tailings. This is confirmed by high concentration of MgO at Glynns Lydenburg MTSF
that was 4.40 wt. % in wet and 9.6 wt. % during the dry season. Also occurring in minor
concentrations in samples from both sites is MnO, while concentrations of TiO2, Na;O, K,0O, P,0s

and Cr,Os were below zero.

Table 11 Geochemistry of efflorescent crusts from the Nestor and Glynns Lydenburg MTSF.

. . Al203 (wt. Fe20s3 () wt. MgO (wt.
sample SiO2 (wt. %) TiO2 (wt. %) %) %) ' MnO (wt. %) %) CaO (wt. %)
ID
WT DR WT DR WT DR  WT DR WT DR WT DR WT DR
NS00 7256 13.12 0.17 0.1 21 234 122 31.99 0.006 0.14 0.02 0.19 1262 0.18
GL0O 7857 484 019 0.09 329 269 7.99 832 0.024 01 44 958 205 834

WT, wet season, DR, dry season

Figure 16 presents the trace elements composition of the efflorescent crusts from the Nestor and
Glynns Lydenburg MTSFs expressed in mg/kg. Arsenic is the dominant trace element found at
both sites at 1904-2371 mg/kg at Nestor and 1202-1575 mg/kg at the Glynns Lydenburg
efflorescent crusts. This is consistent with the tailings geochemistry that found As equally a
probable basis of metal contamination to the surrounding locations (Table 4). In addition, the

concentrations of Cu and Pb are elevated at the Nestor MTSF more especially during the dry

75



season. These results indicate that the efflorescent crusts from this MTSF have an ability to store

pollutants.
Geochemistry of efflorescent crusts
2500
m NS00
2000 = GLOO

Concentration (ppm)

1500
1000
500
0 _-_-I-I-I-_-I_I__‘..

WT DR WT DR  WT DR WT DR WT DR WT DR WT WR

As Co Cr Cu Ni Pb Zn
Metal species

Figure 16 Trace elements geochemistry of efflorescent salts from the Nestor and Glynns Lydenburg MTSF.

The chemical analyses of efflorescent crusts from the Nestor MTSF confirmed the presence of
potential toxic elements (PTES), hamely, arsenic (As), copper (Cu), and lead (Pb) in their structure
that can easily be released to the nearby water bodies and soils by dissolution. These elements’
concentrations are exceeding the South African guidelines on the soil screening for the safety of
environment health (Table 12; DEA, 2013). Therefore, the dissolution of the efflorescent crusts
in the Nestor MTSF is a potential source of contamination during the wet season. The only
potential contaminant from the Glynns Lydenburg MTSF efflorescent crusts is arsenic, which
require further investigation in terms of its source. However, this As-enrichment in these
precipitated salts can be attributed to the presence of arsenopyrite in the ore of the Glynns

Lydenburg Mine.

Table 12 Distribution of metal species in efflorescent crusts (mg/kg) and soil screening values for metals (DEA, 2013).

All land
uses,
protectiv
e of Protection
water Informal Standard of
Glynns Lydenburg resource residentia residentia Commercia Ecosyste
Metal TSF Nestor TSF s I I I/ Industrial ~ m Health
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As 1202-1575 1904-2371 5.8 23 48 150 580

Co 15-17 8.1-72 300 300 630 5000 22000
Cr (VI) 75-96 105-108 6.5 6.5 13 40 260
Cu 52-62 263-408 16 110 230 19000 16

Ni 39-55 24-115 91 620 1200 10000 1400
Pb 15-17 63-262 20 110 230 1900 100
Zn 129-180 108-163 240 9200 19000 150000 240

While As is the only potential contaminant from the Glynns Lydenburg MTSF, the potential
contaminants from the Nestor MTSF efflorescent crusts are As, Cu and Pb; these metal species
concentrations occurred in excess of the National Norms and Standards for the Remediation of
Contaminated Land and Soils in the Republic of South Africa (DEA, 2013).

4.2.2. Mineralogy of efflorescent crusts

In terms of mineralogy, the efflorescent crusts from each MTSF were characterised by unique
mineral assemblages (Figure 17). The minerals identified in the efflorescent crusts are of primary,
secondary, and tertiary origin. Because secondary soluble salts stockpile acid as well as metal
species in their compacted period they are environmentally hazardous. During periods of rainfall
or wetness, their dissolution may produce possibly harmful flushes of acid and metal species into
surface and groundwater. (Nordstrom and Alpers, 1999). The salts developed on the MTSFs
were of botryoidal efflorescence in inconstant colours (green, yellow, and white), signifying a

paragenetic system of sulphates having different solubilities and degrees of dehydration.

In the efflorescent crusts of the Nestor MTSF, quartz predominates the primary minerals, followed
by the tertiary mineral ferricopiapite. In addition, these efflorescent crusts contain the secondary
clay mineral kaolinite. In terms of acid producing minerals, the Nestor MTSF contains
fericopiapite, which is the hydrated soluble iron sulphates. This implies that the main primary iron
mineral accumulated in the MTSF is probably pyrite. The dissolution of these soluble sulphate
salts can produce acidic solutions with elevated concentrations of dissolved metals during the
wet season. The Glynns Lydenburg MTSF efflorescent crusts are composed of the primary
minerals quartz and dolomite. The secondary mineral gypsum, which is a precipitate of calcium,
is also present in these efflorescent crusts. There are no acid producing minerals present in the
Glynns Lydenburg MTSF’s efflorescent crusts. Based on their large external area and capacity

to sorb dissolved pollutants, these specific minerals (especially dolomite) can be important in self-
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mitigation of metal-laden acidic Nestor MTSF drainages. For example, As co-precipitates with the
Fe(lll) sulphate, Zn and Cu are primarily incorporated into Fe(ll) sulphates, and hazardous
elements such as As®", Cr®*, and Pb?* are essentially co-precipitated with minerals of the jarosite
group. The co-precipitation of the potentially toxic elements with sulphates and sulpharsenates
of Fe had been revealed to be a major tool in governing the concentrations of hazardous elements

in pore solutions of high sulphide mine wastes (Gomes and Favas 2006).

Mineralogical composition of efflorescent crusts

NS00
II = GLO0O
WT DR WT DT WT DR WT R WT DR

Dolomite Ferricopiapite Gypsum Mica Quartz
Mineral

Concentration (ppm)
= N w Y a1
o o o o o

o

D

Figure 17 Mineralogical composition of efflorescent crusts from the Nestor (NS00) and Glynns Lydenburg (GL0OO)
MTSFs.

4.3. Soil geochemistry and mineralogy
Metal species are natural constituents of soils, and their concentrations vary depending on the
parent material. There has been an increase in the concentrations of metal species in soils
because of human activities such as industrial discharges, fertilizers distribution, pesticides,
waste disposal, and air pollution. In order to assess the presence and intensity of anthropogenic
contaminant depositions on surface soils and stream sediments, the Chemical Index of Alteration
(CIA), Enrichment Factor (EF) in metals as well as Geoaccumulation Index (Igeo) indicators were

applied.
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Soil samples collected near mine tailings storage facilities SN and SG (MTSFs) and those that
were collected away from mining activities showed variation in terms of geochemistry and

mineralogy.
4.3.1. Soil surrounding mine tailings storage facilities

In order to assess the potential impacts due to mine tailings storage facilities (MTSFs), soil
samples collected near the Nestor (SN) and Glynns Lydenburg (SG) MTSFs were analysed and
the results are discussed below.

4.3.1.1. Geochemistry of soil near Nestor MTSF

Eight soil samples collected near the Nestor MTSF showed variation in terms of major element
concentrations (Table 13). The dominant major element is the resistance silica at the range from
52-87 wt. %, followed by aluminium oxide (3-18 wt. %), iron oxide (3.62-11.54 wt. %), with lesser
concentrations of potassium oxide and titanium oxide (up to 1.62 and 1.11 wt. % respectively).
Also occurring in lower concentrations are oxides of calcium, magnesium, sodium, phosphorus
and chromium. Rose et al. (1979) identified the median value for Fe oxide as 2.1 wt. % in sails,
which is less than what is found in this study (up to 21.50 wt. %).

Table 13 Major elemental composition of soil near the Nestor MTSF.

Sample Si (wt. Ti (wt. Al (wt. Fep; () Mn Mg Ca (wt. Na K (wt. P (wt. Cr (wt
ID %) %) %) (wt. %)  (wt. %) (wt. %) %) (wt. %) %) %) %)

SNO1 87.37 0.44 2.69 6.44 0.012 0.13 0.02 0.06 0.62 0.035 0.02

SNO02 51.58 1.05 17.64 11.54 0.414 0.48 0.05 0.05 0.81 0.066 0.051
SNO3 83.37 0.48 3.1 3.62 0.017 0.11 0.02 0.05 0.93 0.025 0.018
SNO4 62.12 0.9 16.47 10.54 0.391 0.45 0.03 0.04 0.66 0.046 0.054
SNO5 77.19 0.74 7.51 6.58 0.049 0.29 0.02 0.06 1.53 0.062 0.027
SNO6 69.77 0.56 12.07 6.75 0.05 0.5 0.04 0.06 0.72 0.057 0.035
SNO7 57.97 111 16.74 8.94 0.078 0.23 0.08 0.1 0.42 0.106  0.038
SNO8 64.69 0.75 13.33 8.04 0.257 0.61 0.25 0.08 1.62 0.149  0.048

There is also a large variation in terms of trace element concentrations on soils surrounding the
Nestor MTSF (Table 14). The soil samples collected near the main MTSF (SNO1, SNO3, and
SNO5) are highly enriched in As and it showed a decreasing trend with a distance from the MTSF

and at SNQO7, of about a kilometre away, which was collected before the confluence with the Klein
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Sabie River, the value was only 18mg/kg. It should be noted that all the samples are enriched in

chromium.

Table 14 Geochemistry of soil near the Nestor MTSF-.

SampleID  As (mg/kg) Co (mg/kg) Cr (mg/kg) Cu (mg/kg)  Ni (mg/kg) Pb (mg/kg) Zn (mg/kg)

SNO1 419 51 125 55 24 21 15
SNO02 13 86 334 84 130 30 27
SNO3 187 6 65 28 16 13 6

SNO4 8 46 319 86 156 16 30
SNO5 234 11 143 50 40 37 12
SNO06 6 14 218 36 85 8.9 19
SNO7 18 11 261 63 58 17 21
SNO8 44 34 337 83 90 31 93
Normal Soil 6 8 - 30 15 14 90

Normal soil (Bowen, 1979), -, not given.

All concentrations of metal species (As, Co, Cr, Ni, Pb, and Zn) in the soil near the Nestor MTSF
are within guidelines of South African soil screening, National Norms and Standards for
Remediation of Contaminated Land and Soil Quality in the Republic of South Africa except for
Cu (Tablel2; DEA, 2013). However, these concentrations occurs above the normal soil
concentrations (Table 13; Bowen, 1979) with few exceptions such as low Co, Cu, Pb, and Zn at
NSO03.

4.3.1.2. Mineralogy of soil near Nestor MTSF

In terms of mineral assemblage, quartz is the dominant primary mineral in the soils surrounding
the Nestor MTSF ranging between 66.2 and 94.4 wt. % followed by mica (up to 22 wt. %; Table
15). In addition, the secondary minerals such as gibbsite, goethite, gibbsite, and magnesioferrite
are present in various concentrations. Clay minerals occur in low concentration and are

represented by kaolinite and smectite that were found only at SNO5 (0.1 wt. %).

Table 15 Mineralogical composition of soils near the Nestor MTSF-.
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Sample Quartz Mica (wt. Gibbsite Goethite Magnesioferrite Kaolinite Smectite Clinochlore Almandine

ID (wt. %) %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %)
SNO1 94.4 4.2 ND 14 ND ND ND ND ND
SNO02 66.5 25 20.5 ND 0.3 ND 0.2 ND ND
SNO3 88.2 10.6 ND 1.2 ND ND ND ND ND
SNO4 82.1 ND 17.6 ND ND ND 0.3 ND ND
SNO5 83.5 15.8 ND 0.6 ND 0.1 0.1 ND ND
SNO6 92.8 4.5 ND ND ND ND 0.6 ND 2.1
SNO7 71.8 ND 24.8 ND ND ND ND 3.4 ND
SNO8 66.2 22 9.4 ND ND ND ND 2.4 ND

4.3.1.3. Geochemistry of soil near Glynns Lydenburg MTSF

Seven samples, collected around the Glynns Lydenburg MTSF, show variation in terms of major
elemental composition (Table 16). The principal major element is quartz (47.15-66.73), followed
by aluminium oxide (7.38-16.20 wt. %), iron oxide (7.38-12.20 wt. %), calcium oxide (0.02-4.22-
wt. %), magnesium oxide (0.36-3.13 wt. %), potassium oxide (0.40-2.08 wt. %), and titanium
oxide (0.13-1.80 wt. %). Occurring in low concentrations of less than one wt. % are oxides of

sodium, phosphorus, and chromium.

Table 16 Major elemental composition of soils around the Glynns Lydenburg MTSF.

