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Abstract: The town of Krugersdorp in South Africa is the locus of an important wildlife game reserve,
the Krugersdorp Game Reserve (KGR), which is juxtaposed by the (<1000 m) down-gradient of the
large-scale gold mining outfits of Mintails Mogale Gold (MMG) and Rand Uranium (RU). The aim
of the study was to determine the concentration levels of potentially harmful elements (PHEs) that
have accumulated due to post-mining activities in the local water bodies in Krugersdorp and to use
these data as a prerequisite and basis for formulation of the most appropriate remediation measures.
Thirty water samples were collected and analysed in situ for: water temperature, pH, dissolved
oxygen (mgl_l), dissolved oxygen (%), total dissolved solids (TDS), oxidation/reduction potential
(ORP), and electrical conductivity (EC). This was later followed by laboratory analyses of aliquots of
the water samples by ICP-MS for twelve PHEs whose concentration ranges were: As (0.70-32.20),
Ag (0.16-105.00), Al (1.00-41.00), Co (0.07-6.16), Cr (1.60-5.00), Cu (0.80-8.00), Fe (23.00-117.00),
Mn (0.14-12 255.00), Ni (0.20-7.00), Pb (0.80-6.30), V (1.90-55.20), and Zn (2.20-783.00). Areas
of the town where excessive concentration levels of these elements have negatively impacted the
health of its wildlife population and surrounding ecosystems are identified, and credible mitigation
measures proffered.

Keywords: potentially harmful elements (PHEs); Krugersdorp Game Reserve (KGR); South Africa;
acid mine drainage (AMD); remediation measures

1. Introduction

Potentially harmful elements (PHEs) are defined as “ ... elements that are toxic at
certain concentrations to one or more species, but in many cases are also essential nutri-
ents at lower concentrations ... ” [1]. These elements are ubiquitous in the environment
and are associated with natural occurrence (weathering of parent materials or stem from
pedogenetic processes) at levels that are regarded as trace (<1000 mg kg~!, and rarely
toxic); however, they can also be released from anthropogenic activities [2]. The hydro-
logical environment receives wastes and may serve as the ultimate repository for these
anthropogenically remobilized heavy elements [3].

These metallic elements, metalloids, and trace elements are viewed as systemic toxi-
cants that are known to induce numerous organ damages, even at lower levels of expo-
sure [3]. In moderation, some of these PHEs, such as cobalt (Co), copper (Cu), chromium
(Cr), iron (Fe), magnesium (Mg), manganese (Mn), molybdenum (Mo), nickel (Ni), selenium
(Se), and zinc (Zn), are considered essential elements needed for the normal functioning of
the human body. Heavy metals, cadmium (Cd), chromium (Cr), lead (Pb), mercury (Hg),
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and metalloid Arsenic (As) are highly toxic and are known carcinogens and therefore are
of great public health concern [1-6]. Acid mine drainage arises predominantly when the
mineral pyrite interacts with oxygenated water. The study location therefore encompasses
the typical activities that are a source of heavy metal contamination of the ground and
surface water [6].

A recent research publication revealed high levels of contamination for As and Co
in soils in the Krugersdorp region [6]. This led the investigators of this paper to believe
that potentially harmful elements (PHEs) may have accumulated in the surrounding water
bodies over the years. PHEs are elements that pose a threat if they exist in values higher
than the permissible levels in land and water sources. Furthermore, South Africa, as a
developing country, still has a large population of rural and low income communities,
which are largely dependent on ground water for essential daily activities, such as drinking,
cooking, washing clothes, and crop irrigation. Chronic exposure to heavy metals can result
in a range of health issues, such as cancer, cardiovascular diseases, body disorders, and
rare skin conditions [5].

Krugersdorp has a long history of gold mining and ore processing activities and has
contributed to the formation of acid mine drainage (AMD), which has infiltrated into water
in the vicinity of the abandoned mines and surrounding landfills [6]. Acid mine drainage
arises predominantly when the mineral pyrite interacts with oxygenated water [6,7]. The
study location therefore encompasses the typical activities that are a source of heavy metal
contamination of the ground and surface water.

The obvious deterioration of natural water quality through percolation and interaction
with the soil and the impact of acid mine drainage (AMD) from the West Rand Basin
(Figure 1), inspired the need to garner more detailed information on the levels of concen-
tration of PHESs in the surrounding waterbodies. Such information would also enable the
distribution patterns as well as the fate of PHEs around the mining area at Krugersdorp
to be more precisely established. The cumulation of this knowledge, it is thought, would
form the basis for formulation of the most appropriate remedial measures.
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Figure 1. Location of the study area. Source: [6].

2. Characteristics of the Study Setting

Krugersdorp (26°6'0” S; 27°46'0" E) (Figure 1), located in the West Rand of Gauteng
province in South Africa, is a mining town with a population of approximately 378,821
(WPR, 2020). The town covers a total area of about 247.22 km?. Krugersdorp has long been
known for mining of gold, manganese, iron, asbestos, and lime, which has contributed
significantly to the economy of South Africa. With its 1400 hectare game reserve, the KRG
(Figure 1) is a colossal tourist amenity, hosting a wide variety of bird species (over 200) and
wildlife, including animals such as lions, buffalos, giraffes, zebra, antelope, roan, gemsbok,
and hippos. Other attractions include an eco-adventure park, the South African National
Bird of Prey Centre, and the Railway and Steam Train Museum.

