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Abstract: This study focused on assessing the extent of pollution in both flowing and non-flowing
surface water within the Matjhabeng mining area of South Africa, with particular emphasis on
the substantial impact of gold mine tailings. A comprehensive analysis of physical water-quality
attributes, including potentially toxic elements (PTEs), and relevant pollution risk indices was
undertaken. To comprehensively elucidate the potential risks to aquatic organisms and human
health, a risk assessment framework predicated upon the source-pathway-receptor model was
developed. Principal Component Analysis (PCA) was employed as a multivariate statistical tool to
discern the potential origins of PTE contamination within the environment. The results substantiate
pronounced pollution manifestations within the surface water milieu of the Matjhabeng mining
area. Specifically, concentrations of critical PTEs, such as arsenic, cobalt, copper, iron, selenium,
and zinc, exhibited transgressions of the regulatory thresholds stipulated by both the South African
Department of Water Affairs and Forestry (DWAF) and the Canadian Council of the Ministers of
the Environment (CCME). Additionally, concentrations of the aforementioned elements exceeded
the stipulated DWAF guidelines for irrigation water usage. Pollution indices, encompassing the
Single-Factor Pollution Index and the Nemerow Integrated Pollution Index, discerned moderate
contamination stemming from As, while remarkably elevated pollution levels were identified for
selenium. PCA elucidated 94.5% of the aggregate variance, revealing cobalt, copper, nickel, and zinc
as coalescing within PC1, indicative of a common anthropogenic provenance that is conceivably
linked to historical gold mine tailings. PC2 exhibited an aggregation of chromium, iron, and lead,
reaffirming this shared anthropogenic etiology. The third PCA component was characterized by
selenium, followed by arsenic and magnesium in the fourth. The resultant PTE contamination
underscores a profound ecological and public health risk, impacting both the aquatic ecosystems
and the local community within the precincts of the Matjhabeng Local Municipality (MLM) area,
with consequential amplification of susceptibilities to deleterious health consequences. Urgent
and concerted interventions are imperative to ameliorate the emergent decline in surface-water
quality within the MLM locale. The adoption of nature-based remediation paradigms holds promise
for efficaciously elevating water quality, ameliorating community health, and underpinning the
long-term economic viability of the region.

Keywords: aquatic ecosystem risk; gold mine tailings; human health risk; pollution risk; potentially
toxic elements; source—pathway-receptor model; surface-water pollution; water quality

1. Introduction

As an essential natural resource, water is indispensable for the survival of all living
organisms on the planet. Additionally, surface water plays a crucial role in facilitating
various human activities, such as agriculture, industry, mining, and recreation, and is a key
driver of economic development [1,2]. However, in recent times, there has been growing
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concern over the pollution of surface water due to the proliferation of anthropogenic activi-
ties in the vicinity of these water sources. These activities include industrial and mining
operations, wastewater treatment plants, abattoirs, and breweries, as well as agricultural
practices, such as crop farming, livestock farming, and game farming [1,2]. While certain
natural phenomena such as volcanic eruptions or evaporation may contribute to water
pollution, the majority of water pollution is caused by human activities that take place on
land [3].

Mining activities such as mine tailings are identified as the most significant sources
of surface-water contamination in the vicinity of mining operations [4-6]. Surface-water
contamination from mining activities can result from both point and diffuse sources of
pollution. Point source pollution occurs when mining effluent is discharged into surface-
water bodies through pipes or drains. On the other hand, mine tailing contaminants can be
transmitted into surface water through wind, rainwater runoff, infiltration, the percolation
of rainwater into soil and rocks, as well as groundwater flow [7-11]. Additionally, if a
tailings dam leaks or collapses it could result in the release of contaminants from mine
tailings into surface water [10,12-18]. Furthermore, the contaminants from polluted surface
water may also leach into nearby soils and groundwater [18-20].

The pollution of surface water has far-reaching consequences, including threats to
aquatic ecosystems, adverse socio-economic impacts, and detrimental effects on human
health when communities are exposed to contaminated water [21]. Moreover, the persis-
tence of contaminants in the environment exacerbates the overall deterioration of ecosys-
tems and communities [22-36]. Potentially toxic elements (PTEs) in surface water, due to
their non-biodegradable properties, can accumulate over time in specific body tissues of
aquatic organisms, leading to significant threats to ecosystems [37]. These PTEs can then
move from one trophic level to the next in the food chain, increasing as they are passed
from a lower to a higher trophic level [38,39]. The use of surface water contaminated with
PTEs for domestic purposes, recreational activities, and the irrigation of crops is a major
health risk for communities [40].

Water pollution from mine tailing contamination has become a global issue, affecting
various countries in Asia, Australia, Africa, and the United States [10,12-18]. For instance,
in Mongolia in northern China, high concentrations of arsenic (As) and mercury (Hg) were
found in rivers near a gold mine [41]. Similarly, in the Gold Ridge mine of Guadalcanal
towards the south of Australia, river courses and sediments were contaminated with
high levels of As, which were about ten times higher than the recommended levels in the
area [40]. In African countries such as Kenya and Cameroon, mining activities in abandoned
mining areas have resulted in high concentrations of arsenic (As), cadmium (Cd), chromium
(Cr), iron (Fe), manganese (Mn), and lead (Pb) which exceeded the recommended limits in
surface water [19,42,43]. These findings underscore the importance of addressing the issue
of mine tailing contamination to protect the environment and human health.