SiO2 TiO2 Fe203 CaO K20 P20s

Sample Al203 MnO MgO Na20 Cr203
(wt. (wt. (t) (wt. (wt. (wt. (wt.

ID %) %) (wt. %) %) (wt. %)  (wt. %) %) (wt. %) %) %) (wt. %)

SG01 63.57 0.26 5.08 10.76 0.186 2.89 4 0.08 1.19 0.109 0.029

SG02 47.15 0.13 3.28 7.38 0.122 2.4 3.12 0.05 0.98 0.063 0.015

SGO03 64.08 0.25 6.91 10.56 0.176 1.96 2.28 0.08 2.08 0.134 0.029

SG04 64.4 141 11.31 12.2 0.494 0.26 0.2 0.07 0.38 0.112 0.037

SGO05 57.55 171 16.2 11.28 0.607 0.39 0.13 0.06 0.4 0.124 0.039

SGO06 66.18 0.18 4.06 10.61 0.158 3.08 4.07 0.07 1.18 0.082 0.02

SGO07 66.73 0.14 3.52 9.87 0.174 3.13 4.22 0.07 1.03 0.088 0.021

SGO08 53.35 1.8 17.77 12.93 0.37 0.36 0.22 BD 0.47 0.16 0.04

BD, below detection limit

81



Based on outcomes as of the XRF analyses, displayed in Table 17, the soil samples taken near
the Glynns Lydenburg MTSF shows high enrichment in As (SG01, SG02, SG03, SG06, and
SG07) exceeding guidelines of South African soil screening, National Norms and Standards for
Remediation of Contaminated Land and Soil Quality (Table 12; DEA, 2013). In addition, the
concentrations of the base metals Cr, Zn, Ni, Cu, and Pb in decreasing order with values of Cu
occurring above those stipulated by DEA (2013). However, all the soil samples collected away
from the tailings storage facility show a low concentration of the metalloid As, with elevated
concentrations of Cu exceeding the guidelines of South African soil screening, National Norms
and Standards for Remediation of Contaminated Land and Soil Quality (DEA, 2013).

Table 17: Geochemistry of trace elements near Glynns Lydenburg MTSF.

Sample ID As (mg/kg) Co (mg/kg) Cr(mg/kg) Cu(mg/kg) Ni(mg/kg) Pb (mg/kg) Zn (mg/kg)
SGO01 1981 25 166 87 66 37 227

SGO02 1870 24 113 79 60 26 187

SGO03 2027 23 186 34 73 66 226

SG04 19 58 202 83 90 22 68

SGO05 30 60.5 249 113 139 21 51

SGO06 1896 24.1 115 47 57 31 141

SGO7 1864 24.0 117 49 59 41 163

SGO08 305 14 272 46 38 19 13

Normal Soil 6 8 - 30 15 14 90

Normal Soil (Bowen, 1979), not given

There is a very high difference in terms of soil geochemistry between the two sites, however, the
soil surrounding the Glynns Lydenburg MTSF is more enriched in metal species when compared
to the soil surrounding the Nestor MTSF, especially As and Zn. This could pose a potential threat
in terms of rehabilitating the Nestor MTSF using the materials from the Glynns Lydenburg MTSF

as this could lead to metal contamination in the proximity of the site.
4.3.1.4. Mineralogy of soil near Glynns Lydenburg MTSF

The following minerals were detected in the soil surrounding the Glynns Lydenburg MTSF: quartz,
dolomite, mica (primary minerals), gibbsite, goethite, magnesioferrite (secondary minerals) as

well as kaolinite and smectite (clay minerals). Quarts shows dominance in terms of mineralogical
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composition (up to 87.1 wt. % for sample SGO08), followed by the clay mineral kaolinite (22.9 wt.
% at SGO05), and the primary carbonate mineral dolomite (up to 20 wt. % at SG01; Table 18).

Table 18 Mineralogical composition of soil near Glynns Lydenburg MTSF.

Sample Quartz Dolomite Gibbsite  Goethite Kaolinite Mica (wt.  Magnesioferrite  Smectite
ID (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) %) (wt. %) (wt. %)
SGO01 72.6 20.0 ND ND ND 7.4 ND ND
SG02 74.0 17.4 ND ND ND 8.6 ND ND
SGO03 67.4 131 ND 11 ND 18.4 ND ND
SG04 78.2 ND 13.3 15 3.9 2.8 ND 0.3
SGO05 58.0 ND 12.5 ND 22.9 6.6 ND ND
SGO06 71.1 20.1 ND ND ND 8.7 0.1 ND
SGO07 71.8 19.0 ND ND ND 9.2 ND ND
SGO08 87.1 ND ND 1.2 ND 11.6 ND ND

4.3.2. Geochemistry and mineralogy of soils away from mining activities

Four soil samples were collected in areas away from any of the mining activities to assess the
difference concerning mine pollution of the soils as well as uncontaminated sites. These sites are

underlain by various lithologies, namely, granite, sandstone, dolomite, and quaternary alluvium.
4.3.2.1. Soil geochemistry

Table 19 shows the results of soil samples collected away from mining activities expressed in
mg/kg dry weight (DW). There is a low metal species concentration in the soil away from the
mining activities with the exception of Cr. This variation can be attributed to the underlying rocks,
namely, quaternary alluvium at SB26, dolomite (Malmani Subgroup) at SB27 sandstone (Black
Reef Formation) at SB28, and granite (Nelspruit Suite) at SB29. No concentrations of As were
detected at site SB27 and SB29 and the concentrations of other metals (Zn, Ni, Cu, Pb Cr, and
Co) are lower than at site SB27 and SB28; most probably influenced by the underlying geology.

At sample point SB27, associated with the Malmani Subgroup comprising mostly of dolomite,
there are elevated concentrations of metals Cr, Ni, Cu, and Co in ascending order. Similar

elemental association can also be observed at SB28, which is associated with the Black Reef
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Formation. This elemental association is commonly associated with possible chrome or platinum-
group elements mineralisation. There are lower concentrations of these metals (Cr, Ni, Cu, and
Co) at SB26, which is mostly quaternary deposits as well as SB29 that is located on the Nelspruit

granite.

Table 19 Geochemistry of soils in the Sabie area.

Sample Id As (mg/kg) Co (mg/kg) Cr (mg/kg) Cu (mg/kg)  Ni (mg/kg) Pb (mg/kg)  Zn (mg/kg)

SB26 ND 7.2 90 29 28 15 42
SB27 20 58 386 102 147 22 60
SB28 38 47 142 65 65 13 22
SB29 ND 3.2 28 12 13 17 18
Normal Soil 6 8 - 30 15 14 90

Normal Soil (Bowen, 1979), -, not given

The concentrations of all metal species in the soils away from the mining activities occur in
concentrations below the South African guidelines on soil screening, National Norms and
Standards for Remediation of Contaminated Land in the Republic of South Africa (DEA, 2013;
Table 8), except for Cr at SB27 and Cu at SB27 and 28 respectively. However, most of these
metal species (As, Co, Cu, and Ni at SB27 and SB28) occur above normal soil values (Bowen,
1979).

4.3.2.2. Mineralogical composition of soils away from mining activities

There is a wide variation in terms of mineralogy of soils away from mining activities (Table 20).
The mineralogy of soils away from mining activities is composed of quartz as major primary
mineral in all samples. Other primary minerals, namely, mica, pyrite, K-feldspar, and plagioclase
were not all detected in the samples. In addition, gibbsite and kaolinite were also found in the soll

samples.

Table 20 Mineralogy of soils away from mining activities.

Quartz Mica (wt. Gibbsite Pyrite (wt. K-Feldspar Plagioclase (wt. Kaolinite
Sampleld  (wt. %) %) (wt. %) %) (wt. %) %) (wt. %)
SB26 25 1 6 ND 38 26 4
SB27 79 7 7 ND ND ND 7
SB28 90 4 5 ND ND ND 1

84



SB29 48 ND 26 1 3 2 20

4.3.2.3. Speciation of metals in soils away from the mining activities

The sequential extraction of soil from four different locations away from the mining activities
showed variation in terms of metal species distribution in various fractions (Annexure C). Figure
18 shows the concentrations of selected trace elements (Al, Mn, Fe, As, Ni, Cr, Zn, Co, Cu as
well as Pb) extracted from the soil. These elements were selected because they were prevalent
in typical soil samples. Aluminium is highly partitioned in the third and fourth fractions. Cobalt was
absent at some sampling sites (SB26 and SB29) and was found in different fractions at SB27 and
SB28. In the SB27 sample, Co is highly partitioned in the bioavailable Fe-Mn oxide fraction while
at SB28 it is concentrated in the F3 and F4 fractions. There was no concentrations of Co, Cr, and
Cu extracted from F1 in all soil samples. In addition, there was no Cr extracted from F2 and it is
primarily partitioned in the inert fraction. This indicates that these metals were not
anthropogenically introduced into the soil. However, significant concentrations of these elements
were found in the fourth fraction indicating that they were incorporated into the mineral phase and
therefore are of natural geochemical origin. The majority of trace elements that were extracted
are found in the inert fraction (Al, Cr, Cu, Ni, As, Zn, Pb, and Fe); suggesting a geogenic source
for these elements.
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Figure 18 Metal species concentrations (mg/kg) in different fractions of soils away from mining activities.
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4.4, Stream sediment geochemistry and mineralogy

4.4.1. Stream sediment and geochemistry

The geochemistry of the Sabie River system is a function of a complex relationship between a
range of factors that include the underlying geology and area covered, flow dynamics, land use,
weathering processes and redox reactions.

4.4.1.1. Major elements in stream sediments

Table 21 displays the data of XRF examination of the main elements as weight percentages (wt.
percent) of the matching oxides. More than 75% of the main elements in all stream sediment
samples were identified as Si-Al-Fe components, indicating that the sediments comprise a higher
percentage of quartz, feldspar, clay minerals, and micas. The subsequent oxides were found to
be the most prevalent in all sites examined: SiO; (40.24-86.15%), Al.O3 (5.67-19.52%), Fe,0s
(1.19-11.75%), K>0 (0.98-3.11%), Na>O (0.08-2.30%), CaO (0.12-1.92), Ti»O (0.14-1.38%), MgO
(0.20-1.63%), MnO (0.02-0.89%), P2Os (0.01-0.10%) and Cr»Os (0.007-0.102%). The essential
element Fe component in the oxide ranged from 1.81-11.75 wt. % with a range of 5.31 wt. % in
the wet season and 1.19-11.53 wt. % with range of 5.56 wt. % during the dry season, respectively.
This average is higher than estimated in river sediments, measured as 4.8 wt. % (McLennan and
Murray, 1999).

Rock types covering most part of the study were most likely the cause for the occurrence of these
minerals. The prevailing elements Si, Al, Fe, Ti and Mn are theoretically hazardous to the aquatic
environment. Upstream of the Sabie River catchment, Fe and Al are high compared to
downstream. However, these concentrations were less at SB11 reflecting the dolomitic type of

underlying rock at this particular site.

Table 21 Major elemental composition of stream sediment of the Sabie River system (wt. %).

Al203 (wt. MnO (wt. MgO (wt. CaO (wt.

SiO2 (wt. %) Fe203 (wt. %) K20 (wt. %)

Sample ID %) %) %) %)

WT DR WT DR WT DR WT DR WT DR WT DR WT DR
SBO1 48.83 5119 1952 187 11.75 1153 0.16 0.12 0.73 095 052 049 144 17
SB02 68.74 60.48 1295 152 477 9.69 014 019 079 209 163 174 279 172
SBO03 68.42 72.08 8.55 7.9 10.28 8.72 0.23 013 0.6 049 035 031 102 1.14
SB04 7751 63.1 9.02 12 3.21 8.82 0.06 0.18 0.77 047 072 034 229 172
SB05 66.03 56.92 1225 142 6.75 8.41 0.12 0.15 054 052 04 047 222 194
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SB06 7031 7426 1035 919 741 632 01 006 051 04 06 056 229 2.35
SBO7 7352 7925 1091 884 456 35 01 007 044 027 06 065 261 3.03
SB08 7288 8713 118 615 339 119 009 002 036 012 082 048 273 2.2
SB09 8385 6576 7.5 117 181 1017 004 089 043 063 058 035 213 1.02
SB10 4024 571 17.04 176 978 1007 012 008 0.68 114 081 069 132 2.02
SB11 60.86 80.82 602 614 314 273 027 022 13 15 187 192 125 141
SB12 8265 60.67 567 103 583 1004 017 024 041 05 021 062 102 1.25
SB13 7085 8528 11.06 7.46 844 138 083 004 062 028 019 054 105 2.76
SB14 7901 8155 743 679 601 508 048 028 042 033 012 012 212 2
SB15 5752 7089 252 151 375 277 004 009 054 042 018 033 445 551
SB16 7918 84.63 926 751 333 166 003 002 049 029 046 044 317 3.04
SB17 80.19 6659 957 153 162 409 002 006 03 051 052 087 312 2.92
SB18 7867 85.66 944 659 331 24 014 018 04 023 057 025 247 188
SB19 86.15 9137 628 338 221 132 002 002 03 015 018 021 136 0.98
SB20 8223 6546 858 145 197 415 004 011 027 06 077 139 283 311
sB21 65.15 76.68 1361 10 673 2.65 013 004 163 108 125 133 216 2.9
Mean 7161 7223 1097 107 531 556 015 015 059 062 061 067 221 222
) 1128 1164 463 426 291 358 018 018 032 049 047 05 086 1.02
\(’l’ggg’;"’h' 66.8 15.1 4.0 0.07 23 4.24 3.19

WT, wet season; DR, dry season

Values of chemical index of alteration (CIA) ranging between 45 and 55 indicates moderate

weathering of the catchment area's rocks, while a value of 100 indicates extreme weathering,

according to Nesbitt and Young (1982). In the Sabie River system, the CIA value of the Nestor
MTSF was 74.03 and 75.6 (SB00) in the wet and dry seasons, respectively, but varied from 53.19

to 88.58 in the stream sediment the wet and dry seasons (SB01-09; Table 22). The wet and dry

seasons both had high CIA values of 88.46 and 82.33. The underlying rocks, which are dolomite

in the upstream of the River system and shales in relation to the Nestor gold mine mineralization,

have an impact on this variation. This implies that the Sabie River experiences a wide range of

chemical weathering. However, low CIA values were recorded at the granitic rock-underlain
locations SB08, SB16, SB17, SB18, SB20, and SB21.
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Table 22 Chemical indices of weathering in the Sabie River catchment.