Two large-scale mining consortiums at Krugersdorp, Mintails Mogale Gold (MMG)
and Rand Uranium (RU), were largely abandoned, but reactivated in recent years, re-
mining old gold tailings dams and dumps.

The main repercussion from the mining of gold and uranium is the production of
AMD, which has, for a long time, been a concern in water quality assessment and ecosystem
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integrity of Krugersdorp. Short et al. [8], for example, have reported serious impacts on
health of animals and humans that drink the water from the Tweelopiesspruit (Figure 1).
Movement of mining-derived PHESs in the subsoil in Tweelopiesspruit have been known to
move outwards to surrounding waterways [8].

2.1. Geology

Krugersdorp lies at an elevation of 1740 m northwest of Johannesburg on the west-
ern ridge margin of the Witwatersrand Basin, a large elliptical gold-producing area in
South Africa stretching over an arc of roughly 400 km [7]. The Basin is underlain by an
underground geological formation also known as the Witwatersrand Basin [9].

The gold in this basin occurs in the coarse-grained conglomerates forming the upper
portions of the “Witwatersrand Supergroup” that hosts roughly 7000 m of sedimenta-
tion [9]. It is found here in association with uranium, quartz, carbon seams, phyllosilicates,
and pyrite. The mineralisation of the Witwatersrand reefs is extensive, and a total of
70 ore minerals, including diamonds, have been documented from the Witwatersrand
conglomerates [9].

Krugersdorp consists mainly of dolomite and chert of the Malmani Subgroup, as well
as quartzite, conglomerate, and shale of the Black Reef Formation, both of the Transvaal
Sequence. The key geological feature at Krugersdorp is the band of dolomite running
through the study area (Figure 2). The surface geology (Figure 2) of the area encompassing
the MMG, RU, and KGR sector of Krugersdorp is likewise characterized by dolomitic strata
that represent an outlier associated with the Vaalian (2.65-2.43 Ga) Chuniesport Group (the
Malmani Subgroup).

Geologically, the KGR can be divided into two main portions: a southern plateau
underlain by arenite of the Black Reef Formation with outcroppings of Malmani sub-
group dolomite, and a northern, lower-lying, and steeper portion also underlain by
dolomite [9]. These two portions are separated by an escarpment of Black Reef and
Government Reef quartzites.

Dolerite intrusions, mainly in the form of subvertical dyke structures, and occasionally
in the form of sub-horizontal sills, represent equally significant structural elements in the
sub-region (Hobbs and Cobbing [10]). The structural geology of the KGR and its possible
relevance to groundwater movement has been described by Hobbs and Cobbing [10].

The West Rand, which encompasses the study sites (MMG, RU, and KGR), is the small-
est of about nine main goldfields within the Witwatersrand Supergroup. Underground
mining stopped in this region in 1998 [11].

2.2. Hydrogeology

The hydrogeological network of the study area consists of different aquifers, charac-
terised by <100 m?/d to high >1000 m?/d transmissivity values. The Tweelopies Spruit,
once a non-perennial stream, bisects the KGR from the north. Groundwater occurs in the
weathered and fractured sedimentary rocks of the Witwatersrand Supergroup (Figure 2).
The river has flowed continuously since mine water decant began discharging AMD into
the stream in 2002, according to Hobbs and Cobbing [12]. Several seeps, non-perennial
drainage lines, and springs are scattered around the reserve (Figure 2).

The KGR lies immediately downslope (<1000 m) of the locus of AMD, coming largely
from the MMG and RU settings. Other potential receptors of AMD include neighbouring
smallholdings and, further afield, the Cradle of Humankind World Heritage Site.

There are limited sources of streamflow data available in South Africa. These include
simulated streamflow for catchments across South Africa and measured river-flow at
specific rivers around the country. Olivier et al. (2013) [13] have demonstrated the seasonal-
to-interannual predictability of river-flow over the summer rainfall areas of South Africa
using various fields from a coupled general circulation model as predictors in statistical
post-processing system. A comprehensive overview of flow-gauging structures in South
African rivers is given in Wessels and Rooseboom (2009) [14].
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Figure 2. Simplified geological map of Krugersdorp, incorporating water sampling locations KW.

2.3. Other Physiological Characteristics

The climate in Krugersdorp is sub-humid, warm and temperate. About 759 mm of
precipitation falls annually. In winter, there is much less rainfall than in summer, with most
precipitation falling in January, averaging 142 mm. The driest month is August with only
7 mm of rainfall.

In South Africa, rain falls mainly in the summer months, and is considered the main
contributor to summer steam flow variation [15], though Whitmore (1971) and Schulze et al.
(1997) have suggested that, on average, only 9% of streamflow variation can be attributed
to rainfall, with evaporation playing the larger role [16,17].

The average annual temperature in Krugersdorp is 15.6 °C; the warmest month of the
year is January, with an average temperature of 20.1 °C. In June, the average temperature,
9.1 °C, is the lowest average temperature of the whole year.

The vegetation of the study area comprises generally flat or slightly undulating
grasslands—mainly grasses and shrubs, with few scattered small trees in places. Remnants
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of native vegetation, shrubby and thorn-tree species, occur mainly on hilly ground where
there has been no disturbance from mining, urbanization, or clearing for cultivation. Vast
areas of open grassland exist in the KGR, which also has a densely wooded valley running
through it.

The soils of the study area are mainly reddish brown to red, and range in texture from
clayey silt through silty clay to loam and vary in depth from less than 400 mm to over
1.2 m deep. At very few sites, sandy clay was also encountered, but the sand content was
always less than 10 percent. Although Krugersdorp is designated as an agricultural hub in
Gauteng, the general potential for agricultural development remains low.