The risk of surface-water pollution to aquatic organisms and human health can be eval-
uated using the source-pathway-receptor (SPR) model, which serves as a risk assessment
framework [44]. Originally developed in the natural sciences, the SPR model describes
the movement of pollutants from a specific source to a potential receptor via a transport
pathway or route [45-47]. One of the key advantages of the SPR model is its flexibility
and simplicity, which allows for the identification of the various components and their
relationships within a complex system [47]. As a result, control options can be implemented
to remediate pollution and mitigate the associated health risks to the community, thereby
developing effective emergency procedures. This study focused on the anthropogenic
sources of surface-water pollution, with particular emphasis on the pressing issue of mine
tailings and mining-related contamination, to comprehensively evaluate the potential risks
of PTE pollution of surface water on aquatic ecosystems and human health by using a
risk assessment framework based on the innovative SPR model proposed in this study
(Figure 1).
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Figure 1. Risk assessment framework developed by applying the source-pathway-receptor model.
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The risk assessment framework employed in this study was established through the
application of the SPR model. The framework comprehensively examines the interplay
of sources, pathways, and receptors of PTE pollution. Sources of contamination include
various sectors, such as mining, industries, and agriculture, that release pollutants into
the environment. The pathways through which these pollutants travel can be either point
sources characterized by direct discharge into surface water bodies, or diffuse sources,
which involve pollutants spreading through soil, groundwater, or the atmosphere. The
ultimate receptors of concern are aquatic ecosystems and human health, both of which
can be significantly impacted by PTE pollution. This framework offers a structured and
comprehensive way to understand and assess the potential risks associated with contam-
inated surface water, considering the intricate relationships among sources, pathways,
and receptors.

The objective of this research was to determine the potential risk of PTE pollution in
surface water and its implications for aquatic organisms and human health using a risk
assessment framework, based upon the SPR model proposed in this study within the case
study mining area of the Matjhabeng Local Municipality (MLM). The extent of pollution
risk in surface water was further assessed by analyzing indicators of pollution such as pH,
temperature, electrical conductivity, turbidity, dissolved oxygen, and measuring PTEs, such
as As, calcium (Ca), Cd, cobalt (Co), Cr, copper (Cu), Fe, magnesium (Mg), nickel (Ni), Pb,
Se, and zinc (Zn), as well pollution risk indices, including the Single-Factor Pollution Index
(PI) and Nemerow Integrated Pollution Index (INIPI).

By integrating the SPR framework, this study sought to suggest effective control
measures to safeguard aquatic ecosystems and community well-being, offering actionable
insights to stakeholders for targeted pollution management and sustainable water prac-
tices. Addressing contamination is critical, not only for ecological equilibrium but also for
community health and economic prosperity. Remediation measures, such as nature-based
solutions and wetland systems, hold promise for preserving water quality and mitigating
the risks posed by contaminated water.

2. Materials and Methods
2.1. Study Area and Sample Collection

The case study area under consideration encompasses the MLM region, which is
situated in the Lejweleputswa District Municipality. The area is characterized by a diverse
range of land uses, including ongoing and historical gold mining activities, agricultural
pursuits, as well as rural residential and light industrial development. It is geographically
located in the northeastern region of the Free State province, South Africa. The MLM
is approximately 250 km south of the city of Johannesburg in the Gauteng province and
140 km northeast of Bloemfontein, the provincial capital of the Free State province. The
MLM region of South Africa is home to some of the country’s largest and most significant
legacy gold fields. While several gold mines in the area have ceased operations, the majority
of the active mines are owned and managed by Harmony Gold. Notable gold mines in the
MLM area include St Helena, Phakisa, Masimong no. 5, and President Steyn no. 4. The
extensive gold mining in these regions has resulted in significant areas of gold mine tailings,
with many of these tailings situated in close proximity to both human settlements and
surface water bodies in the region. Among the surface water bodies in the MLM case study
area are the Sand River, the largest water catchment in the area, and the Vet River, which
flows through the MLM area. Other surface water bodies in the region include Flamingo
Pan, Flamingo Lake, Witpan, and Rietspruit Dam. These water bodies are all exposed to
contaminants from gold mine tailings, which can be transported via runoff water during
rainfall events and subsurface seepage into surface water bodies. However, certain dams
in the area serve as mine water and seepage-containment facilities, acting as reservoir
impoundments for both treated and untreated mine effluents from local mines. For this
study, a total of fifteen sampling sites were selected across six towns within the MLM
area, namely Allanridge, Bronville, Hennenman, Odendaalsrus, Virginia, and Welkom.
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Additionally, parts of the town of Bultfontein, situated outside the borders of the MLM
area, were also included in the study. The selection of sampling sites was informed by
various factors, including the presence or absence of legacy and active mines, mine tailing
facilities, the distance from legacy and active mine tailings, anthropogenic activities such as
industries and agriculture, and the direction of prevailing winds in the area. The prevailing
wind direction, which signifies the most dominant surface wind with the highest speed
in the MLM area, blows from north-north-east to the south-south-west direction. The
prevailing wind direction in relation to the mine tailings (based on the weather statistics for
Welkom Airport from 2018 [48]) was considered in this study since the wind is a transport
partway for the transfer of PTEs from the mine tailings into surface water bodies.