Chemical Index of Weathering (CIW)
Sample number

WT DR

SBO0 74.03 75.6

SBO1 88.58 86.33
SB02 53.19 82.26
SBO3 83.96 93.16
SB04 68.94 82.3

SBO05 72.73 77.78
SBO06 64.52 62.07
SBO7 61.76 57.14
SB08 56.10 48.11
SB09 77.29 89.26
SB10 88.46 82.33
SB11 66.49 60.18
SB12 50.88 84.33
SB13 88.75 49.01
SB14 72.44 70.84
SB15 75.93 56.96
SB16 57.43 53.02
SB17 50.43 62.65
SB18 56.22 62.93
SB19 70.57 63.74
SB20 49.85 50.45
SB21 66.20 49.44

WT, wet season; DR, dry season

Pearson correlation analysis reveals a substantial positive relationship amongst Fe and Ti and
Al, Mg and Al, and P and Fe. Strong positive correlations amongst Ti with Al and Ca, Fe with Mg,
and Mg with Cr and Ca, therefore, these element groups have similar input sources and/or close

mineral associations.
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4.4.1.2. Trace elements concentrations of the stream sediments

Table 23 shows the concentrations of trace element in the Sabie River system. Based on the
XRF analysis, the mean sediment trace element concentrations show different increasing orders
with seasons and the following orders were observed Cr>As>Cu>Zn>Ni>Co>Pb in the wet
season and Cr>Cu>Zn>As>Ni>Co>Pb during the dry season. A significant variation was
observed for Cu and Zn which were mostly highly concentrated during the dry season, while As
was highly concentrated in the wet season.

There are currently no sediment quality guidelines (SQGSs) in South Africa, so this study used the
most widely used approach, TEC-ERC-ERM-PEC-SEC (Burton, 2002) from consensus-based
guidelines (MacDonald et al., 2000; Table 15). Monitoring and analysing the results show that the
metals species observed in sediments accumulated in higher concentrations in the study area,
potentially causing toxicity to aquatic ecosystems. There are two sets of guidelines for sediment
guality that were used to confirm the presence of toxicity and assess the adverse biological effects
of contaminations. These applied SQGs are: toxic effect concentrations (TECs) as well as
probable effect concentrations (PECs), where TEL denotes concentration below which toxic
effects on aquatic organisms are unlikely to occur; whereas PEC denotes concentration which
adverse effects may occur (CCME, 2001, McDonald et al., 2000; Long et al., 1998). Table 23

shows the results of comparisons between SQGs and metal concentrations.

From Table 23, the composition of As in stream sediment samples averages at 92.6 mg/kg with
a standard deviation of 120.5 in the wet season; during the dry season, the average is 80.4 mg/kg
with a standard deviation of 118.7. There are high concentrations of As recorded from the upper
parts of the Sabie River system at SB03, and these decreased downstream towards the Kruger
National Park as lower concentrations were recorded at SB0O8 and SB09 respectively. No As
concentrations were recorded on the samples from the Goldstream (SB16), Sabana River
(SB17), Sunlight River (SB19) and the Bega River (SB21). Furthermore, the As concentrations
recorded, exceeded TELs in all samples (McDonald et al., 2000). The samples located near the
mine sites had concentrations above PEC (SB12 Klein Sabie, SB14 Spitskop River, SB15
Rietfontein drainage). All these concentrations are larger than were maintained at SB0O3 (Sabie
River) going downstream (SBO07). This implies that there is a potential of adverse effects due to

As on the Sabie River system.

Chromium averages 159.5 mg/kg with a standard deviation of 155.8 in the wet season; and 146.9
mg/kg average with a standard deviation of 100.3 during the dry season, indicating that Cr is

prevalent in the study area. Meanwhile, the range is between 7 and 263 mg/kg in the wet season
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as well as 4.5 and 382 mg/kg in the dry season. Toxic concentrations of 263 and 382 will pose a
debilitating effect to the Sabie River system, thus monitoring is required at such sites. Cr
concentrations in sediment samples were higher than other metals, most likely due to the direct
discharge of untreated fertilizer waste (SB01-21). The higher Cr concentration measured in the
Bega River (SB21) during the dry season indicates that its input could be derived from either

residential or industrial wastes.

There are higher concentrations of Cu at the Rietfontein mine drainage (SB16) especially during
the dry season (up to 1180 mg/kg DW), which can be attributed to the mineral chalcopyrite

present in the ore from this mine site.

Table 23 shows that the metal species such as Ni, As, Cu, as well as Cr in most samples occur
above the PEC guideline for a marine ecosystem, which implies that probable adverse effects
might result in the ecosystem.

Table 23 Trace elements geochemistry of sediment from Sabie River catchment (mg/kg, dry weight).

sample As (mg/kg) Co(mg/kg) Cr (mg/kg) Cu (mg/kg) Ni (mg/kg) Pb (mg/kg) Zn (mg/kg)

ID

WT DR WT DR WT DR WT DR WT DR WT DR WT DR

SBO1 22.9 16.8 36.8 379 2628 276.7 85.6 77.8 102 104 228 209 889 899
SB02 8.0 14.8 189 358 215 273 319 64.6 369 936 168 30.8 489 728
SB03 383 2935 389 358 193 205 78.9 74.8 768 819 178 178 136 110
SB04 55.9 3221 149 348 119.2 1549 309 2219 245 729 119 232 309 955
SBO05 269.8 2769 247 308 109.6 1357 102.8 158.7 485 646 155 199 755 926
SBO06 185.7 278.6 18.6 16.7 107.7 1105 519 40.8 378 379 128 129 545 46.7
SBO7 1479 ND 16.8 13.7 92.6 88.8 39.8 19.8 325 358 109 159 429 579
SB08 31.6 12.8 109 ND 68.6 7.7 19.8 5.9 175 8.0 11.8 6.0 358 8.9

SB09 16.9 15.8 6.8 619 80.8 240.1 9.9 67.8 16.8 102 6.9 138 146 64.9
SB10 15.9 18.5 328 327 2355 2675 729 62.8 828 918 178 198 829 829
SB11 22.8 17.7 217 185 2529 3818 348 26.6 40.7 379 26.8 128 448 244
SB12 169.5 2335 339 428 1829 2019 66.7 1777 559 108 119 389 849 295
SB13 12.5 10.5 605 29 2105 51.8 57.8 8.0 84.7 148 108 7.9 546 6.9

SB14 1327 1856 739 887 1615 206.6 110.6 146.6 835 86.8 266 288 63.8 488
SB15 89.9 80.5 12.7 17.8 189 239 4190 1182 129 158 519 248 358 39.9

SB16 ND ND 5.9 ND 385 239 6.9 5.0 13.7 9.9 10.0 8.9 23.7 137
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SB17 ND ND 3.9 109 59.8 119.6 5.9 14.7 177 468 8.1 11.8 10.8 38.8

SB18 12.8 6.9 22.8 245 589 80.8 30.9 32.9 1.9 41.7 8.0 7.0 25.7 16.9

SB19 ND ND 5.7 ND 37.9 23.9 7.9 3.9 8.9 5.8 5.1 2.9 128 6.0

SB20 ND 88.7 4.9 8.9 349 849 7.0 18.5 9.0 215 8.9 9.2 13.8 23.6

SB21 ND ND 378 99 709.7 239.7 39.9 10.0 173 408 159 9.0 799 2438

Mean 93.4 81.0 251 26.0 158.3 154.5 67.2 1149 49.0 545 16.7 159 512 814

SD 1214 1194 179 219 1455 1003 85.2 253.0 389 352 109 100 32.0 56.6
TEL 5.9 37.3 35.7 18 35 123
PEC 33 111 149 48.6 128 459

WT, wet season; DR, dry season; ND, not detected; TEL: threshold effect level (MacDonald et al., 2000); PEC, probable effect
concentration (MacDonald et al., 2000)

There are no sediment quality guidelines for Co; therefore, values for upper continental crust
were used for comparison. In the Sabie River the values of Co are above upper continental crust
limits (SB 01, 02, 03, 04, 05, 06, 08, and 12). Due to lower water flowing during the winter, which
might help toxic metal species accumulate in sediments, metal concentrations were lower in

winter compared to summer.

The elemental composition of As, Co, Cr, and Ni suggests that the ores of the Sabie River
catchment are associated with deep-seated magmatic and hydrothermal activity.

44.1.2.1. Sabie River (samples SB01-09)

There is huge variation in terms of As distribution in the samples from the Sabie River system
(Fig. 19). High concentrations of As are reported form the Nestor MTSF (MTSF) compared to the
samples from the Sabie River (SB01-SB09; Annexure A, Fig. 24-32) with an exception of sample
SBO03 during the wet season. Along the Sabie River, the values of Cr show a declining trend
downstream (SB09, lowermost; Annexure A, Fig. 31) compared to values upstream (SB1 that is
uppermost; Annexure A, Fig. 24). The concentration of Cr in the upper parts of the Sabie River is
lower than that of the Nestor MTSF sample and it showed fluctuations with seasons. This can be
attributed to the local geology, which is comprised of sediments enriched in these two elements
at these particular locations (As and Cr). The As concentrations are above TEL and PEC for all
samples except for site 02, 08 and 09, that had concentrations below PEC, implying that arsenic

poisoning is likely to occur (Table 23).
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Figure 19 Seasonal variation in arsenic and chromium concentrations in the Sabie River.

4.4.1.2.2. Lone Creek (sample SB10)

The Cr concentrations were high at this sample site (236 mg/kg DW), taken just before the
confluence with the Sabie River (Fig. 20). Also occurring in concentrations above PEC is Ni (83
mg/kg DW). There is no significant difference in metal concentrations between this site and SB01,

which is located after the confluence of the two rivers (about 2 km downstream).
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Figure 20 Seasonal variation in arsenic and chromium concentrations in the Lone Creek River.

4.4.1.2.3. Glynns (sample SB11)

This is small stream flowing on the eastern side of the Glynns Lydenburg MTSF. The
concentrations of Cr and Ni were above both TEL (37.3 and 18 mg DW respectively) guidelines.
In addition, the concentrations of the Cr are also above PEC guideline.
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4.4.1.2.4. Klein Sabie River (samples SB12 and 13)

The concentrations of Cr and Ni are above TEL (37.3 and 18 respectively) and PEC (111 and
48.6 mg/kg DW respectively) at SB12, which is located near the Sabie Waterfalls, after the
confluence with the AMD stream from Nestor TSF. In addition, sediments from this site consist of
high As concentrations (170 ppm and 234 mg/kg DW in the wet and the dry seasons respectively),
above PEC guidelines.

4.4.1.25. Spitskop River (sample SB14)

The stream sediment in Spitskop River contained elevated concentrations of As, Cr, Cu, as well
as Ni that exceeded PEC guidelines. There were illegal mining activities observed at the upper
reaches of the river, which implies that there is a possibility of adverse effects on aquatic
organisms because of those metal species.

4.4.1.2.6. Riet-mine (sample SB15)

This is the drainage located west of Rietfontein mine adit, flowing in a north-easterly direction
towards the Sabie River. Drainage sediments were found to be enriched in Cu and As and they
were above PEC guidelines. The concentrations of Pb also poses a threat to aquatic life as they
were above probable effect concentrations (MacDonald et al., 2000). The elevated As and Cu
concentrations at this site can be accredited to the existence of arsenic, bismuth as well as copper

sulphides existing in the ore from the Rietfontein mine.
4.4.1.2.7. Goldstream (sample SB16)

The concentrations of all metal species are within SQGs (MacDonald et al., 2000) except for the
Cr, which was just above the TEL at 39 mg/kg DW.