3. Materials and Methods
3.1. Sampling Strategy

Field sampling took place from 29 November to 06 December, the start of the summer
season in South Africa.

3.1.1. Experimental Design

The experimental design involved the collection of a total of thirty water samples
(10 composite water samples, each an amalgamation of 3 water samples at every sample
location), along streams and springs traversing cultivable and uncultivable lands around
the MMG and RU mining areas, including the KGR.

In situ determinations were done on all water samples for seven field hydrogeochemi-
cal parameters and laboratory analyses of the 12 selected PHEs carried out by the ICP-MS
method, to allow the determination of their spatial variation.

3.1.2. Detailed Experimental Procedure

After recording environmental characteristics at each sampling site (stream or spring)
(Figure 2, Table 1), thirty water samples were collected in downstream directions using a
teflon dipper, slowly immersed into the water with minimum disturbance. Three samples
(A, B, and C) (approximately 500 mL of each sample, totalling approximately 1500 mL)
were collected from each of the 10 sampling sites and formed into composites. The three
water samples were taken at either side of the steam or spring diametric and at the centre.

Table 1. Description of sampling points.

No. Sampling Point Description
1 KW1A,B,and C Stagnant pool of water near mine tailings
2 KW2A,B,and C Stream
3 KW3 A, B,and C Stream
4 KW4 A, B, and C Stream
5 KW5 A, B,and C Stream
6 KW6 A, B,and C Borehole
7 KW7 A, B,and C Stream
8 KWS8 A, B,and C Stream
9 KW9 A, B,and C Stream
10 KW10 A, B, and C Stream

Three (3) samples, A, B, and C, were collected from each sampling point.

About 500 mL of the collected (composited) water sample was then transferred to a
polytetrafluoroethylene (PTFE) beaker and the rest transferred to new pre-labelled 250 mL
high-density polyethylene (HDPE) sample bottles, properly capped, for the geochemical
analyses. Prior to the transfers, sample containers (PTFE beakers and HDPE sample bottles)
were washed three times with distilled water and once with the water to be sampled.
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Seven water quality parameters (water temperature, pH, dissolved oxygen (mgL~1),
dissolved oxygen (%), total dissolved solids (TDS), oxidation/reduction potential (ORP)
and electrical conductivity (EC)) were measured in situ in the sample aliquot in the PTFE
beaker by immersion of the electrodes of a Hanna multiparameter water analyser.

Laboratory analyses of the 12 selected PHEs (As, Ag, Al, Co, Cr, Cu, Fe, Mn, Ni, Pb,
V, and Zn) were carried out by inductively coupled plasma-mass spectrometry (ICP-MS)
method to allow the determinations of their spatial variation. This was the analytical
method of choice due to the advantage that, even in the case of water samples with
low contamination, simultaneous or sequential analysis is possible without special pre-
treatment to achieve low detection limits of the elements.

The 10 composite samples were analysed for some 60 PHEs, but only twelve of these
elements which were above the detection limit and were therefore the ones selected for
further analysis. These are: silver (Ag), iron (Fe), manganese (Mn), vanadium (V), cobalt
(Co), aluminium (Al), zinc (Zn), copper (Cu), nickel (Ni), lead (Pb), chromium (Cr), and
arsenic (As).

Samples for the geochemical analyses were filtered under suction through 0.45 um
pore diameter filter paper (less than forty-eight hours after arrival) at the Biochemistry
Laboratory of the Mangosuthu University of Technology (MUT).

To the first 250 mL aliquot of the sample was added 0.3 mL (about two drops) of
ARISTAR grade concentrated hydrochloric acid (HCI); to the second, 250 mL aliquot was
added 0.3 mL of ARISTAR grade concentrated nitric acid (HNO3); and a third 250 mL
aliquot was preserved without acidification.

All samples were stored under cooled conditions and shipped to the ACME Labora-
tories Ltd. in Vancouver, BC, Canada, for chemical analyses. There, water samples were
analysed for 60 PHEs, including some nutritional elements (micronutrients). A number of
elements had concentration levels below their detection limits and were not considered for
further data analysis. The analyses of blanks, in-house reference materials (STD TMDA-70),
triplicate samples, and the randomisation of sample numbers were performed to ensure
quality control and accuracy.

3.2. Quality Control Analysis
Sampling Frame

One sampling goal consideration was whether pollutant concentration data were ade-
quate, or if pollutant load data were needed. In our project, as in regulatory testing projects
to determine compliance, concentration data were considered adequate; in which case,
equipment and effort to measure flow rate were deemed unnecessary, since flow-weighted
concentrations (FWCs) or event mean concentrations (EMCs) were not required [18].

In order to reduce the number of samples in the light of budget, personnel, and
laboratory constraints, while maintaining accuracy in determining water quality character-
istics, composite sampling strategy was the preferred sampling design. Such a design has
the added advantage of reducing sampling error compared to the method of increasing
sampling interval [18-20].

Thus, in this study, 10 composite water samples were collected, each comprised of
a mix of 3 separate samples collected at either stream bank or spring diametric, and the
middle of a sample location (Figure 2). For reasons articulated earlier in this section,
30 samples were considered adequate for this study [21,22].