Seven sampling sites, labeled S1 to S7, were situated in close proximity to legacy and
active gold mines and tailing facilities within the town of Welkom in the MLM area. Three
sampling sites, S8 to S10, were located approximately 5-7 km beyond the area, with several
legacy and active gold mines and tailing facilities in the region of the Virginia town. An
additional three sampling sites, S11 to S13, were situated approximately 30-37 km beyond
the area with numerous legacy and active gold mines and tailing facilities, covering parts
of Welkom and Bultfontein.

Sampling sites S1 to S7, as well as S8 to S10, were selected in the downstream direction
of the prevailing wind, which blows from a north-northeast direction and inclines in a
south-southwest direction. These sites have many legacy and active gold mines and tailing
facilities in the MLM area. The prevailing wind direction and wind speeds were determined
from statistics at Welkom Airport [48]. To determine if the Matjhabeng mining and tailing
area was the main source of surface-water pollution in the MLM area, two control sites
were selected in the upstream wind direction. Sampling site S14 was located in Hennenman
town region, approximately 10-12 km east of the area with many legacy and active mines
and tailing facilities in the MLM area. Similarly, sampling site S15 was located about
10-12 km north of the area with many legacy and active mines and mine tailing facilities in
the MLM area. Figure 2 represents the case study area of the MLM, including the location
of the control and sampling sites.

2.2. Applying the SPR Model to the Sampling Sites in the MLM Area as a Risk Assessment
Framework to Assess the Potential Risk of Pollution on Aquatic Organisms and Human Health

Utilizing the SPR model, the sampling sites within the Matjhabeng mining area were
analyzed, revealing the presence of both lentic and stagnant surface water bodies and
lotic and flowing water systems. While lentic systems at S1, S2, and S5 were found to be
polluted from point sources, the pollution footprint origin of the remaining sampling sites
was primarily from diffuse point sources, including residential, industrial, agricultural, and
mining activities. Contamination pathways for the natural environment involve the transfer
of PTEs in surface and seepage water, rainfall runoff from different anthropogenic activities,
as well as a possible aerial dispersion, which could be envisaged from the dominant wind
direction in the area. Human activities that exposed the communities in the MLM area to
PTE pollution involve recreational pursuits, spiritual practices, crop irrigation, and fishing
for sustenance.

By applying the SPR model as a risk framework, Table 1 illustrates the movement of
pollutants from a specific source to a potential receptor of environmental pollution through
conducting pathways or transport modes. This information informed the pollution risk to
aquatic ecosystems and human health.

2.3. Water Sampling and Water Property Management

Water samples were collected following the sampling procedure outlined by the Water
Research Commission of South Africa [49]. Surface water from a dam, lake, river, stream,
or pan at each sampling site was collected for the summer and winter seasons in 2018
for laboratory measurement of twelve PTEs, namely As, Ca, Cd, Co, Cr, Cu, Fe, Mg, Ni,
Pb, Se, and Zn, which were chosen because of their association with gold mine tailing
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Figure 2. Study area of Matjhabeng Local Municipal area, showing the 15 surface-water sampling sites.

Surface-water samples were collected using one-liter plastic bottles that were rinsed
with deionized water. In cases where access to surface water at a sampling site was
challenging, a bucket was used, which was rinsed with distilled water and lowered into
the water to collect the sample. The clearly labeled sampling bottles were then transported
on ice in a cooler box to the water laboratory at the Central University of Technology and
were refrigerated at 4 °C until analysis.

The physical and chemical properties of water were measured in order to assess the
quality of surface water at each of the 15 sampling sites. Physical properties, such as
pH, temperature, electrical conductivity (EC), dissolved oxygen (DO), and turbidity or
total dissolved solids (TDS), were measured on site at each sampling site. The following
calibrated instruments were used, namely a battery-operated Hach HQd (BEP-M Series)
conductivity meter and a Hach 2100Q (EPA), 0-1000 NTU turbidity meter, following
standard analytical procedures of the instruments.

The 12 PTEs were measured using inductively coupled plasma optical emission spec-
troscopy (ICP-OES). The water samples were digested with 70% nitric acid using open
vessel digestion, following a modified method from Kisten etal. [51]. The digested samples
were filtered and diluted to 25 mL with double-distilled water and then stored in the re-
frigerator for the PTE analysis. Triplicates of the digestion procedure were conducted to
ensure the reliability of the results. The measurement of PTEs was carried out at the School
of Chemistry and Physics at the Westville campus of the University of Kwa-Zulu Natal.
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Table 1. Applying the source-pathway-receptor model as a risk assessment framework to the sampling sites of the Matjhabeng mining area.