4.4.1.2.8. Sabana River (sample SB17)

All metal concentrations are below the TEL values with the exception of Cr (60 mg/kg DW). At
this sample site, no concentrations of As were recorded. There are minimum external

environmental stressors in this point.
4.4.1.2.9. Mac-Mac River (sample SB18)

Forestry is the main activity around this sample point and there were no mining activities
observed. The sediments were enriched in As, Cr and Ni and with concentrations above the TEL

guideline and pose potential metal species enrichment.

94



4.4.1.2.10. Sunlight River (sample SB19)

Located near the Mac-Mac River (SB18), forestry is also the main activity taking place in the area.
Only Cr concentrations were above TEL (38 mg/kg DW) and all metal concentrations where within

the SQGs while As was below detection limits.
4.4.1.2.11. Nkambeni River/Noord Sand (sample SB20)

In this site, metals of concern are Cr and Ni as they were above TEL (37.3 and 18 ppm
respectively) values. In addition, As poisoning is likely on sediments as the concentrations are
above TEL (5.9 mg/kg DW) guideline.

4.4.1.2.12. Bega River (sample SB21)

This is a branch of the Sand River, which is a branch of the Sabie River. No concentrations of As
were recorded (below detection limits) at this sample site, however very high concentrations of
Cr were recorded at this site (710 mg/kg DW). Also occurring above PEC guideline during the

wet season, was the concentration of Ni.
4.4.1.2.13. Enrichment factor (EF)

According to Zhang and Liu (2002), sediment EF values around 1.0 specify that the element in
guestion be primarily derived from crustal material and/or weathering processes, whereas EF
values much greater than 1.0 specify that the element is anthropogenic. Snzefer et al. (1996) and
Chen et al. (2007) developed six contamination categories based on enrichment factor values
(Table 24).

Table 24 Values for enrichment factor.

EF<3 Minor enrichment (anthropogenic impact)
EF=3-5 Moderate enrichment

EF=5-10 Moderately severe enrichment
EF=10-25 Severe enrichment

EF=25-50 Very severe enrichment

EF>50 Extremely severe enrichment

The EF values for trace elements in the Sabie River system shows insignificant to acute

enrichment (Table 25). While elements like Zn, Ni, Cu, Pb, As, as well as Cr revealed a high level
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of contamination with EF of greater than six (6); 1LEF3 were revealed by cobalt. However, Pb, Ni,

Cr, as well as Cu fluctuated dependent on season, wherein they had CV values of less than six.

Table 25 Trace metals enrichment factor.

As Co Cr Cu Ni Pb Zn
Sample

ID

WT DR WT DR WT DR WT DR WT DR WT DR WT DR

SBO1 1.45 1.34 144 089 363 199 228 137 295 143 252 177 277 3.08

SB02 0.4 1.23 0.6 0.88 234 203 068 119 086 136 147 272 122 26

SBO03 49.62 48.19 305 175 537 305 426 274 457 237 387 316 86 7.75

SB04 325 3194 053 103 151 14 074 489 066 127 117 254 087 412

SBO05 1763 26.23 097 087 155 117 279 335 146 108 175 202 241 381

SBO06 1281 26.83 0.79 048 1.6 097 149 0.88 1.2 0.64 147 133 185 1.95

SBO7 1412 O 1.01 032 19 0.62 159 034 145 049 179 132 197 194

SB08 232 181 047 O 1.09 098 0.6 019 061 019 145 081 128 0.56

SB09 164 2.63 0.42 302 166 3.6 0.4 249 075 292 114 246 0.7 4.55

SB10 121 1.29 148 0.66 3.8 166 224 095 284 11 232 145 3.01 244

SB11 272 256 1.6 0.8 652 493 176 085 227 095 556 197 264 154

SB12 26.68 4063 3.28 221 619 319 439 6.79 4 327 319 722 6.5 22.07

SB13 1.64 121 461 0.1 558 052 297 019 479 029 225 094 332 034

SB14 9.61 1735 326 246 252 176 333 305 276 143 333 289 225 1.98

SB15 197 23 0.17 015 009 006 381 745 013 008 192 076 039 05

SB16 0 0 029 0 066 017 023 0.08 051 014 125 0.77 092 0.49
SB17 0 0 0.18 0.27 0.9 0.9 0.18 0.27 056 0.68 0.9 105 037 1.39
SB18 0.99 1.01 098 101 099 1 099 1 1 1 099 097 1 1

SB19 0 0 054 0 113 057 048 026 059 029 107 093 085 0.63
SB20 0 8.43 0.22 027 054 073 0.2 0.4 029 037 111 09 0.48 0.94
SB21 0 0 184 029 12 213 131 021 619 07 212 091 3.08 1.06
Min 0 0 017 O 0.09 052 0.18 008 0.13 0.08 0.9 0.76 048 0.34
Max 49.62 48.19 3.05 3.02 12 493 426 745 457 327 556 7.22 86 22.1

WT, wet season; DR, dry season
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The geological background of the catchment area is controlled by metamorphic and granitic
rocks, which are composed of minerals that can encompass trace elements in their structure.
Urban contributions from the catchment shoreline that release a huge bulk of wastewater (Sabie
and Hoxane), landfill leachates, and agrochemicals from nearby residential areas (Simile to
Skukuza), traffic (release of toxic elements such as Pb and Sb), and abandoned tailings storage
facilities are all anthropogenic sources of trace elements (As). Elements such as Zn, Cr, Pb, Co,
and Cu are common components of agrochemicals (Forstner and Wittmann, 1981), and urban
solid and liquid wastes are high in Cu, Pb, Ni, and Zn (DVWK, 1998).

4.41.2.14. Geo-accumulation Index

The geo-accumulation index (Igeo) of sediments revealed that As contamination is extremely
high at some sites, particularly in winter (Table 26). According to the geo-accumulation index, the
Bega River (SB21) has a great probability for Cr and Ni contamination, while the drainage near
Rietfontein Mine has a high potential for Cu-Pb contamination (SB15). The geo-accumulation
indices revealed unpolluted to moderately polluted sediments for elements such as Cu, Zn, Pb,
Co, Pb, and Cr at most sites. Therefore, the toxic elements pollution that is resulting from mine

wastes may be likely limited to As.

Table 26 Trace elements geo-accumulation in sediment from the Sabie River system.

sample As Co Cr cu Ni Pb Zn
WT DR _WT DR WT DR WT DR WT DR WT DR WT DR

SBOO 5.64 011 0.45 05 023 101 063 021

SBO1 035 046 035 03 08 065 055 03 072 019 062 093 068 1.06
SBO2 012 041 019 029 073 064 021 029 027 045 046 054 038 0.86
SBO3 59 795 037 029 065 048 021 029 055 039 047 072 104 128
SBO4 086 873 014 028 041 037 02 028 018 035 032 06 024 113
SBO5 419 751 023 025 038 032 067 025 035 031 042 039 058 1.09
SBO6 287 757 018 014 037 026 034 014 027 018 034 048 042 055
SBO7 23 0 017 011 032 021 026 011 023 017 03 016 033 068
SBOS 049 035 01 O 023 018 013 0 013 004 031 042 028 0.11
SB09 027 043 007 05 028 057 007 049 012 031 019 06 012 0.75
SB10 025 051 031 026 08 063 047 026 06 044 049 039 064 0.98
SB11 035 049 021 015 08 09 023 015 06 018 073 048 035 0.29
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SB12 263 635 033 035 062 048 044 035 04 051 032 024 065 346

SB13 0.2 0.3 059 003 072 012 038 003 061 0.07 029 087 043 0.08
SB14 206 505 071 071 055 049 072 071 0.6 042 073 075 049 0.58
SB15 139 22 042 014 006 006 272 014 009 0.08 138 027 028 0.48
SB16 0 0 059 0 0.13 006 005 O 0.1 005 025 036 018 0.16
SB17 0 0 0.04 0.09 0.2 0.28 004 009 013 023 021 0.2 0.09 0.46
SB18 0.2 0.2 0.2 0.2 0.2 0.19 0.2 0.2 0.2 0.2 0.2 0.1 0.2 0.2

SB19 0 0 006 O 0.13 005 005 O 0.07 0.03 012 027 0.1 0.06
SB20 0 241 005 0.08 0.12 0.2 005 008 006 011 025 026 011 0.27
SB21 0 0 0.37 0.08 24 057 026 008 123 0.2 0.43 026 094 0.29

WT, wet season; DR, dry season

44.1.3. Rare earth elements in stream sediments

The concentrations of rare earth elements (REES) in the Sabie River catchment are shown in
Table 27. As the concentration intensities of these elements were below the detection limits, data
for Pr, Er, Th, Ho, Eu, Gd, Th, Dy, Tm, Gd, and Lu were not included. The mean rare earth
elemental levels for Ce and Yb in the samples were marginally greater than the upper continental

crust, as per Rudnick and Gao (2003).

Individual REE concentrations in sediments, according to Zhu and Liu (1988), are usually
dependent on their respective parent materials. The significant concentrations of REEs observed
along the Sabie River catchment can be attributed to the metamorphic and igneous rocks
exposed in the Sabie region, such as gneisses, quartzite, and granites (Tayler, 1985). REE
concentrations are higher in sediments resulting from metamorphic and granitic rocks, particularly
those of the granitic rock type (Herman, 1970; Ure and Bacon, 1970; Reiman and Caritat, 1988;
Hu et al., 2006). Anthropogenic contributions like fertilizers, phosphate, manure, and waste
effluent can also affect and enrich REE concentrations in sediments (Wang et al., 2004; Protano
and Riccobono, 2009).

Table 27 Total REE concentrations in the stream sediment from Sabie River Catchment with descriptive statistics.

Ce (mg/kg) La (mg/kg) Nd (mg/kg) Sm (mg/kg) Y (mg/kg) Yb (mg/kg)
Sample ID

WT DR WT DR WT DR WT DR WT DR WT DR
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SBO1 95 99 52 27 35 35 ND ND 28 26 9 4.7

SB02 73 63 39 32 29 29 ND ND 19 22 ND 4.1
SBO3 65 54 25 ND 16 22 ND ND 20 18 7 3.2
SB04 48 99 22 37 16 35 ND ND 11 28 ND ND
SBO05 102 119 44 48 33 42 ND 5.7 23 29 4 3.8
SBO06 79 59 33 18 29 24 ND ND 16 14 4 ND
SBO7 35 139 8 50 11 42 ND ND 5 18 ND ND
SB08 72 12 9 12 24 7.8 ND ND 10 3.7 ND ND
SB09 34 68 5 ND 12 18 ND ND 6 44 ND 5.2
SB10 48 74 18 22 9 27 ND ND 15 19 ND 3.4
SB11 38 25 24 ND 13 10 ND ND 11 8.4 ND ND
SB12 27 69 20 26 9 32 ND ND 6 44 ND 5.2
SB13 63 13 23 ND 15 6.8 ND ND 13 3.8 6 ND
SB14 92 92 25 29 17 7.8 ND ND 13 12 ND ND
SB15 134 97 72 41 56 38 ND 5.6 35 30 ND ND
SB16 53 29 32 ND 24 18 ND ND 16 12 6 ND
SB17 27 131 20 56 9.1 49 ND 7.1 11 24 ND ND
SB18 44 12 24 11 20 12 ND ND 7 5.6 7 ND
SB19 29 8.8 18 11 14 9 ND ND 6.8 4.2 ND ND
SB20 66 36 33 12 21 16 ND ND 13 7.4 ND ND
SB21 81 30 44 ND 28 15 ND ND 14 8.6 6 ND
Mean 62.14 63.28 281 2057 2096 2359 O 0.88 1423 18.18 2.33 5.2
Min 27 8.8 8 0 9.1 6.8 0 0 5 3.7 0 0
Max 134 139 52 56 56 49 0 7.1 35 44 9 5.2
SD 0

ucc 63 31 27 4.7 21 2

WT, wet season; DR, dry season; Min, minimum; Max, maximum, SD, standard deviation; Nd, not detected

Pearson correlation analysis (Table 28) has shown (1) a highly significant correlation between
the LREE group (La, Ce, and Nd) and (2) a highly significant correlation between the HREE Y

and the LREE La. HREEs Yb and Sm, on the other hand, showed a negative correlation. These
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findings point to comparable input sources, endorsing the mutual geochemical properties of the

REEs as well as the above-mentioned findings.

Table 28 The Pearson correlation coefficient of REEs in the Sabie River catchment.

La Ce Nd Y Yb Sm
La 1.00
Ce 0.81 1.00
Nd 0.89 0.89 1.00
Y 0.89 0.86 0.85 1.00
Yb 0.27 0.17 0.20 0.25 1.00
Sm 0.40 0.30 0.36 0.43 -0.27 1.00

4.4.2. Stream sediment mineralogy

Granite, gneiss, quartzite, and dolomite dominate the uncovered underlying lithologies of Sabie
River system. Consequently, surficial sediment samples of stream sediment mineralogy are
closely related to the prevailing rock outcrops. All mineral phases observed from the X-ray
diffraction (XRD) data analyses are recorded in Table 29. The XRD data was used for qualitative

mineralogical determination of seepage and surface water.