3.3. Analytical Quality Assessment

For quality control purposes, a KW1A sample replica was chosen to fulfil both the
quality control (QC) sample and water sample role during testing. The QC sample values
were compared with the KW1A initial testing of the sample, which also served as a
repeatability and reproducibility measure as one sample was analysed several times.
A standard deviation table and comparison graph of the measured concentration were
constructed as illustrated in Table 2 and Figure 3, respectively. The concentrations of Ag,
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Al, As, Co, Cr, Cu, Mn, Nj, Pb, V, and Zn in QC sample were found to be 0.16, 41, 17.22,
0.16,2.2,6.8,133,2.95, 1.8, 6.1, 38.8, and 47.8 ug L1, respectively. The concentrations of
Ag, Al, As, Co, Cr, Cu, Mn, Ni, Pb, V, and Zn of in the KW1A sample were found to be 0.21,
40,17.1,0.14,1.6,6.4,117,2.62, 1.8, 6.3, 26.8, and 46.1 ug L1, respectively. Comparisons
of the results from the two samples showed good compatibility, with Al, As, Co, Cu, Mn,
Ni, and Pb having values close to each other with very low standard deviation values as
observed in Table 2. Therefore, the compatibility of the results confirms that the analysis of
the PHESs in the water samples produced reliable results with minimum variations.

Table 2. Calculated standard deviation between QC sample and Pulp duplicate KW1A.

Element Ag Al As Co Cr Cu Fe Mn Ni Pb \" Zn
KW1A 021 4000  17.10 0.14 1.60 640  117.00 262 1.80 6.30 26.80  46.10
QC 016  41.00 17.22 0.16 2.20 6.80  133.00 295 1.80 6.10 3880  47.80
SD 0.04 0.71 0.08 0.01 0.42 0.28 11.31 0.23 0.00 0.14 8.49 1.20
SD: standard deviation.
Element Concentration Accuracy Graph
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Figure 3. Plot of the recovered quantities of PHEs in the in-house reference materials STD TMDA-70.

An in-house reference material, “STD TMDA-70”, was used to determine the accuracy
of the results and to test the ICP-MS instrument efficiency. The tables of results of the
quantity spiked with the reference material and the recovered amounts of PHEs in solution
are given in Table S1. This was to ensure accuracy and precision of the results produced by
the instrument with minimal error. Recoveries of the studied elements in solution before
the samples were analysed, were calculated and the results plotted in Figure 4. The aliquots
recovered for Ag, Al, As, Co, Cr, Cu, Mn, Ni, Pb, V, and Zn were each found to be close to
100%, which indicates that the instrument was functioning at its optimal capability and
the results obtained were accurate, precise and reliable [23]. Furthermore, the recovery of
analyte close to 100% across the samples indicate that there was normal variation during
testing with no significant impact, denoting complete extraction of analyte from the water
samples analysed for the PHEs of interest, with minimal losses and good alignment of the
analytical system.
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Figure 4. Simplified geological map of Krugersdorp, incorporating rock types and mine locations (KS6 and KS7) [24].

4. Results and Discussion
4.1. Hydrochemical Considerations

The results of measurements of water quality parameters at KGR in this study are
broadly in line with those obtained from more recent seasonal (wet and dry season) water
quality surveys at the KGR and are summarized and discussed in Short et al. (2015) [8]. As
observed, significantly lower values (high pH) are obtained during the wet season, as a
result of the influx of rain and the dilution effect, but also at certain times during the dry
season when treatment of mine effluents is done more efficiently before disposal.

According to Short et al. (2015) [8] water quality surveys, all sites along the Tweelopies
Spruit showed poor to critical SASS5 (South African Scoring System, Version 5) scores,
which improved slightly to a “fair” score at the downstream end of the Tweelopies Spruit
as it drains from the KGR.

The observed groundwater and surface water chemical hydrological characteristics
reflect compositions ranging from CaHCO3 and CaMg(CO3), to CaSO4 and compositions
associated with AMD formation and NaHCOj3 precipitation. High concentrations of iron
and manganese (~1100 and ~100 ppm, respectively) have been observed as a result of ionic
imbalance due to AMD associated water [6,10,11,24]. The high iron values are attributed
to pyrite oxidation which produces H* ions, resulting in a lowered pH resulting in the
sustained solubility of the ferric ions.

These dissimilar water resources show variations in salt and metal ion content. Both
anionic and cationic composition of the ground and surface waters reflect water-rock
interactions in a largely dolomitic substrate (Figure 4), whereby major and minor ionic
constituents are leached from primary minerals (carbonates and sulphates) and enriched in
the hydrological system. Samples collected from two springs in the study area had major
cations, calcium and sodium, but different dominant anions, sulphate and bicarbonate, in
the forms Ca(HCO3),, CaSO4 and NaHCO3. These waters could be classified as calcium-
sulphate-type and calcium-bicarbonate-type waters, respectively. Ions typical for AMD
(e.g., Mn?*, Cd?*, SO427) have different effects on the kinetics of carbonate dissolution.
Excess concentrations of the SO42~ ion can result in an important ionic imbalance. The
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dissolution of carbonates has a buffering potential on the acidity produced by the sulphide
oxidation through the formation of OH and HCOj ions. The pH is indicative of this process
as values ranged between 6.79 and 9.03. AMD is normally associated with a pH lower than
6.79, with high iron and sulphate concentrations [25].