Sampling Point
Identification

Lentic or
Lotic System

Source (Water) Origin and
Characteristics

Source of Potential
Contamination

Pathway of Potential
Contamination

Receptor of Potential
Contamination through Source Use

51 Toe seepage trench

Tailing facility, Harmony mine,

Groundwater, surface water,

Irrigation of crops, borehole use,

. , otic oe seepage from gold tailing tacility. water treatment plant, an i.e., Sand River. communities, and terrestrial an
(28.01895 °S Loti T page f gold tailing facility. pl d i.e., Sand Ri iti d ial and
026.81354 °E) landfill site. A possible aerial dispersion. aquatic ecosystems.
S2 Dam Wastewater effluent discharge point Into Flamineo Pan. surface Borehole use, communities
o . from the Theronia Wastewater 8 g (recreational use at Flamingo Pan),
(28.00199 °S, Lentic Wastewater effluent. water, and groundwater. .
o treatment plant. - . 1 - and terrestrial and
026.68741°E) . A possible aerial dispersion. -
Saline dam. aquatic ecosystems.
Saline natural dam. Boreholes for domestic use
S3 Flamingo Pan Wastewater effluent from the From S2. communities using the an, for
(27.99623 °S, Lentic Theronia Wastewater treatment plant. Wastewater effluent. Surface water, groundwater. recreational use argl d telﬁ‘es trial and
026.68496 °E) Important bird biodiversity and A possible aerial dispersion. . ’
conservation area. aquatic ecosystems.
Saline natural. Dam used for
recreation. Important bird area.
54 Flamingo Lake Stormwater inflow from nearby Community-consuming fish caught
(27.99614 °S, Lentic residential areas. Inflow from nearby Stﬁﬁﬁatigﬁ;d lseg:cz %Old AGrglslsr;glzr;zrsizlr ilaicse Z\;zitg:; in the dam.
026.69608 °E) legacy gold tailing facility. Inflow & & seepage. P P ’ Aquatic and terrestrial ecosystems.
and seepage from wastewater
treatment facility.
S5 Toe seepage dam Surface and groundwater. Boreholes, irrigation of crops,
P go . Toe-seepage-containment dam from . . Migrating into Ganspan and schools, and general spiritual and
(27.97519 °S, Lentic s s Legacy gold tailing facility. . . - .
026.67041 °E) gold tailing facility. the Sand River. recreational activities of the inflow
) A possible aerial dispersion. water sources.
S6 Voslpan Lentic Natural pan. Nearby mining discard facilities Surface and groundwater. ?;iesrgt‘g?ﬁ; source, boreholes,
p Inflow from stormwater. and mining activities. A possible aerial dispersion. v
terrestrial ecosystems
S7 Witpan Near.b}.l .legalcy and .actwe. rr.u.nmg Domestic water source, borehole use,
(28.00191 °S Lentic Natural pan. activities, industrial activities, Surface and groundwater. and aquatic and
| o Inflow from stormwater, rainfed. and stormwater inflow from A possible aerial dispersion. a
026.76025 °E) terrestrial ecosystems.

surrounding areas.
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Table 1. Cont.

Sampling Point Lentic or Source (Water) Origin and Source of Potential Pathway of Potential Receptor of Potential
Identification Lotic System Characteristics Contamination Contamination Contamination through Source Use
Legacy and active mining Domestic water source, boreholes,
S8 Sand River activities and tailings facilities; irrigation of crops, and agricultural
o . . . . . Surface and groundwater. . .
(28.11.755 °S, Lotic Natural river system. residential, agricultural, A possible acrial dispersion water use. Terrestrial and aquatic
026.71919 °E) industrial, and wastewater p P ’ ecosystems. Recreational and
effluent, including storm water. spiritual community use.
59 Dam (28.12449 °S, Lentic Irrigation dam from the water Contaminated river water. Ground and surface water. Irrigation of crops.
026.78390 °E) treatment facility. ’ A possible aerial dispersion. Borehole water use.
Legacy and active mining Domestic water source, boreholes,
S10 Vet River activities and tailing facilities; irrigation of crops, and agricultural
o . . . - . Surface and groundwater. . -
(28.12659 °S, Lotic Natural river system. residential, agricultural, A possible aerial dispersion water use. Terrestrial and aquatic
026.73249 °E) industrial, and wastewater p P ’ ecosystems. Recreational and
effluent, including stormwater. spiritual and community use.
Legacy and active mining Domestic water source, boreholes,
S11 Sand River activities and tailing facilities; irrigation of crops, and agricultural
o . . . . . Surface and groundwater. . :
(28.07710 °S, Lotic Natural river system. residential, agricultural, A possible acrial dispersion water use. Terrestrial and aquatic
026.45457 °E) industrial, and wastewater p P ’ ecosystems. Recreational and
effluent, including stormwater. spiritual and community use.
512 Irr1gat1onOCanal . Artificially created Leg.a Y apd iactwlty.mmmg; Surface and groundwater. Agricultural irrigation of crops.
(28.15707°°S, Lotic irrigation canal residential, industrial, and A possible aerial dispersion Agquatic and terrestrial ecosystems
026.40068 °E) & ' agricultural footprint. p P ' q Y '
513 Vet River Legacy and activity mining; Agricultural . r.1gat1on, borehole
o . . . L . Surface and groundwater. water use. Spiritual and
(28.14454 °S, Lotic Natural river system. residential, industrial, and . ; . . . L
° . . A possible aerial dispersion. recreational activities.
026.41808 °E) agricultural footprint. . . o
Fish consumption by communities.
S14 Rietspruit Dam Legacy and activity mining; Agricultural irrigation, borehole
o . . . , L. . Surface and groundwater. water use. Spiritual and
(28.01989 °S, Lentic Inflow from Rietspruit. residential, industrial, and . ; . . . R
o . K A possible aerial dispersion. recreational activities.
026.99482 °E) agricultural footprint. - . .
Fish consumption by communities.
515 Sand River Legacy and activity mining; Agricultural v ljlgatlon, boreholg
o . . ) L . Surface and groundwater. water use. Spiritual and recreational
(27.77143 °S, Lotic Natural river system. residential, industrial, and A possible aerial dispersion activities
026.64635 °E) agricultural footprint. p P ' )