The mineralogy of the sediments is dominated by quartz and no variations were found in the
sampling during the different seasons (22-93 wt. % and 55-94 wt. % wet and dry seasons
respectively) followed by K-feldspar (up to 34 wt. %), and the phyllosilicates (mica & clay) have
concentrations varying from 0 to 17 wt. %. In addition, the carbonate mineral dolomite, is only
found in the upper parts of the Sabie River system, in the proximity of Glynns Lydenburg with
concentrations of between 1 and 8 wt. % (SB02 and SB11). The principal secondary minerals in
the Sabie River system are hematite and gibbsite. The secondary iron oxide mineral hematite,
which was mostly found during the dry season in low concentrations of up to 2 wt. % throughout
the Sabie River (upstream to downstream). Gibbsite is sporadically present in some samples at
the upper reaches of the catchment reaching concentrations of up to 12 wt. %. In terms of clay
minerals, kaolinite and smectite represents the class as they occur sporadically within some

samples, especially in the upper parts of the Sabie River system.

Table 29 Mineralogical composition of sediments from the Sabie River system.

100



Quartz  (wt. K-feldspar Dolomite (wt. Hematite (wt. Gibbsite (wt. Kaolinite (wt. Smectite (wt.
Sample %) (wt. %) %) %) %) %) %)
ID

WT DR WT DR WT DR WT DR WT DR WT DR WT DR

SBO1 71 57 1 1 ND ND ND 2 5 4 5 15 6 ND
SB02 53 60 14 1 ND 6 ND 1 ND 2 1 11 ND ND
SBO03 88 69 2 9 ND ND ND 2 2 3 2 8 ND ND
SB04 64 62 16 17 ND ND ND 1 3 4 2 7 ND ND
SBO5 72 69 10 5 ND ND ND 1 3 5 3 11 ND ND
SBO06 51 76 21 7 ND ND ND 1 2 1 2 3 ND ND
SBO7 55 71 14 17 ND ND ND 1 ND 1 2 2 ND ND
SB08 67 87 14 7 ND ND ND ND ND ND ND ND ND ND
SB09 73 85 10 1 ND ND ND 1 ND 5 ND 2 ND ND
SB10 58 52 2 ND ND ND ND 1 10 6 4 17 4 ND
SB11 86 74 4 4 3 8 ND ND ND 1 ND 3 ND ND
SB12 84 84 8 1 ND ND ND 1 2 3 ND 4 ND ND
SB13 88 67 ND 21 ND ND ND ND 12 ND ND 1 ND ND
SB14 93 85 7 4 ND ND ND ND ND ND ND 3 ND ND
SB15 22 55 34 21 ND ND ND 1 ND ND 17 4 ND ND
SB16 61 80 14 11 ND ND ND ND ND trace ND 1 4 ND
SB17 71 62 17 7 ND ND ND ND ND trace ND 5 ND ND
SB18 72 84 10 6 ND ND ND ND 2 ND ND 1 ND ND
SB19 85 94 4 3 ND ND ND ND 3 ND ND 1 ND ND
SB20 61 72 14 9 ND ND ND ND ND ND ND 3 ND ND
SB21 52 73 17 7 ND ND ND ND ND ND ND ND ND 2

WT, wet season; DR, dry season

There is a large variation in terms of mineralogy that is influenced by the source rocks and the
degree of weathering. The highest concentration of the clay mineral kaolinite is found at the
Rietfontein drainage (SB15), which is consistent with geochemical data found Al,Osz as the
second most dominant major element in this site. This is further supported by the elevated
concentrations of K-feldspar that are found at this site that might be microcline as it is located on

the granitic rock.
101



4.4.3. Speciation of metals in stream sediments

To better distinguish the biological and chemical accessibility of the measured metals, a 4-stage
sequential extraction was undertaken on the stream sediments (Annexure D). Each phase was
extracted into four operationally defined phases: exchangeable, Fe-Mn and carbonate, organics
and sulphides, and silicate. Metal concentrations associated with carbonate and Fe-Mn oxide
extractions were thought to be chemically moveable because these phases can discharge trace
metals into the ecosystem when geochemical conditions change.

The results shows that Al is predominantly partitioned in the inert fraction, which implies that the
majority of Al extracted from the sediments of the Sabie River system, is from the geogenic
source. A similar trend can be seen for iron, which is also predominant in the inert fraction (Fig.
21). Therefore, Al and Fe toxicity is not a threat to the organisms in the Sabie River system. This
can be attributed to the dissolution of clay mineral and incomplete dissolution of the metals (Fe
and Al) in the third step (F3) because of the exceedingly high concentrations of these metals.
Cobalt was not partitioned in all samples (SB08, SB13, and SB21) and it is highly concentrated
in the third and fourth fractions. Anomalous concentration found at SB14 can be ascribed to the
illegal mining activities observed in the upper parts of the Spitskop River. The distribution of
copper is highly variable, and it is portioned in the exchangeable fraction, predominantly in
samples SB15, SB14, SB03, SB05, SB122, and SB21, in decreasing order of abundance. The
anomalous concentration observed at SB15 (333 mg/kg) can be attributed to the illegal mining
observed on the drainage near abandoned Rietfontein gold mine. Other metal species like As,
Cr, Pb, and Zn are highly portioned in the fraction 4 and fraction 3 respectively, implying that they
are not bioavailable unless the pH of the water in the river catchment area can be reduced (at
F3: bound to carbonate). Therefore, these metal species were not anthropogenically introduced

into the sediments.

There is huge variation in terms of manganese distribution as it is found highly partitioned in
fraction 1 and fraction 2, which are readily bioavailable. This can be used as an indicator of the
degree of pollution from the anthropogenic sources around the Sabie River system. The greater
the relative quantity of metal in the exchangeable fraction, the higher the degree of pollution.
Higher concentrations of Mn were expected at the upper parts of the Sabie River, since the area

is underlain by the dolomite of the Malmani Subgroup.
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Figure 21 Metal species concentrations (mg/kg) in the different fractions in the stream sediments.

Chromium is distributed only in the third and fourth fractions, the oxidisable organics and
sulphides fraction as well as the inert fraction respectively. This implies that Cr may only become
bioavailable upon exposure to oxidising conditions. Manganese is highly portioned in the
exchangeable and the reducible Fe-Mn oxide/carbonate fractions. Consequently, any change in
the ionic structure of water would have a significant influence on the adsorption-desorption and
ion exchange processes of Mn ions with main components of sediments. Furthermore, lowering
the pH of the water will remobilize Mn due to the reduction of ferric oxide and Mn(1V) under anoxic
environments and their subsequent dissolution. Despite its low concentration in the exchangeable
fraction, Ni is primarily partitioned in the inert fraction and is unlikely to be mobilized under normal
environmental conditions in the Sabie River system. The inert fractions contain the highest
concentrations of lead (Pb) and zinc (Zn).
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From the sequential extraction of stream sediments, the highest average concentration of the
investigated metal species Al, Fe, Co, Mn, Cr, Ni, Cu, Ni, Zn, Pb, and As, is in the silicate (F4)
fraction, which implies the geogenic origin of these elements. The concentration of metal species
found in the geochemically mobile Fe-Mn oxide and carbonate extractions in the Sabie River
system as percent of total metal concentration was found to be in order of Fe>AlI>Mn>Zn (Fig.
12). In addition, the metal concentrations of As, Co, Cr, Cu, Ni and Pb are not bioavailable as
their concentrations were very low to none. Therefore, the metal species from the sediment of
this river system pose little to no threat to the organisms in the system as they originate from the

natural source.

4.5, Water Quality

Assessing the water quality should include chemical measures such as pH, dissolved oxygen
(DO), nutrients (nitrates and phosphorus), total dissolved solids (TDS), and metal species (Lollar,
2005). All of the above-mentioned parameters were considered for this study and their seasonal

variation in the Nestor MTSF seepage and Sabie River system are discussed below.
4.5.1. Spatial distribution of pollutants from mine effluent

Samples of water were taken from AMD around Nestor MTSF to define the distribution of
pollutants as well as nature of their species. These include a pond of seepage near the Nestor
MTSF and traced downstream to a distance of about 100 m under the Klein Sabie Bridge. In
addition, the water decanting from the Rietfontein mine adit was also collected and analysed. The
physicochemical data of the mine effluents, namely, pH, electrical conductivity (EC), redox
potential (Eh), dissolved oxygen (DO) and alkalinity are shown in Table 30. These parameters
suggest a highly variable nature as regards to seasonal continuity, water volume and
acidity/alkalinity between the Nestor and the Rietfontein Mines effluents. The pH levels measured
at the proximity of the Nestor MTSF is acidic, in the range of 2.5 near MTSF and 3.0 under the
bridge respectively that is typical of AMD (Gray, 1998). The concentration of total dissolved solids
(TDS) in all samples was also high as indicated by the EC value (up to 3890 uS/cm). However,
water decanting from the Rietfontein Mine adit had an alkaline pH of 8.3 coupled with a low redox
potential (-35.2 mV) and total alkalinity of 38.9 CaCOg; equivalent, which is a good quality

compared to the seepage from the Nestor MTSF.

Table 30 Physicochemical parameters of Nestor TSF seepage measured onsite.

Sample ID pH EC (uS/cm) Eh (mV) DO (mg/L) Alkalinity (mg/L CaCOs)

NSO1 2.5 9740 270.2 5.9 0
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NS02 3 1023 221.5 6.8 0

RFO1 8.3 890 -35.2 7.5 38.9
SANS

(2015) 5-9.7 <170

WHO

(2011) 7.0-8.5 2500

The trend of pollution decreased downstream as the lower values were recorded at NS02, where
a substantial drop in the Fe concentration was observed, with a subsequent increase in pH of 3.5
along the AMD watercourse (Table 31). This drop can be attributed to precipitation because Fe
is less soluble at pH values near four (4). As a result, secondary minerals in the Nestor MTSF
efflorescent crusts add to the discharge of Fe and SO, in the solution. In terms of water quality,
the most challenging pollutants were found in trace amounts, as shown in Table 30. Metal species
like as Al, Fe, As, Zn, as well as Cu occur in mine water at higher concentrations than SANS241
(2015) and WHO (2011) guidelines and pose a contamination threat to the receiving water bodies.
There was a decrease in metal species concentration from the seepage next to the Nestor MTSF
(NSO01) to downstream under the Klein Sabie Bridge (NS02) and that can be attributed to
precipitation and adsorption species by sediments. In addition, elevated concentrations of metal
species and sulphate together with high EC and low pH could suggest that the water is highly
polluted. All the concentrations of metal species were within the SANS241 (2015) and WHO
(2011) guidelines for the Rietfontein Mine water sample except for As which was slightly high.

Table 31 Major cations, anions, and trace elements of seepage from Nestor TSF.

Ca Mg Cl S04 As Fe Al Mn Cu Cr Zn
Sample
ID

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
NSO01 68.4 9 47.3 3650 16.1 4964 339.6 11.4 111.3 4.6 25.2
NS02 14.11 3.27 35.2 2970 0.22 15.11 44.8 3.1 0.45 0.1 0.32
RFO1 53.3 28.7 113 252 1.26 0.14 0.24 <0.01 <0.01 <0.01 <0.01
SANS241
(2015) 150 70 300 500 0.01 2 0.3 0.4 <2 <0.05 0.05
WHO
(2011) <200 50 <250 <250 0.01 - 0.1 0.4 2 0.05 2

Based on the chemical composition data, Fe, Al, and Mg are the most common dissolved metal

species in the AMD (with Fe>Al>Ca>Mn>Cu>Zn). Therefore, the minerals that are commonly
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formed in these AMD environments are mainly Al, Ca, Fe(ll), Fe(lll), as well as Mg sulphates and
(oxy)hydroxysulphates. In the seepage from the Nestor MTSF, Ca and Mg are the major cations

while SO. and Cl are the major anions and the water type is Fe-SO, (Fig. 22).
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Figure 22 Chemical constituents distribution in Nestor TSF seepage.

4.5.2. Spatial distribution of pollutants in surface water

The hydro chemical characteristic changes of the Sabie River catchment has been investigated.
Seasonal variation of parameters, analysed onsite and the alkalinity are presented in Table 32.
For both seasons, in the uncontaminated Sabie River system (SBO1 to SB21) the pH values were
alkaline in all surface water samples with average values of 7.5 in the wet season and 7.9 in the
dry season respectively. All pH values noted in both seasons occur in acceptable guideline for
(SANS241, 2015). The maximum levels (pH 8.3) are located in the upper part of the catchment

(SB03) and this can be ascribed to the presence of dolomite in the bedrock. The values of pH
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measured from the Sabie catchment area are a direct meaning of its total dissolved solids (TDS)
and specifies concentrations of soluble salts in water. All values recorded in the Sabie River were
within SANS241 (2015) and WHO (2011) limits. However, EC values recorded at SB11 located
next to Glynn’s Lydenburg TSF and SB12 (Klein Sabie River) were slightly above recommended
limits with higher values recorded at Nkambeni and Bega Rivers, 295 uS/cm and 547 puS/cm,
respectively. High EC values in these sites can be attributed to human activities, as there was
evidence of dumping of wastes at those sites. The values of dissolved oxygen (DO) were above
recommended limits by SANS (2005) for both seasons and this can be attributed to aerobic
conditions prevailing in the Sabie catchment area. The DO concentrations in water samples
indicate changes in the redox state and microbial activity (Gebrekristos et al., 2008). In both
seasons, Eh values ranged from -75.9 to -2.6, with a mean of -35.9 in the wet season and -47.41
in the dry season. The alkaline pH within the Sabie catchment is responsible for the low Eh values.
This is supported by high values (270.2 mV) recorded at Nestor TSF seepage sample which had
acidic pH 2.5.