High concentrations of iron and manganese (~1100 and ~100 ppm, respectively) were
observed as a result of this ionic imbalance that takes place in the AMD associated water.
The ensuing highly acidic water (pH, ca. 3) also liberates mining-related PHEs, which
include Mn, Cd, and Fe. Furthermore, the concentrations of Fe in groundwater could
increase from dissolution of Fe (II) and Fe (III) minerals. Using manganese as an example,
dissolution reactions with pyrite in acidic media can be illustrated by the following reaction:

15MnO, + 2FeS, + 14H,SO4 = Fey(SO4)3 + 15MnSO; + 14H,0 1)

The overall impact of AMD is very much dependent on local conditions and varies
widely, depending on the geomorphology, the climate, and the extent and distribution of
the AMD generating deposits [26,27]. So, whenever the impact of AMD is evaluated in
South Africa, it is necessary to briefly consider these other factors. The weathering of mine
tailings can create acidic conditions and consequently leach PHEs. Previous studies in the
area have alluded to the fact that gold mining processes do increase acid generation due
to contact of the pyrite-bearing rock with oxygenated water (resulting from rainfall). A
large percentage of these gold deposits lie within the Vaal River catchment. The tailing
dumps that accumulated after gold extraction normally contain approximately 3% pyrite.
An oxidation reaction occurs when the pyrite is exposed to rainwater, which generates
sulphuric acid infiltrating throughout, dissolving heavy metals and seeping into local
groundwater. This highly acidic polluted water with high sulphate and heavy metal
concentrations emerges on surface in the streams draining the tailings dumps. Decanting
occurs from the lowest-lying opening to the Western Basin mine void in the Krugersdorp
area [27].

During the field campaign (this study), it was observed that more effective treatment
of mine wastewaters by MMG and RU had raised the quality of their decant to a pH level
of 7 to 8.5. Improved mine water treatment during this time is thought to have produced
reduced PHE loadings.

4.2. The Geochemistry of Potentially Harmful Elements (PHEs)

Determining PHE concentrations is of high importance as it forms the basic criterion
for stipulating recommended limits for drinking water [28,29]. We infer a temporal and
spatial variation in the PHE loadings in the waterways that can be linked to the quality of
influent AMD at any given time. The full list of elements determined in water samples in
this study is presented in Table S1.

Variations in concentration levels and spatial distribution of all PHEs studied in
samples taken along streams and springs are shown in Figures 3 and 4 and in Tables 24,
respectively. These Tables 2—4 also show those elements that exhibited either significant
concentrations above the detection limits or were of environmental pollution concern and
hence were the ones selected for further data analyses.

Average concentrations of PHEs in ug L~! that were well within predefined MAC lim-
its include: Al (1.00-41.00), Cu (0.800-8.00), Fe (23.00-117.00), Ni (0.20-7.00), Pb (0.80-6.30),
Zn (2.20-783.00) as those recommended by WHO (2017) and concomitant references [30].
The relatively low levels of certain PHEs found in our sampled waters can be attributed
to a sequestration effect brought about in a dominantly carbonate-type lithology charac-
terizing the study area [31,32], as well as by the rapidly changing chemical quality (well
treated /partially treated /untreated) of the mine water discharges (decant) entering the
waterways of the KGR. According to Adriano (2001), co-precipitation of PHEs easily takes
place during water—rock interaction in a carbonate matrix and other common constituents,
such as hydroxides, phosphates, and metal (Fe, Mn, and Al) oxides [31]. These are common
reactions that can be considered as major mechanisms by which PHEs are sequestered, lim-
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iting their mobility and bioavailability to biota. Combined, sequestration processes could
induce an attenuation of metals to levels considered acceptable by regulatory standards by
virtue of the decreased risk that they pose [31].

In this lithological setting (carbonate substrate), an effective neutralisation reaction
also occurs, leading to downstream improvement in water quality in areas where the
drainage interacts directly with the carbonate beds according to the equation.

Table 3. Mean trace metal concentrations (ug L™1) in natural waters (n = 30, triplicate analysis) of the Krugersdorp

gold district.
No Sample 4, Al As Co  Cr Cu Fe Mn Ni Pb v Zn
Name

DL 005 100 050 002 050 010 1000 0.05 020 010 020 050
1 KW1  *0 021 1767 800 017 160 1379 11400 286 193 430 166 5227
> KW2 88/ BDL BDL BDL BDL 410 BDL BDL 248733 BDL BDL BDL  BDL
3  KW3 679 022 800 070 567 BDL 260  2.60 0.34 080 110 513  7.87
4  KW4 679 BDL BDL BDL BDL BDL BDL BDL 864633 BDL BDL BDL  BDL
5 KW5 694 BDL BDL BDL BDL 330 BDL  BDL 8139 BDL BDL BDL  BDL
6  KWé 753 016 220 1287 046 BDL 687 687 11.20 147 219 2855 10676
7  KW7 69 BDL BDL BDL BDL BDL BDL BDL 1024800 BDL BDL BDL  BDL
8  KW8 694 BDL BDL BDL BDL BDL BDL BDL 1033967 BDL BDL BDL  BDL
9  KW9 829 10500 BDL BDL BDL BDL BDL BDL 1128600 BDL BDL BDL  BDL
10 KWI0 903 10000 BDL BDL BDL 275 BDL BDL 1137967 BDL BDL BDL  BDL

* Not available, KW: Krugersdorp water; DL: Detection limit; BDL: Below detection limit.

Table 4. Summary of the ranges in mean PHE concentrations in samples compared with MAC levels
predefined by WHO (2017) and concomitant references given below this table.