Fish consumption by communities.
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3. Data Analysis
3.1. Statistical Analysis of Water Quality Measurements

The measurements of surface-water quality were examined and processed using
the statistical software SPSS Statistics Version 21.0 [52]. Descriptive statistics, including
maximum, minimum, means, and standard deviations, were calculated for the physical
water-quality measurements, and the percentage compliance to the water quality limits
was also determined. Student’s ¢ tests were run on the concentrations of the surface-water
quality measurements at a 95% confidence interval to examine any seasonal differences
between the measurements obtained for summer and winter.

Moreover, to determine whether these PTEs originated from the same environmental
source, a principal component analysis (PCA) was done to compare the concentrations of
the measured PTEs in surface water and their compositional relationship. This analytical
approach reduces complex measurements and presents them in a simplified manner by
extracting new variables, referred to as principal components, from previous variables such
as metal concentrations and site [53].

To assess the degree of compliance, the physical water-quality measurements were
compared with the water quality limits for the protection of aquatic organisms and human
health as set by the Canadian Council of the Ministers of the Environment (CCME) [54].
However, since there are currently no surface-water quality guidelines in South Africa that
encompass the majority of physical water-quality limits to safeguard aquatic organisms in
streams, the limits set by the Aquatic Water Quality for Urban Streams (AWQUS) [55] were
utilized for comparison purposes for the physical properties measured in this study.

Furthermore, the PTE measurements were compared with the water quality limits
established by the CCME [54], as well as the South African Water Quality Guidelines
developed by the Department of Water Affairs and Forestry (DWAF) for the protection of
aquatic organisms and irrigation water use [56,57].

3.2. Pollution Indices

The PI and NIPI were used to assess the level of water pollution by PTEs in the study
area. These indices provide an indication of whether surface-water contamination by
PTEs is due to natural processes or anthropogenic activities [58]. The Pl measures the
pollution of individual PTEs in water at each sampling site, while the NIPI determines the
total pollution of a given PTE across all sampling sites [59,60]. The PI for each PTE was
determined using the following formula according to Zhao etal. [60]:

Ci
P = S 1)

where Pi is the Single-Factor Pollution Index, Ci is the mean concentration of the PTEs in
the water sample and Si is the background concentration of the PTEs in the earth’s crust. PI
was classified as follows: non-pollution (Pi < 1), low level of pollution (1 > Pi < 2), moderate
level of pollution (2 > Pi < 3), strong level of pollution (3 > Pi < 5), and very strong level of
pollution (Pi < 5) [61]. The NIPI, on the other hand, was expressed using Equation (2) [59]:

P2, + P2
NIPI — zMax2 iAve (2)

where NIPI is the Nemerow Integrated Pollution Index at location I, P3 . denotes the
maximum PI value, and Pi Ave represents the average values of the PI of each PTE. NIPI can
be classified according to five environmental quality categories, which include clean level

(NIPI < 0.7), precaution level (0.7 < NIPI < 1.0), light pollution level (1.0 < NIPI < 2.0),
moderate level (2.0 < NIPI < 3.0), and heavy pollution level (NIPI > 3.0) [61].
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3.3. Determination of Quality Assurance and Quality Control

To ensure the reliability of the measured surface-water quality results, quality as-
surance procedures were implemented. Prior to taking on-site measurements of water
quality properties, all instruments were calibrated, including the Hach 2100Q turbidity
meter and Hach HQd handheld meter probes for dissolved oxygen (DO), pH, and electrical
conductivity. Glassware was cleaned with double-distilled water throughout the study and
analytical-grade reagents were used. Instrument readings were corrected using reagent
blank determinations. To validate the analytical procedure, standard certified reference
materials were used, specifically White Clover (BCR-402) from the Community Bureau
of Reference of the Commission of the European Communities. All measurements were
conducted in triplicate (n = 3).