Table 32 Seasonal distinction of parameters measured in situ and alkalinity (mg/L CaCOs) measured in surface water
of the Sabie catchment.

pH EC (uS/cm) Eh (mV) DO (mglL) Alkalinity — (mg/L

Sample ID Cacos)
WT DR WT DR WT DR WT DR WT DR

SBO1 7.8 8.3 78.3 64.7 -37.0 -64.5 7.5 9.5 33.6 291
SB02 7.9 7.8 130.0 105.0 -46.2 -40 7.4 8.5 55.2 49.8
SBO03 8.1 8.3 153.1 149.1 -50.5 -64.2 7.3 8.7 61.1 60.4
SB04 8.3 8.2 168.0 141.1 -66.9 -64.5 7.8 8.3 59.5 54.6
SBO05 8.0 8.2 142.4 101.0 -565.0 -63.2 7.2 9.6 56.2 52.1
SB06 7.3 8.0 120.0 120.5 -41.4 -49.8 6.8 9.1 47.1 50.7
SBO7 8.0 8.1 135.4 125.1 -45.9 -50.2 7.1 9.2 37.1 126.0
SBO08 7.7 8.1 108.0 119.1 -16.2 -58.4 7.3 9.5 49.9 46.8
SB09 8.0 8.1 128.0 238.0 -55.4 -60.5 6.7 8.3 47.1 87.2
SB10 7.3 8.5 83.7 67.4 -3.6 -75.9 7.1 8.6 39.1 20.1
SB11 6.7 7.5 174.1 174.3 26.9 -30.5 6.2 8.9 72.3 82.9
SB12 7.5 7.6 176.9 183.1 -23.0 -30.7 6.3 9.5 58.1 80.2
SB13 8.3 7.9 140.2 134.5 -51.6 -46.2 8.0 9.0 64.0 64.3
SB14 8.2 8.0 74.0 68.3 -65.9 -50.5 7.1 9.3 329 28.2
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SB15 72 77 1884 1949 26  -368 7.2 7.9 44.3 4401
SB16 78 78 931 83.7 440 420 60 8.3 50.9 24.0
SB17 75 78 1506 1626 207 409 7.6 8.7 335 64.6
SB18 80 75 1008 1099 556 209 7.4 9.6 48.7 50.4
SB19 77 74 440 38.8 373 176 68 9.2 17.9 16.7
SB20 75 78 2950 4552 202 328 65 7.3 72.8 515
sB21 78 81 5470 6101 413 556 65 8.1 1853 2200
Mean 77 79 1542 1641 359 474 72 88 56 80.9
sD 04 01 1041 1339 234 157 05 0.1 32.7 933
é%';‘;z“ 5-9.7 <1700 :

WHO (2011) oY : i ]

WT, wet season; DR, dry season; SD, standard deviation; -, no guideline.

There are higher concentrations of combined cations than anions recorded in surface water of
Sabie River system. In the surface water of the Sabie catchment, Mg and Ca are the dominant
cations while chlorine and sulphate are the dominant anions, respectively (Table 33). The highest
values of Ca?* and Mg?* recorded in the upper parts of the Sabie River system can be attributed
to the dolomite rocks covering the area. At site SB11, the highest Ca?* and Mg?* were recorded
at 20.0 and 10.8 mg/L respectively. However, there were higher concentrations of both cations at
Bega River (SB21) covered by granitic rock and this can be attributed to pollution from the local

community as observed during site visits.

Table 33 Seasonal variation of cation and anions in the of Sabie catchment.

sample Ca (mg/L) Mg (mg/L) Na (mg/L) Cl (mg/L) NOs (mg/L) S04 (mg/L)
D WT DR WT DR WT DR WT DR WT DR WT DR
SBO1 7.3 5.3 4.7 3.2 2.1 1.5 1.5 1.5 1.3 2.1 1.6 1.7
SB02 12.4 10.1 1.7 5.8 1.9 1.6 1.9 1.7 1.9 1.4 1.1 1.3
SBO03 14.7 12.7 9.2 7.5 2.6 21 2.4 2.4 ND 2.4 5.4 4.5
SB04 14.2 11.7 8.6 6.6 3.0 2.4 5.8 2.6 ND 2.7 54 4.8
SBO05 12.9 11.2 7.9 6.4 3.6 3.1 3.9 3.5 2.3 25 51 4.6
SBO06 10.8 9.9 6.7 5.8 4.2 3.1 3.7 3.1 3.3 1.6 3.5 35

109



SBO7 10.8 27.6 6.8 15.5 4.4 21 4.1 7.3 1.2 11 3.9 4.1

SBO8 76 97 46 53 57 61 58 45 17 13 34 191
SB09 88 242 6 92 71 74 71 73 09 11 33 41
SB10 79 42 52 2 17 101 11 3 07 03 14 ND
SB11 173 20 108 76 32 101 29 32 09 22 101 15
SB12 152 154 91 89 48 62 38 7 85 18 94 82
SB13 141 142 87 85 12 23 14 3 12 04 ND ND
SB14 63 54 42 35 23 27 16 4 06 02 ND ND
SB15 192 55 76 37 44 23 38 5 20 12 321 37
SB16 54 11 25 59 94 26 68 28 26 13 11 11
SB17 105 115 98 8 52 67 48 81 14 11 54 42
SB18 99 11 59 59 27 26 26 28 06 13 08 11
SB19 28 34 14 26 46 51 36 29 26 05 01 09
SB20 164 117 107 6 234 35 247 49 ND 17 198 45
sB21 252 325 372 379 296 153 457 487 23 68 118 198
Mean 144 128 84 79 58 56 85 61 17 17 59 6
SD 131 76 15 75 15 5 28 99 04 14 77 89
(SZAOTSS)ZM . <200 <300 <11 <500

\(’;’g'ﬁ) - 40 i 50 -

Note: WT, wet season, DR, dry season; ND, not detected; SD, standard deviation, -, no guideline.

The highest concentration of ClI- at sampling sites are recorded in the lower reaches of the
catchment at the Bega River and the Nkambeni River, reaching 48.7 mg/L and 24.7 mg/L.
Similarly, SO4? concentration at these two patrticular sites is high (19.8 mg/L) and suggest input
from the nearby rural settlement areas. In the upper reaches, the concentration of Cl- and SO,*
is low at all sampling sites. However, there is high SO4> concentration recorded at the drainage
near Rietfontein mine (SB15) that might be ascribed to illegal mining activities happening at the
site. The concentrations of nutrients (NOs?> and NOy) are low in the Sabie River system and they
are within SANS241 (2015) and WHO (2011) guidelines.

The seasonal variation in trace metals of the Sabie River system is shown in Table 34. There is

no significant difference in measured species concentrations between the wet and dry seasons.
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Though the majority of the metal species are below the detection limits, all of these concentrations
are within the SANS (2015) and WHO (2015) recommended limits (2011). Although there is no

water hardness guideline, high Ca and Mg concentrations are associated with increased water

hardness (WHO, 2011). The metal species concentrations dissolved in the water is extremely

low, as would be expected in water with a pH greater than 7. These results indicate that metal

transport to the sediments could largely be through particulate matter.

Table 34 Seasonal variation of trace metals in the Sabie catchment.

Al (mg/L) As (mg/L) Cu (mg/L) Cr (mg/L) Fe (mg/L) Mn (mg/L) Zn (mg/L)
Sample ID

WT DR WT DR WT DR WT DR WT DR WT DR WT DR
SBO1 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01
SB02 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
SB03 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <001 <001 <001 0.01 <001 0.04 <0.01 <0.01
SB04 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.03 <0.01 0.02 <0.01 <0.01
SB05 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <001 <001 <001 0.04 <001 0.01 <0.01 <0.01
SB06 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <001 <0.01 <0.01 0.04 <0.01 <001 <0.01 <0.01
SBO07 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.17 <0.01 0.16 <0.01 <0.01
SB08 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.12 <0.01 0.02 <0.01 <0.01
SB09 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <001 <0.01 <0.01 011 <0.01 <0.01 <0.01 0.02
SB10 <0.01 0.02 <0.01 0.04 <0.01 <001 <001 001 004 <0.01 <001 <001 <001 <0.01
SB11 <0.01 0.01 <0.01 0.02 <0.01 0.08 <0.01 0.01 ND <0.01 <0.01 042 <0.01 <0.01
SB12 <0.01 <0.01 <0.01 0.03 <0.01 0.03 <0.01 <0.01 <0.01 <0.01 0.02 <0.01 <0.01 0.03
SB13 0.04 <0.01 <0.01 0.02 <001 0.01 <001 001 <0.01 <0.01 O <0.01 <0.01 <0.01
SB14 0.18 <0.01 004 003 001 001 <0.01 <0.01 <0.01 0.02 0.02 <001 <001 <0.01
SB15 <0.01 <0.01 <0.01 <0.01 0.14 0.01 <0.01 0.01 <0.01 <0.01 0.3 <0.01 <0.01 <0.01
SB16 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.16 <0.01 <0.01 <0.01 <0.01 <0.01
SB17 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <001 <001 0.03 018 <001 0.05 <0.01 <0.01
SB18 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
SB19 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.112 0.08 <0.01 <0.01 <0.01 <0.01
SB20 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.07 0.09 0.06 <0.01 <0.01
SB21 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.012 0.02 <0.01 0.06 <0.01 <0.01
Mean 0.01 0 0 0.01 0.01 0.03 0 0 0.02 0.04 0.02 0.04 0 0
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SD 0.04 0.01 0.01 0.01 0.03 0.03 0 0 0.04 0.06 0.07 0.1 0

SANS241
(2015) 0.3 0.01 < <0.05 2 0.4 0.05

WHO (2011) - 0.01 2 0.05

WT, wet season; DR, dry season; SD, standard deviation; -, no guideline.

The AMD from the Nestor MTSF flows downstream towards the Klein Sabie River (about a
distance of one kilometer), which is a tributary of the Sabie River. As a result, simple mixing or
geochemical reactions like dissolution and precipitation would affect the concentrations of

dissolved metals in Sabie River samples.
4.5.3. Metal speciation in water

According to Newman (2015), the chemical form in which an element occurs, or speciation,
determines its transport and interaction in the environment. Thus, an element can occur as
oxidized, free ion or complexed with organic and inorganic molecules. The input data for metal
speciation in the surface water in the Sabie River catchment area is presented in Table 35 and
Table 36 presents data for predicted species in mine water. This data was calculated using the
PHREEQC modelling program for understanding the behaviour of metals in the surface water.

Calcium chemical species concentrations calculated for all water samples analysed in both wet
and dry seasons revealed a predominance in the Il oxidation state (>93%), with the remainder
being complexes with carbonates (CaHCO3; & CaCO:s), nitrate (CaNOs3), sulphate (CaS0O4), and
chloride (CacCl). In the case of Mg, the most principal chemical species was Mg*? (>94%) analysed
in both dry and wet seasons. Other chemical species of Mg were MgOH*, MgF*, MgClI*, MgSO.
and carbonates (MgCOs; & MgHCOs). Based on these results, the bioavailability of both Ca and
Mg is likely to occur, however, this will be decreased as they also form complexes with

carbonates.

According to Sirkia et al. (1999) the Cu?* ions complexes CuCOs (aq), [Cu(HCOs3)2], Cu(OH)s  and
[Cu(OH)4* are present in water with high concentrations of hydrogen carbonates. From
speciation modelling, Cu was predicted as being likely to precipitate as CuCO3; and Cu(COs)22.
The concentrations of CuCOs ranged between 52.15-89.22% in the wet season and 50.45-
90.52% in the dry season. On the other hand, the concentrations of Cu(COs).? ranged between
0.13 to 3.68% and 0.04 to 6.51 in both dry and wet seasons respectively. The other species
predicted for Cu were free hydrated ion (CuOH), CuHCO3 and precipitates (CuSO4 and Cu(OH)y).
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The predominance species of Fe was Fe*? with concentrations ranging between 91.16 to 98.19
and 93.79% to 99.30% in both seasons. The residual Fe was predicted to exist in the form FeOH,
FeSO, and FeHCOs. Also showing a similar dominance in terms of speciation was Mn, which
showed dominance in Mn*2 chemical species. The range for Mn*? was 69.45 to 95.80% (wet
season) and 59.01 to 91.03% (dry season). There is also a likelihood of Mn species to precipitate
as carbonate-based concentrations of MnCOs (up to 27.77% in the wet season and 36.90% in
the dry season) and MnHCO3 (up to 3.53% in the wet season and 3.15% in the dry season).
Some of the predicted chemical species of Mn are MnOH, MnSO4 and MnNOs.