Potentially Harmful MAC in Water (ug L=1) Ranges of Water Samples
Elements (PHEs) WHO (2017) Concentration (ug L—1)
Ag *100 0.16-105.00
Al 200 1.00—41.00
As 10 0.70-32.20
Co ol-2 0.07-6.16
Cr 0.05 1.60-5.00
Cu 2000 0.80-8.00
Fe T 200 23.00-117.00
Mn 400 0.14-12,255.00
Ni 70 0.20-7.00
Pb 10 0.80-6.30
\Y% 0140 1.90-55.20
Zn #3000 2.20-783.00
* This is the WHO (2003a) guideline value for Ag [33]. No guideline value was established in the WHO (2017)
Fourth Edition, since “ ... available data are inadequate to permit derivation of health-based guideline value”.

a The guideline value for Co is from WHO (2006) [34]. T “Iron is not of health concern at levels found in drinking
water.” [J Italia Ministero della Salute Decreto (2011), quoted in Crebelli and Leopardi (2012) [35,36]. Drinking
water is not a major source of exposure to vanadium compounds worldwide. So, vanadium has not specifically
been considered by WHO in its drinking water guidelines, and no guideline value is indicated in the WHO (2017)
Fourth Edition. * This is the WHO (2003b) guideline value for Zn [37]. No guideline value was established in the
WHO (2017) Fourth Edition, since “Zn is not of health concern at levels found in drinking-water.”.

In addition, the weathering of mine tailings creates acidic conditions, and consequently
leach PHEs. During the field campaign (this study), it was observed that more effective
treatment of mine wastewaters at certain times by MMG and RU raised the quality of their
decant to a pH level of 7 to 8.5. Improved mine water treatment during these times could
also result in reduced PHE loading the waterways.

The six PHEs with the highest concentrations in pg L=! (Tables 3 and 4), are: Ag
(0.16-105.00) with the highest level in site KW9; As (0.70-32.20) with the highest in site
KWé; Co (0.07-6.16) with the highest level in site KW6; Cr (1.60-5.00) with the highest level
in site KW6; Mn (1.04-12,255.00) with the highest level in site KW10; and V (1.9-55.20) with
the highest in site KW6. All these values are in excess of the MAC levels set by the WHO
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(2017) or other accredited institutions as given in Table 3 for groundwater or drinking
water. These results raise a safety concern as many PHESs are required to be within the
recommended limits.

Few published data and experimental tests exist on PHE uptake levels by wildlife
at KGR through the common wildlife exposure pathways, which are ingestion, inhala-
tion, injection, and absorption through the skin or mucus membranes [38]. However,
the connection between soil, grass (forage), and wildlife is generally clear. The trace ele-
ment (micronutrient, PHE) status of livestock is related to the amount and form (bioavail-
able/bioaccessible) in which these elements are found in the drinking water and feed-
stuff [39]. It is only when metals are present in bioavailable forms at excessive levels in
drinking water or feedstuff that they have the potential to cause toxicity to wildlife. For
example, ruminants develop selenium and copper deficiencies (more correctly, imbalances)
if exposed to high levels of S in their feed [40]. Feedstuff at KGR comprises mainly grasses
and crops/shrubs.

4.2.1. Silver

Silver is recovered as one of the gold-refining by-products. The high concentration of
silver (up to 105 pg L) in our study may, therefore, be due to emissions from gold mining
at MMG and RU and possibly due to runoff and discharge of wastewater from nearby
industrial areas. We know [41] that wastewater effluents represent one of the main routes
through which silver nanoparticles (Ag NPs) can reach natural aquatic environments,
where interactions with a range of organisms can occur.

Silver occurs naturally in several oxidation states, usually as metallic silver and Ag™;
other possible oxidation states are Ag?" and Ag®*. However, these two latter forms are
not of relevance for aqueous solutions under environmental or biological conditions [42].
The highly toxic potential of ionic silver would not be expected under natural environ-
mental conditions, because silver can be readily transferred into biologically nonreactive
compounds. Sulphides, dissolved and particulate organic matter, chloride, and enzymes
within the biota have all been shown to reduce the toxicity of ionic silver. The implications
of Ag toxicity in wildlife are presented in Table 5 [24,43,44].

Table 5. The six PHEs with the highest concentrations with their RfD values (mg L~!) and potential
health effects.

Potentially Harmful * Chronic Oral .
Elements (PHEs) Reference Dose (RfD) Potential Health Effects
Ag 0.005 Immune function disorders
Toxic, Carcinogenic, and mutagenic risk;
As 0.0003 readily absorbed by plants from

groundwater and soil
Microorganisms (Rhizobium sp.); essential
Co 0.03 to animals, may harmfully affect heart
and lung function
Carcinogenic, mutagenic, and teratogenic
and may cause hypersensitivity reactions
Mn 0.14 Genotoxic and carcinogenic Effects
v 0.007 * Decreased fertility, embryolethality,
' fetotoxicity, and teratogenicity

Cr 0.003

1247, * [43].

4.2.2. Arsenic

Arsenic is usually present in natural waters at concentrations of less than 1-2 pg L~1[30].
In our study, arsenic in water samples is found in concentrations of up to 32.20 ug L~!. This
is unsurprising, given that, in waters associated with sulphide mineral deposits, the arsenic
concentrations can be significantly elevated [45].



Minerals 2021, 11, 1133

13 of 19

Arsenic is commonly concentrated in sulphide-bearing mineral deposits, such as
the gold ores in our study area [46]. It can enter the environment from a variety of
sources associated with gold mining, including waste soil and rocks, tailings, atmospheric
emissions from ore roasting, and bacterially enhanced leaching [47].