4. Results
4.1. Physical Water-Quality Properties

The physical water-quality measurements were compared with the CCME [54] and
AWQUS limits [55]. The pH results showed that sampling sites S3 and S5 were non-
compliant for both the summer and winter seasons, whereas sites 54, S11, and S15 were
non-compliant only for the winter season (Table 2). Regarding the EC measurements, 47%
of the sampling sites were non-compliant with both CCME [54] and AWQUS limits [55].
Notably, the EC measurements at eleven sampling sites were substantially higher in the
winter season than in the summer season, which may be explained by an increase in
nutrient rich ions, such as phosphates, nitrates and chloride that were carried into surface
water by flooding from excessive rain on the day of water sampling from mine tailings,
agricultural fields, and from leaked sewage pipes, which in turn increased dissolved ions
in the water.

Table 2. Results of the physical water-quality properties of surface water for summer and winter.

Properties Temperature (°C) EC (us/cm) Turbidity (NTU) DO (mg/L)
Limit ! 6.5-9.0 - <1000 - 6.5-9.5
Limit 2 5.5-9.0 >5<25 <1000 <5.6 6.5-9.5

Sz::o/n Summer Winter Summer Winter Summer Winter Summer Winter  Summer Winter
S1 6.60 8.71 23.00 14.00 12.30 1036.00 * 18.50 * 9.51* 6.80 7.53
S2 7.69 8.85 23.70 14.50 7.60 1060.00*  45.50 % 30.00 * 4.00*% 7.46
S3 9.25*  10.11* 25.50 * 14.00 146.70 171.20 32.70* 23.90* 12.29 * 8.88
S4 8.66 9.58 * 24.30 14.40 32.10 28.30 16.40* 14.80 * 7.32 9.11
S5 4.00 * 432% 23.70 14.60 100.60 78.80 7.70 1.08 7.68 8.53
S6 8.18 8.64 24.60 14.20 200.00 241.00 168.00 * 57.60 * 18.92*  1040*
S7 7.95 7.90 26.40 * 13.40 16.40 1407.00*  24.70*% 14.90 * 6.78 4.07*
S8 7.63 8.80 24.60 12.60 11.70 650.00 577 % 24.60 * 6.07 * 7.67
S9 8.03 8.63 24.00 12.60 1.50 1557.00*  175.00 * 150.00 * 7.37 9.32
510 7.75 7.42 22.40 10.80 4.00 342.00 295.00 * 90.80 * 0.13* 7.33
511 7.74 9.08 * 24.60 12.83 13.10 1074.00 * 9.06 * 8.36 * 6.28*  12.77%
S12 8.21 8.24 23.90 11.40 4.50 467.00 107.00 * 52.10 % 6.80 8.23
513 7.71 8.03 24.50 13.00 14.30 1197.00 * 5.59 % 70.50 * 0.74* 0.16 *
514 7.43 8.43 25.20 % 12.60 3.70 167.40 78.40* 179.00 * 0.16 * 7.66
515 8.43 9.12% 25.50 * 10.40 25.20 1354.00*  22.80* 11.20 * 14.24*  12.77*
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Table 2. Cont.

Properties pH Temperature (°C) EC (us/cm) Turbidity (NTU) DO (mg/L)
Maximum 9.25 10.11 26.40 14.60 200.00 1557.00 295.00 179.00 18.92 12.77
Minimum 4.00 4.32 22.40 10.80 1.50 28.30 5.77 1.08 0.13 0.16
Mean 7.68 8.39 24.39 13.02 39.58 722.04 67.47 49.22 7.04 8.13
Standard 1.18 131 1.02 133 60.27 539.84 84.63 53.62 5.12 3.08
deviation
Percentage 87 67 73 100 100 53 0 0.06 40 67
compliance
Student’s t tests
of seasonal variation
Mean 0.71 11.19 —682.46 18.25 -1.09
difference
95% Confidence  LOwer — —1.02 10.45 ~999.12 ~20.31 ~343
intervals Upper —0.36 12.29 366.90 56.81 1.25
t —4.39 26.52 —4.62 1.01 —0.99
p value 0.001 0.0001 0.0001 0.327 0.337

Notes: Measurements with an asterisk represent measurements outside the water quality guideline limits; f = test
statistic; p = probability at p < 0.05. Limit ! = Canadian Council of Ministers of the Environment water quality
limits [54]. Limit 2 = Aquatic Water Quality for Urban Streams limits [55].

Dissolved oxygen (DO) measurements were non-compliant with both limits at 53% of
the sampling sites in summer and 33% of the sampling sites in winter. Furthermore, 27% of
the sampling sites displayed temperature measurements that were non-compliant with the
AWQUS limits [55]. In contrast, all measurements of turbidity were non-compliant with
the AWQUS limits [55], except for site S5 in the winter season.

Furthermore, the physical water-quality properties for the surface-water samples were
analyzed using Student’s ¢ tests to determine the presence of any seasonal effects. The
results revealed highly significant differences (p < 0.05) between the two sampling seasons
for pH, temperature, and EC variables. The p value, test statistics (¢), and confidence limits
for the five surface-water quality properties are also provided.