Most of the Al species were likely to dissolve as hydroxides. The main species predicted for Al
was Al(OH)4 which ranged between 57.698 to 99.02% in the wet season and 89.31 to 98.88%
during the dry season. According to Barabas, (1998) Al(OH). is more predominant in alkaline
waters. Other predicted species of Al were AI(OH), Al(OH), and AI(OH)s. Also, Cr was likely to
precipitate as hydroxide (CrOH) with concentrations ranging between 97.16 to 99.93% (wet
season) and 99.55 to 99.93% (dry season); consistent with (Swietlik, 1998) at pH of about 8. Cr*2
was the other predicted chemical species of Cr with concentrations ranging between 0.07 and
2.84% (wet season) and 0.02 to 0.45% (dry season).

Table 35 Maximum percentages of speciated metals measured in surface water in the Sabie River catchment.

Speciated forms Wet season %Range (I?A)r%/asnegason
Ca*? 94.21-99.41 93.55-98.88
CaCl* 0.01-0.76 0.01-0.21
CaSO0; (aq) 0.01-4.01 0.15-2.53
CaNOgs* 0.01-3.62 0.01-0.12
CaOHCOs* 0.67-3.17 0.28-2.89
CaCOs (aq) 0.03-1.26 0.03-1.68
Mg*? 95.56-99.55 94.80-99.55
MgOH* 0.01-0.07 0.01-0.03
MgF* 0.01-0.06 0.01-0.05
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MgCI*

MgSO; (aq)

MgCOs (aq)

MgHCO3

Fe*?

FeOH*

FeClI*

FeSO, (aq)

FeHCO3*

A|+3

Al(CH),*

Al(OH)+

Al(CH)s (aq)

AI(OH),

Cr+2

CrOH*

Cu+2

CuOH*

CuOHz

Cu(OH); (aq)

CuS0, (aq)

0.01-0.10

0.12-2.30

0.02-0.63

0.47-2.49

91.16-98.19

0.10-6.15

0.03-0.05

0.13-4.24

0.39-3.18

0.052

0.01-1.40

0.13-17.70

0.97-23.10

57.70-99.02

0.07-2.84

97.16-99.93

1.74-39.63

4.01-21.31

0.02-0.36

0.02-3.47

0.01-1.49

0.01-0.06

0.14-1.28

0.05-0.85

0.47-2.65

93.79-99.30

0.29-2.98

0.06

0.15-2.64

0.26-1.71

0.03-2.48

0.03-1.40

1.08-6.22

89.31-98.88

0.02-0.45

99.55-99.93

1.22-15.01

2.31-12.96

0.02-0.06

0.12-1.92

0.01-0.14
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CuCO;s (aq) 52.15-89.22 50.45-90.52

Cu(COs);2 0.13-3.68 0.04-6.51
CuHCOs* 0.10-2.53 0.10-0.58
Mn*2 69.45-95.80 59.01-91.03
MnCOs (aq) 3.35-27.77 0.01-36.90
MnOH* 0.04-0.23 0.01-1.17
MnF* 0.01-0.03 0.07-0.09
MnCI* 0.01-0.36 0.01-0.07
MnSO, (aq) 0.01-2.95 0.02-1.66
MnNOs* 0.01-0.85 0.01-0.03
MnHCO3 0.60-3.53 0.76-3.15

Table 35 shows the results of speciation modeling on water samples, with saturation indices (SI)
taken into account. According to Zhu and Anderson (2002), saturation indices are an indication
of a solution's saturation with respect to a mineral, with a positive Sl indicating supersaturation
and a negative Sl indicating undersaturation. All minerals dissolved in the water samples from

the Sabie River system were found to be undersaturated.

However, the predicted chemical species from the Nestor MTSF seepage were different from the
ones predicted for surface water (Table 36). Most cations were predicted to likely precipitate as
sulphates, namely, Ca, Mg, Fe and Cu.

Table 36 Range of highest speciated forms of metals from Nestor TSF seepage.

Wet season
Element Speciated forms

%Range
Ca Cas0, (aq) 65.31
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Ca*? 34.47

CaHCO3* 0.18
CaCl* 0.04
Mg MgSO; (aq) 60.01
Mg*? 39.74
MgHCOs* 0.17
MgClI* 0.07
MgF* 0.02
Fe FeSO, (aq) 66.82
Fe*? 33.00
FeHCOs* 0.17
Al AlF* 55.71
AlF*2 17.17
Al(S04)2- 10.62
AlF; (aq) 8.81
AISO4* 7.19
Al*3 0.39
AlFy 0.12
Cr Cr+2 99.89
CrOH* 0.11
Cu CuSO0Oq (aq) 64.58
Cu*? 34.24
CuHCOs* 0.87
CuHSO,* 0.28
CuCl* 0.03
CuF* 0.01

Soluble Al*3 predominates in an acidic condition while insoluble Al(OH)s predominates in a neutral
condition (Barabas, 1998). Based on speciation, Al is likely to form complexes with both fluorine
sulphate. The dominant species was AlF,* (55.71%) followed by AIF*2 (17.17%), Al(SO4)2, AlISO4*

(7.19%), AlIF4 and few concentrations of soluble Al*® (0.39%). For Cr chemical speciation, the
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most dominant species predicted was Cr*2 at 99.89% and the remainder was CrOH (0.11%).
Based on the saturation index, all minerals in the seepage from Nestor MTSF are undersaturated
with the exception of gypsum, which was close to saturation (Sl of -0.92). Figure 23 shows the

trilinear piper diagrams for both seepages from the Nestor TSF and surface water collected from

the Sabie catchment.

Figure 23 Piper plot for Nestor MTSF seepage (red) and surface water for wet (blue) and dry (orange) seasons
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CHAPTER FIVE

5. Mitigation measures of the mine tailings storage facilities in the

Sabie River catchment

The scale of the environmental problems caused by acid mine drainage (AMD) has motivated
substantial research and development of remediation actions. AMD prevention technologies are
aimed at changing the chemical, biological and physical nature of the mine wastes. The
rehabilitation of the sensitive mine discarded dumping site can simply be accomplished when
scheduled in before and incorporated in the mining construction cycle, as per principles of
"Designing for Closure" (Aubertin et al., 2002; 2016). There is no general solution to the impacts

caused by AMD from mining activities.

According to the Mineral and Petroleum Resources Development Act 28; 2002 (MPRDA, 2002),
mining companies are required to have both an environmental management program and plan
respectively (MPRDA, 2002). Mining companies should budget for the financial costs of
rehabilitating the environment following the closure of mining operations, as well as the costs of
mitigating environmental impacts if they occur. Mining commenced in 1872 in the Sabie Goldfield
and that was before the development of MPRDA (2002). Therefore, there is no quantitative
information on pre-mining water, rock, soil, and biota conditions in the Sabie Goldfield. The Nestor
and Glynns Lydenburg mine tailings storage facilities (MTSFs) are the most visible signs of past
mining activities in this mining district. The primary goal of this research was to strategize a
management plan for the Nestor MTSF. The surfaces of the mine tailings storage facility need to
be restored to a stable natural condition while minimizing the degradation of the surrounding

environment from metal pollution.

Lusunzi (2018) assessed the geochemical properties of the two MTSFs for the potential AMD
formation in the Sabie Goldfield. The study concluded that the Nestor MTSF is acid generating
while the Glynns Lydenburg MTSF is alkaline-generating. Compared to the Glynns Lydenburg
MTSF, there is sufficient data that the mine tailings from the Nestor MTSF may result in pollution
of the air (through volatilization and fugitive dust productions); surface water of the Sabie River
system (from surface runoff and groundwater seepage); groundwater (through
leaching/infiltration); surrounding soils because of erosion (including fugitive dust
emission/deposition and tracking); sediments (from surface runoff, flowing seepage and
leaching); and biota (as a result of biological uptake and bioaccumulation). Furthermore, the

rehabilitation of the Nestor MTSF was recommended.
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The Glynns Lydenburg MTSF has vegetation growing on it and no evidence of weathering and
erosion were observed at this site. In this study, the tailings from the acid generating tailings from
the Nestor MTSF (AG) were collected and mixed with the acid neutralizing tailings materials from
the Glynns Lydenburg MTSF (AN) at 25:75 wt. % AN/AG and 50:50 wt. % AG/AN (4.1.1). Two
mixtures generated MIX25 and MIX50 had been classified as net alkaline producing based on
the acid base accounting (ABA) static tests performed. This was aimed at assessing the suitability
of the alkaline-generating materials from the Glynns Lydenburg MTSF to rehabilitate the Nestor
MTSF through capping. According to the ABA data, the acid-generating capabilities of the gold
mine tailings from the Nestor MTSF (AG), are considered to be potentially acid forming (PAF)
using traditional classification criteria. The low paste pH of AG confirms that the tailings are acidic
and they are generating an acidic effluent (AMD) evident during onsite analyses and from
laboratory results. Due to the highly acidic conditions of the AG tailings (paste pH of 2.5), ferric
iron will be the primary oxidizer of the sulphide minerals and will result in a higher acid generating
potential and a high quantity of stored acidity. In order to protect downstream water resources,
the Nestor MTSF should be rehabilitated. The gold mine tailings from the Glynns Lydenburg
MTSF (AN) can be considered to be net alkaline forming (NAF). However, these may still
generate alkaline mine drainage. Thus, using the alkaline tailings as a cover for the acid-
generating tailings may prevent acid drainage and prevent and/or treat AMD generated by the
acid-generating gold mine tailings. Using the alkaline mine tailings would be a more economically
feasible option compared to other treatment options such as using lime or limestone which is a
resource and allows for the co-disposal of mine waste. These tailings material will provide a
medium for establishing sustainable vegetation on the Nestor MTSF as they proved to support

the vegetation growth at the Glynns Lydenburg MTSF.

In terms of stability, the Nestor MTSF is both physically and chemically unstable. There was no
vegetation growing on the Nestor MTSF as observed during site visits and it was highly
weathered. In addition, a low pH and metal-rich seepages from the MTSF and tailings that are
highly weathered, were eroded downstream towards the Klein-Sabie River. The absence of plant
growth allows for erosion and the penetration of water and oxygen into the acid-generating mine

tailings, which increases the rate and extent of acid generation.

The remediation of contaminated soil and sediment necessitates a detailed onsite classification
of the speciation of the potential hazardous elements as well as their transformations with over
time and space. There are high concentrations of the metalloid As in both Nestor and Glynns
Lydenburg MTSF, which is of geogenic source based on the speciation results (Chapter 4:
4.1.2.1). Recently, the phytoextraction technology has been suggested as an effective tool in As

clean-up. A substantial amount of grass-like plant growth was observed on the surface of the
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Glynns Lydenburg MTSF. This plant growth will thus limit the extent of erosion and penetration
of water and oxygen into the mine tailings pile. MIX25 and MIX50 both seem to be suitable options
to treat and prevent further acid generation caused by the acid-generating gold mine tailings (AG).
However, a MIX25 (25 wt. % AN to 75 wt. % AG ratio) would be the more economically feasible
option. This implies that tailings from the Glynns Lydenburg Mine can be used to rehabilitate the
Nestor MTSF by forming a base through which vegetation will grow. Therefore, a dry cover
system, that is store-and-release cover system, will be suitable rehabilitation technology in the
Nestor MTSF using materials from Glynns Lydenburg MTSF. This cover system will help in dust
and erosion control, improves chemical stability of AMD thereby controlling contaminants release
and provision of a growth medium for establishment of vegetation in the Nestor MTSF.

Lime-based technologies cannot be used as a solution because seepages occur only during the
rainy season and may produce incorrect results when no seepage occurs. Passive treatment has
gained popularity lately and has been widely investigated. There are various parameters that
should be considered before implementing these systems, which include drainage chemistry, flow
rate, and the topography of the area (Hedin and Nairn, 1992; Hedin et al., 1994). However, the
drainage chemistry of the Nestor MTSF effluents is characterized by a low pH (2.5), elevated
metal concentration especially Fe and Al at 4964.0 mg/L and 72 mg/L correspondingly, high
acidity (>90 mg/L) and there is a periodic flow rate that is influenced by rainfall. This will hinder
the application of passive treatment systems at the site as these systems incorporate the flow
rate in their design parameters and the metal concentrations are too high at this particular site.
An evolving phytoremediation technology can also be considered to remediate the Nestor MTSF-.
This technique should either be phytostabilisation or phytoextraction using material from Glynns
Lydenburg MTSF as the base layer. Additionally, the Glynns Lydenburg MTSF is located less
than 5 km from the Nestor MTSF, making it a more economical feasible option.