The geochemistry of arsenic generally is a function of its multiple oxidation states,
speciation, and redox transformation [48]. The reductive dissolution of As-bearing Fe (III)
oxides and sulphide oxidation are the most common and significant geochemical triggers
that release arsenic from aquifer sediments into groundwaters.

Information from the few available studies of arsenic in natural waters show that high
As concentration in these waters may be due to water—rock interactions that engender the
dissolution or oxidation of sulphide minerals, such as arsenopyrite (FeAsS), within quartz
vein gold deposits [49]. Sulphide minerals, such as FeAsS and As-substituted pyrite, as well
as other sulphide minerals, are susceptible to oxidation in the near-surface environment
and quantitatively release significant quantities of arsenic in sediments [45].

Arsenic sorption on calcite is not well understood [50], but it is thought to play a role
in the retention and solubility of arsenic in calcareous soils and other environments with
abundance of carbonates [50].

With the pervading carbonate substrate in the study area, carbonation of arsenic
sulphide minerals, including orpiment (As;S3) and realgar (As;S,), released from gold
mining activities at MMG and RU, may be considered an important process in leaching
arsenic into the Krugersdorp groundwater system under anaerobic conditions [48,51]. The
resulting arseno-carbonate complexes formed, such as As(CO3)?~, As(CO3)(OH)?>~, and
AsCO3*, are stable in groundwater [52,53]. The reaction of ferrous ion with the thioarsenite
from carbonation process can result in the formation of arsenopyrite, which is a common
mineral in arsenic-rich aquifers [51]. As (III) carbonate complexes could be significant,
though minor, in extremely carbonate-rich waters, such as are found in the waterways of
our study area. The implications of As toxicity in wildlife are highlighted in Table 5 [24,43].

4.2.3. Cobalt

The maximum amount of cobalt in our sampled waters was 6.16 pug L~! (Table 3),
over three times the WHO maximum allowed concentrations (MAC) of 1-2 pg L~ [30].

Cobalt occurs naturally in small concentrations in rocks, soils, plants, and in water [54].
During the rainy season in South Africa, physical and chemical weathering of rocks by
water and decomposition of plant waste can lead to higher concentrations of cobalt in
waterways [55,56]. See Table 5 for the implications of Co toxicity in wildlife.

4.2.4. Chromium

Chromium is a naturally occurring element that is ubiquitous in the environment.
As such, there are natural background levels of the element in the environment. Our
measured data show that these levels can vary widely. Chromium ranges between 1.60
and 5.00 pug L~! in our sampled waters, well outside the MAC value of 0.05 ug L~! set
by WHO in 2017 [30]. As a result, it is difficult to determine a representative background
concentration to which the releases from industrial activity would add.

Chromium in the environment is found in different forms and at varying levels of
toxicity, depending on pH and redox conditions. In order of generally increasing toxicity,
these forms are chromium (0), (IIT), and (VI). Cr (III) and Cr (VI) are the most stable forms
with differing chemical and physical features as well as biological effects [57,58].

Mining processes at MMG and RU involve both exploitation and beneficiation ac-
tivities, whereby large amounts of metal-rich residues, such as overburden, waste rock,
and tailings, stored in open air, are generated. These processes may considerably increase
the amount of both Cr (IIT) and Cr (VI)) released to the environment. Almost all Cr (VI)
compounds in the environment are a result of anthropogenic activities [59]. Cr (VI) is also
known to be highly soluble in water. It is also bioavailable and toxic. Within the mining
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residues, many chemical and biological processes take place, and they control chromium
speciation, its mobility and availability.

High concentrations of chromium might also be attributed to an acidic environment
wherein AMD reacts with high organic matter content to facilitate the reduction in Cr (VI)
to nontoxic Cr (III). An opposite reaction can also occur where Cr (IV) is formed from Cr
(III) in the presence of minerals containing Mn (IV) oxides given that manganese ores are
one of the by-products mined in Krugersdorp.

The bioavailability of chromium is affected by various factors, including the pH of the
media, interactions between mineral constituents and/or organic chelating compounds,
and the concentrations of carbon dioxide and oxygen [60]. Under these conditions, Cr
(IIT) sorbs onto various ligands and forms insoluble entities which are not bioavailable.
Cr (VI) could also form many soluble salts that are bioavailable, and thus be able to cross
membranes and cause toxic responses (Table 5) [43,61].

4.2.5. Manganese

Surface waters near mine tailings in the Witwatersrand Basin have always been
reported to contain elevated concentrations of manganese, among other PHEs [62-66].
PHESs also coprecipitate with iron and manganese in these streams.

The content of manganese in our sampled waters (up to 12,255 ug L~!) appears
excessively high. However, this is unsurprising, given that, even in waters that are
essentially free of anthropogenic inputs, dissolved manganese can range from 10 to
>10,000 pg L~ [67]. Elevated manganese contents in the sampled waters can be attributed
to underground mining activities for the element, which releases PHEs in mine effluents
that are transported into the nearby water bodies.

The environmental chemistry of manganese is, to a large extent, determined by pH
and redox conditions. The element exists in the aquatic environment in two main forms:
Mn (II) and Mn (IV). Movement between these two forms takes place due to oxidation
and reduction reactions that may be abiotic or microbially mediated. At conditions of
low pH and redox potential, Mn (II) dominates, with an increasing proportion of colloidal
manganese oxyhydroxides above pH 5.5 in non-dystrophic (nutrient-rich) waters. The
cycling of sedimentary manganese is governed by the oxygen content of the overlying
water, the penetration of oxygen into the sediments, and the amount of benthic organic
carbon supply [67]. The negative effects on health are presented in Table 5 [24,43].