4.2. Potential Toxic Elements

Among the 12 measured PTEs, Cd, Cr, and Pb concentrations in the surface water
were below the detection limits of the ICP-OES. Ni was detected in only one water sample
collected at site S4. However, when compared with the water quality limits for the protec-
tion of aquatic organisms of CCME [54], As and Co showed high levels of non-compliance
during the summer season, with a 73% non-compliance for As and a 93% non-compliance
for Co (Table 3). For the winter season, Co was detected at site S5, which also exceeded
the CCME [54] water quality limits. As showed 33% non-compliance during the summer
season when compared with the aquatic water-quality limits of the DWAF [56]. For Cu,
33% of the water samples showed non-compliance during the summer season with both
CCME [54] and DWAF [57] limits. In contrast, Cu measurements for the winter season
revealed 100% non-compliance with DWAF [56] limits. All Se measurements were non-
compliant with DWAF [56] limits during both seasons. For Fe, 20% of the water samples
collected from various sites showed non-compliance with CCME [54] limits during the
summer season, while 60% were non-compliant for the winter season. Zn was only detected
at sampling site S5, which exceeded the CCME [54] aquatic water-quality limit during the
summer season, while during the winter season, 53% of the Zn measurements exceeded the
CCME [54] limits. However, when the PTE measurements above the ICP-OES limits were
compared with the limits of the DWAF [57] water quality guidelines for irrigation, As, Co,
Cu, and Se showed exceptionally high levels of non-compliance, with 100% non-compliance
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for both seasons. Similarly, measurements for Fe exceeded the DWAF [57] water quality
limits at 20% of the sampling sites for the summer season and 40% of the sites for the
winter season. For Zn, only one site (S5) exceeded the DWAF [57] limits during the summer
season, while measurements at three sites (55, S7, S14) exceeded the DWAF [57] limits
during the winter season.

A statistical analysis was performed on the PTE measurements for the summer and
winter seasons using Student’s ¢ tests to determine if there were any significant differences
between the two seasons. The results showed highly significant differences (p < 0.05)
between the two sampling seasons for As, Cd, Pb, Cr, Cu, Fe, Se, and Mg (Table 4).

4.3. Sources of Contamination of Potentially Toxic Elements in Surface Water

A multivariate PCA was performed on the measurable PTEs to investigate whether
the detected PTEs in surface water originated from a common source. Only measurements
taken during the summer season were included in the PCA because only a few measure-
ments were detectable in the winter season using ICP-OES. The results of the multivariate
PCA revealed four primary principal components (PCs) with eigenvalues greater than or
equal to one, accounting for 91.47% of the total variance (Table 5). The loading had to be at
least 0.6 to be included in a PC.

PC1 and PC2 were the most significant contributors to the total variance, accounting
for almost 70% of the total variance. These PTEs could indicate the highest contamination
level in the study area. PC1 showed high loadings for Co, Cu, Ni, and Zn, indicating they
may have originated from the same source. Similarly, the high loadings of Pb, Cr, and Fe in
PC2 may suggest that they share a common source of origin. PC3 had high loadings of Se,
while As and Mg were found in PC4. The separation of As and Mg in PC4 suggests that
they may have come from different sources in the environment.

Figure 3 shows the scatter plots exhibiting the principal component loadings for the
12 PTE measurements acquired from surface water. These scatter plots align with the
outcomes of the multivariate PCA. The illustration unveils the presence of four principal
components, the first and second of which are encompassed by a circular region. The
outcome of the PCA revealed the existence of four primary principal components, which
collectively suggest disparate origins for the PTEs detected within the environmental
context. Notably, the clustering of PTEs within either PC1 or PC2 may infer a common
provenance for these elements, potentially traceable to historical and ongoing gold mining
activities, including legacy mines and associated tailings.
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Figure 3. Principal component scatter plot in rotated space of the twelve potential harmful elements
measured in surface water during the summer season, with the PTEs in PC1 and PC2 showing clusters.
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Table 3. Results of the mean concentrations (mg kg~!) of potentially harmful elements for the surface-water samples for the 15 sampling sites for summer and winter.

Metals As Co Cu Fe Ni Se Zn Ca Mg
limit 1 0.05 18 6.4 0.3 150 - 0.3 - -
limit 2 <10 - <03 - - <02 - - -
limit 3 0.1 0.05 0.2 5.0 0.2 0.02 1.0