The capping or covering of solid mining waste is an effective technology for isolating
contaminants. Therefore, capping of the acidic Nestor MTSF with materials from the Glynns
Lydenburg MTSF is recommended for the rehabilitation of the acidic Nestor MTSF. Grading of
the slopes should be done prior to capping of the MTSF in order to stabilize the pile and reduce
erosion. In addition, stormwater control structures such as drainage channels and retention ponds
should be incorporated in the design. Because the alkaline tailings material from the Glynns
Lydenburg MTSF are already ground and are located less than 2 km from the acidic tailings of
the Nestor MTSF, the proposed solution will be cost-effective in terms of handling and
transportation. MIX25 and MIX50 were classified as alkaline producing based on ABA tests

performed, therefore this solution will work indefinitely to remediate the Nestor MTSF. As a result,
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if the materials are properly mixed, no secondary contamination can be expected (ratios of MIX25
and MIX50).

121



CHAPTER SIX

6. Conclusion

The Nestor mine tailings storage facility (MTSF) is situated in the Sabie Goldfield, which is a semi-
arid area with high rate of evaporation in winter season. Geochemical as well as hydrological
studies were carried out to categorize the probable pollution and ecological concerns associated
with the potentially harmful trace elements in the Sabie River system. Chemistry of acid mine
drainage (AMD) is highly dependent on mineralogy of the mine wastes, revealing a high
dissolution rate of pyrite and the associated sulphides in the Nestor mine tailings storage facility
(MTSF). Total metal species concentrations in stream sediment samples varied significantly, with
elevated concentrations in winter (dry season) compared to summer (wet season). In comparison
to metal concentrations found in mine wastes, stream sediments had low metal (loid)
concentrations of chromium (Cr), lead (Pb), copper (Cu), zinc (Zn), nickel (Ni), and arsenic (As).
The mainstream of metal contamination, on the other hand, is removed over a short spatial
distance, implying that mining activities cause little or no pollution in the Sabie River system.
According to the pollution load index, geo-accumulation index, and contamination factor the
sediments ranged from unpolluted to extremely polluted in arsenic.

Acid producing minerals ferricopiapiate and pyrrhotite found in the Nestor MTSF efflorescent
crusts are potential sources of acidity and metal transportation while acid neutralizing mineral of
dolomite dominated efflorescent crusts of Glynns Lydenburg MTSF. This is consistent with
mineralogical composition from previous studies, which noted the existence of acid producing
minerals in the vicinity of Nestor TSF (ferricopiapite and fibroferrite) and acid neutralizing minerals
in the vicinity of Glynns Lydenburg (calcite and dolomite). This variation can be attributed to
geogenic source of Malmani dolomite rock for the Glynns Lydenburg and shale as the source
rock for Nestor Mine. While the oxidation of sulphide minerals, particularly pyrite (FeS.,), is the
primary source of AMD related to Nestor MTSF, existing characteristics of the AMD in the
efflorescent crusts and weathered tailings is directly related to secondary minerals. Therefore,
efflorescent crusts from Nestor MTSF are the potential source of water pollution to the adjacent

Klein-Sabie River and in turn the main Sabie River catchment.

The result of sequential extraction analyses confirmed trace metals attenuation via dilution and

precipitation from water to sediments in descending order Co<Pb<Ni<Cu<Cr<Zn<As<Mn<Al<Fe.

The silicate (residual) fraction has the highest average concentration of investigated metal

species. As a result, the AMD-mediated release from the Nestor MTSF is not expected to have a
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significant impact on the Sabie River system. The sediment from the Sabie River system has
enough capacity to act as a sink for metal species as long as the pH remains above 7 and the

dissolved salts levels do not rise significantly.

Throughout the Sabie River catchment (from upstream to downstream), the surface water is
alkaline and the concentrations of metal species are within limits permitted by SANS241 (2015)
and WHO (2011). However, the seepage from the Nestor MTSF had low pH and elevated metal
species concentrations, namely, Fe, Al, As, Mn, Cu and Co exceeding limits for drinking water. It
was observed from the research that there was no statistically substantial variation between
physicochemical parameters measured in surface water samples collected in different seasons -
summer and winter). The results from PHRREQC modelling had shown that cation exchange
played a substantial part in regulating the chemistry of surface water in the Sabie River system.
There is no AMD in the Sabie River system based on findings from this study. As a result,
contamination sources in the Sabie River system should be closely monitored. Passive
geochemical treatment systems such as open limestone channels (OLCs) and limestone leach
beds (LLBs) cannot be considered for the treatment of seepage from the Nestor MTSF. The dry
cover system is required at the Nestor MTSF in order to mitigate the acid mine drainage impacts
downstream into the Sabie River system. Using the materials from the Glynns Lydenburg MTSF
as a base cover, the vegetation will grow on the Nestor MTSF as supported by the geochemical

modelling.

From the comprehensive data obtained during the investigation into MTSFs, it became apparent
that the metal pollutants were Mn, Al, Cu, Zn, Ni, and Cr. In addition to these metal species, the
metalloid As was also observed. The dispersion into the Sabie River system was observed with
AMD being released from the Nestor MTSF, whilst no AMD pollution was observed for the Glynns
Lydenburg MTSF due to the fact that it is situated on the dolomite, causing a more neutral

environment.

The research objectives were reached, and it was found that pyrite (the main Fe-bearing mineral)
was the main mineral responsible for the pollution from the Nestor MTSF, but the metal Mn was
detected, causing further concern. The trace elements (Co, Cu, Zn, Ni, Cr, and Pb) were found
to be immobile and did not contribute to the pollution problem. The hypothesis was proved and a

decision about the remediation of the Nestor MTSF can be made.

6.1. Recommendations
The rehabilitation of the Nestor MTSF should be a top priority, according to the findings from this

study. The tailings material from Glynns Lydenburg can be used as a cover for possible
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vegetation growth in the Nestor MTSF considering their location and geochemistry. However,
assaying of possible gold recovery should be done in advance. In addition, kinetic tests should
be conducted on the Nestor MTSF (AG) and the Glynns Lydenburg MTSF (AN) samples to
evaluate the acid and alkaline characteristics of the respective samples in detail. A set of columns
should be conducted where the alkaline tailings (AN) are used as a cover, covering the acidic
tailings (AG) to determine whether it would be a feasible option to treat and prevent further acid
generation. Kinetic tests with a 25 wt. % AN:75 wt. % AG ratio should be conducted which
corresponds to the MIX25 sample that was evaluated in this study.

A management strategy for the acid-producing Nestor MTSF can be put in place to ensure no
further pollution (or at least a limited release of pollutants) can occur in future. A mitigation process
is being discussed that involves all relevant partners as the mines have been abandoned and
Government is now the custodian of the pollution mitigation, involving various role players (of
Government and State Owned Entities such as Council for Geoscience and Mintek). This
process falls outside the scope of this thesis and will be an ongoing process in future.
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APPENDICES

7. Annexure A: Stream sediment and surface water sampling sites

along the Sabie River system

Figure 24 SBO1: Sabie River headwaters wet (A) and dry (B) seasons (R. Lusunzi).
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Figure 26 SB03: Sabie River wet (A) and dry (B) seasons (R. Lusunzi).
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Figure 27 SB04: Sabie River wet (A) and dry (B) seasons (R. Lusunzi).

Figure 28 SB05: Sabie River wet (A) and dry (B) seasons (R. Lusunzi).
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Figure 30 SB0O7: Sabie River wet (A) and dry (B) seasons (R. Lusunzi).
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Figure 31 SB08: Sabie River wet (A) and dry (B) seasons (R. Lusunzi).

Figure 32 SB09: Sabie River inside Kruger National Park, wet (A) and dry (B) seasons (R. Lusunzi).
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Figure 34 SB11: Glynns Drainage/Malieveld, wet (A) and dry (B) seasons River (R. Lusunzi).
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S

Figure 36 SB13: Klein Sabie River, wet (A) and dry (B) seasons (R. Lusunzi).
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Figure 38 SB15: Rietfontein Mine drainage, wet (A) and dry (B) seasons (R. Lusunzi).

171



Figure 40 SB17: Sabana River, wet (A) and dry (B) seasons (R. Lusunzi).
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Figure 41 SB18: Mac-Mac River, wet (A) and dry (B) seasons (R. Lusunzi).

Figure 42 SB19: Sunlight River, wet (A) and dry (B) seasons (R. Lusunzi).
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Figure 44 SB21: Bega River, wet (A) and dry (B) seasons (R. Lusunzi).
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8. Annexure B: speciation pattern for metals in the mine wastes of

Nestor and Glynns Lydenburg mines and surrounding soils

Concentration (mg/L)

Sample )
D Fraction
As Al Co Cr Cu Fe Mn Ni Pb Zn
F1 2.52 422 0 0.7 11 623 27 4 0 7.5
F2 0 22 0 0.1 0 1447 1.3 0 0 0
SB00
F3 10.54 79 0 0.9 2.7 308 0.7 0 0.1 0.3
F4 135.88 906 0 11 16 13779 48 12 14.4 52
F1 615.1 1951 22 38 167 67110 264 50 1 77
F2 6.08 1.2 0 0 0 329 0.1 0.2 0.1 0
NSO01
F3 2.2 0 0 0 0.4 49 0.2 0 0.04 0.2
F4 135.88 46 0 0.5 1.2 906 3.1 4.7 0.92 18
F1 1.08 113 0 0 0 195 11 1.8 0.02 0.2
F2 0 13 0 0 0 1168 4.3 0 0 0
NS02
F3 4.16 310 0.1 2.2 4.7 856 7.3 1.3 0.02 1.4
F4 200.7 1931 0 19 23 19340 53 11 22.3 62
F1 0.14 146 0 0 0 25 289 3.3 0.04 15
F2 0.04 104 6.6 0 0 577 1431 0.4 0.08 1.4
NS03
F3 0.9 1237 1.3 6.1 7.3 548 76 1.8 2.32 15
F4 32.94 6277 1.7 37 18 15500 207 15 3.84 64
F1 0.52 27 0 0 1 27 148 3.7 0.02 10
GLO0O0
F2 0.5 6.6 0 0 0 290 63 1.1 0.02 2
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9. Annexure C: speciation pattern for metals in the mine soil away

from mining activities in the Sabie River system

Concentration (mg/L)

Sample )
D Fraction
As Al Co Cr Cu Fe Mn Ni Pb Zn
F1 0.02 92 0 0 0 46 40 1.2 0.14 0.6
F2 0 42 0 0 0 167 21 0 0 0
SB26
F3 0.12 1301 0 1.5 0.4 106 7 0.2 1.64 0.8
F4 0.62 9545 0 14 6.6 7070 41 8.1 2 53
F1 0 174 0 0 0 2.4 95 2.2 0 0
F2 0.02 108 8.7 0 0 301 985 1.6 0.24 0.4
NS27
F3 0.32 1406 1.4 7.4 3.4 243 146 3.7 2.62 0.6
F4 5.84 14885 3.3 85 30 23883 196 41 3.9 77
F1 0.04 41 0 0 0 24 110 2.1 0.28 0
F2 0.02 13 0 0 1.7 319 187 0.1 0.12 0.4
NS28 F3 2.3 752 6.4 4.1 8.2 235 188 6.6 2.74 1.9
F4 15.44 3595 51 21 10 7086 167 14 2.02 49
F1 0.02 97 0 0 0 109 10 1.2 0.36 0.1
F2 0 44 0 0 0 115 1.6 0 0 0
NS29
F3 0.04 1380 0 0.7 0 29 0.8 0.1 1.3 0.2
F4 0.44 16225 0 5.6 2.3 6003 22 3.4 2.38 41
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10. Annexure D: Speciation pattern for metals in the stream

sediments of the Sabie River system

Concentration (mg/L)

Sample )
D Fraction
As Al Co Cr Cu Fe Mn Ni Pb Zn
F1 0.02 131 0.1 0 0 40 143 1.8 0.06 1
F2 0.02 110 0 0 0 654 57 0.3 0.08 2
SBO1
F3 0.38 1339 2.2 8.7 3.9 617 18 2.7 1.84 2.3
F4 7.2 11313 5 56 21 22811 107 28 3.84 81
F1 0.5 110 2.1 0 7.6 33 349 41 0.14 7.5
F2 0 46 0 0 0 822 26 0 0 0
SBO03
F3 6.76 826 2 6 6.4 544 26 41 2.22 5.5
F4 165.68 4894 35 38 18 18458 85 21 3.6 67
F1 0.72 98 1.4 0 0.1 102 204 49 0.12 9.6
F2 1.18 65 0 0 0 1183 46 0.3 0.18 5
SB04
F3 8.44 925 1.3 5.9 31 585 18 3 2.72 3.8
F4 151.4 8126 2.7 27 33 17596 72 17 5.16 67
F1 0.7 91 1.3 0.1 2.8 106 262 4.8 0.06 7.9
F2 0.9 82 0 0 0 1425 37 0.8 0.1 2.9
SBO05
F3 9.92 977 1.6 6.2 27 1338 23 2.6 2.38 4
F4 126.94 9722 1.2 23 20 14544 61 14 4.46 62
F1 1.08 84 0 0 0 99 48 2.9 0.06 15
SB06
F2 1.1 27 0 0 1.8 771 9.1 0 0.04 0.5
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