4.2.6. Vanadium

Vanadium is present to the tune of up to 55.2 pg L~! in our sampled waterways.

Vanadium has historically been regarded as a conservative element in surface envi-
ronments, although there is growing evidence of greater mobility [68].

Almost four-and-a-half decades ago, Bengtsson and Tyler (1976) noted the reasonabil-
ity (at that time) of regarding vanadium concentrations of 0.1-1 g L~! as a normal range
in present-day freshwater and concentrations above 2 pg L~! as representing a polluted
state or as indicating an especially high vanadium content in the bedrock of catchment
systems [69].

Chemical evolution of global rivers has, since, developed in a way that reflects our
changing societal demands, such as the growing need for mining of metals used in modern
technology. This has imprinted a dominant anthropogenic signal that reflects dispersed
and pervasive environmental releases in the metal cycle in global rivers. Vanadium now
has the fourth highest anthropogenic enrichment factor (AEF) in global rivers, behind
antimony, cadmium, and nickel [68].

Vanadium is associated with the Carbon Leader Reef (CLR), one of the main gold-
producing reefs in the Witwatersrand [70]. The CLR is located in the lower part of the
Central Rand Group of the Witwatersrand Supergroup. The high vanadium concentrations
in our sampled waters (range 1.90-55.20) can credibly be attributed to anthropogenic
sources such as leachates from mine tailings or from wastewater sludge [71].
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In predicting the fate and behaviour of vanadium in the environment, we require
an understanding of its speciation, its phase association, and its migration and bioavail-
ability characteristics. However, despite the increasing prevalence of vanadium in the
environment, including its content in natural waters, we still possess a relatively poor
understanding of its geochemistry, relative to other contaminants [68].

There are three stable oxidation states of vanadium: V*3, V*4, and V*?, although it
is most commonly found as V** or V*?, with V*> showing greater solubility under toxic
conditions. The toxicity is highlighted in Table 5.

5. Conclusions

Accurate quantitative data (total concentrations) of PHEs associated with mine decant
and AMD in waterways of the Krugersdorp mining environment are presented. This has
long since been a bane whenever baseline data are sought for providing evidence that
support the design of credible mitigative measures for the effect of metal toxicity on the local
community near the KGR. Within the KGR environment, this study identified six PHEs (e.g.,
silver, arsenic, cobalt, chromium, manganese and vanadium with concentrations above the
allowed MAC levels in the waterways that receive AMD effluents from upstream mining
activities at MMG and RU. Using data garnered in this study, we attribute the relatively low
(bioavailable) levels of many of the residual PHEs found in the Krugersdorp waterways to
a sequestration effect brought about by water-rock interactions in a dominantly carbonate
lithological setting, but also to the rapidly changing chemical quality (well treated /partially
treated /untreated) of the mine water discharges (decant) entering the KGR hydrological
system. The size and morphology of precipitated calcium carbonate influence the mineral
solubility and long-term immobilization of co-precipitated contaminants. Additionally, the
dissolution of carbonates seemed to have a buffering potential through the formation of
OH and HCOs ions neutralising the acidity produced by the sulphide oxidation. The pH is
indicative of this process. Despite our knowledge that carbonates restrict transport and
plant PHE uptake from soil to plants, presenting a tipping point, the mechanism is still
poorly understood, and deserves much attention. Careful design of such studies would
make possible an explanation of the rather complex interactions that account for PHE
fluxes in the: “water-soil-plant-herbage” continuum at KGR. There can be little doubt
that the water quality and ecological integrity of the Tweelopies Spruit has been severely
degraded, affecting the entire aquatic food chain, and with potentially serious health effects
on the local animals and humans that drink the water within this locality.

Data from the hydrochemical literature, as well as from the current research, indicate
that large amounts of mine pollutants produced mostly in the form of AMD have entered
the hydrological system and other environmental compartments of the KGR through
ground and surface waters, over several decades of gold mining. These pollutants have
caused modifications to natural element cycling in the KGR and adjacent ecosystems. The
overall effect of these processes is reflected in the large variability in PHEs contents in many
of the samples from waterways in our study areas, which provided a major motivation
for proposing further investigation into migration dynamics of PHEs in mine effluents
entering the hydrological compartment.

In order to formulate and implement the most appropriate AMD management mea-
sures at Krugersdorp, it is necessary to first understand the hydrological environment
that defines and informs the groundwater dynamic in the subregion. This dynamic
includes the response of the groundwater regime to both natural and anthropogenic
recharge mechanisms.

Well-designed quantitative research along these lines will enable the rehabilitation
of metal contaminated areas with appropriate indigenous species, allow identification of
metal toxicities when they occur, and allow for the effective formulation of regulations
controlling metal emissions. These imperatives are considered vital in the formulation of
intervention measures such as mitigation (AMD neutralization), rehabilitation, and soil



Minerals 2021, 11, 1133 16 of 19

amendment. It is hoped that results from our study will contribute towards the making of
informed decisions on site investigations, clean-up actions, and remedy selection.
Finally, we recommend that the design of new mining projects should engender
considerations of future post-mining landscapes in order to avoid land degradation. Project
planning should take cognizance of, and formulate credible measures for, obviating any
perceived resultant pollution from PHEs, their intake through consumption of food crops
grown on these lands, and the consequent endangerment of human and wildlife health.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/min11101133/s1, Table S1: Full table of Krugersdorp water samples analytical results for PHEs.
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