Sites Names Seasons
Summer 25(0.12)* 25(0.12)* ND ND ND 35.0 (3.69) * ND 39,000 (16) 13,520 (10)
S1 Toe Seepage Trench
Winter ND ND 1.5(0.04)* ND ND 113 (1.25)* 0.07 (0.01) 1603 (14) 188 (5)
Summer 20.0 (0.69) * 2.5(0.36) * ND ND ND 42.5 (4.66) * ND 38,025 (18) 11,485 (5)
S2 Dam
Winter ND ND 1.5(0.03)* ND ND 28.5(3.10) * 0.3 (0.03) 1896 (7) 104 (3)
Summer ND 2.5(0.54)* ND ND ND 20.0 (2.30) * ND 36,650 (15) 66,875 (8)
S3 Flamingo Pan
Winter ND ND 1.5(0.04) * ND ND ND ND 1937 (6) 4378 (11)
Summer 17.5 (1.35) * 2.5(0.63) * ND ND 4.6 (1.03)* 30.0 (3.50) * ND 26,200 (13) 23,017.5 (5)
S4 Flamingo Lake
Winter ND ND 1.5(0.03) * 2.7(0.10) * ND ND ND 1078 (1) 829 (8)
Summer 0(0) 225 (1.99) * 60.0 (9.82) * ND ND 325 (4.02) * 5.4 (1.50) * 250,000 (23) 125,600 (14)
S5 Toe Seepage Dam
Winter ND 2.5(0.10) * 2.9(0.15)* ND ND 12.0 (1.07) * 12.6 (0.73) * 10,643 (29) 3326 (11)
Summer 15.0 (1.59) * 30.0 (1.58) * 5.0 (1.53)* ND ND ND ND 277,500 (23) 92,875 (14)
S6 Voélpan
P Winter ND ND 1.5(0.02)* 0.04 (0.01) * ND ND ND 16,567 (9) 6296 (7)
Summer 5.0 (1.02) * 2.5(0.36) * 2.5(1.08)* ND ND 15.0 (1.23)* ND 34,675 (13) 11,797 (10)
s7 Witpan
Winter ND ND 1.5(0.07)* ND ND 14.5(0.52) * 2.6 (0.53) * 3311 (7) 209 (3)
Summer 0(0) 25(0.78) * 25.0 (2.06) * ND ND ND ND 32,000 (16) 12,985 (10)
S8 Sand River
Winter ND ND 1.5(0.02)* 7.1(0.05) * ND ND 0.03 (0.01) 959 (6) 119 (8)
Summer 2.5(0.58) * 25(1.72) * 30.0 (3.98) * 2780.0 (6) * ND 475 (321)* ND 14,030 (11) 4915 (6)
59 Dam Winter ND ND 1.4(0.02)* 20.2 (3.97) * ND 11.0 (0.96) * 0.7 (0.08) * 189 (2) ND
Summer 5.0(1.58)* 2.5(0.25) * ND 82.5(3.00) * ND 425 (5.88) * ND 9890 (13) 3985 (5)
S10 Vet River
Winter ND ND 145 (0.02) * 15.4 (0.32) * ND 25.1 (0.50) * 0.4 (0.02) * 747 (4) ND
Summer ND ND 30.0 (4.00) * ND ND ND ND 33,050 (13) 10,780 (6)
S11 Sand River
Winter ND ND 1.46 (0.01) * 32(0.22) ND ND 0.5 (0.01) * 1572 (7) 311 (3)
Summer 12,5 (1.02) * 5.0 (1.00) * ND ND ND 250 (2.7)* ND 10,467.5 (13) 3595 (8)
S12 Irrigation Canal
Winter ND ND 1.44 (0.01)* 3.4(0.53)* ND 15.6 (0.18) * 0.6 (0.02) * 1004 (3) ND
Summer 7.5(0.54) * 2.5(1.04)* ND ND ND ND ND 44,000 (14) 16,030 (7)
S13 Vet River
Winter ND ND 1.48 (0.03) * 9.1(0.01)* ND 129 (2.15)* 0.2 (0.04) 1508 (3) 166 (3)
Summer 5.0(0.23)* 2.5(0.06) * ND 12775 (5)* ND 27.5(2.82)* ND 10,270 (12) 4020 (3)
S14 Rietspruit Dam
Winter ND ND 1.47 (0.04) * 20.8 (3.28) * ND 247 (1.41)* 25(0.29)* 1051 (5) ND
Summer 25.0 (1.07) * 2.5(0.09) * ND ND ND 20.1(3.62) * ND 49,875 (14) 32,100 (10)
S15 Sand Riv
and Sver Winter ND ND 1.49 (0.02) * 5.6 (0.52) * ND ND 0.4 (0.03) * 1921 (8) 616 (3)

Notes: ! CCME = Canadian Council of Ministers of the Environment water quality limits [54]. 2 DWAF = South African Water Quality Guidelines—Aquatic Ecosystems [56].
3 DWAF = South African Water Quality Guidelines—Irrigation Water Use [57]. Numbers with an asterisk = represent measurements that exceeded the guideline limits. ND = Below
instrument detection limit. Measurements in brackets () represent standard deviation.
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Table 4. Results of the Student’s ¢ tests for seasonal variation in the potentially harmful elements of
the surface-water samples.

95% Confidence Interval

Pﬁt: : I:fa lﬂy Mean Dilf\;Ieerael:lce of the Difference t p Value

Elements Summer Winter Lower Upper
As 0.36 0.00 0.36 0.19 0.54 417 0.0001
Cd —27.84 0.00 —27.84 —51.71 —3.98 —2.35 0.023
Pb —0.53 0.00 —0.53 —0.77 —0.29 —4.46 0.0001
Co 7.23 0.16 7.06 —3.41 17.54 1.35 0.181
Cr —0.40 0.00 —0.40 —0.59 —0.22 —4.38 0.0001
Cu 0.12 1.60 —1.48 —1.62 —1.33 —20.04 0.0001
Fe —19.51 5.85 —25.36 —45.08 —5.65 —2.59 0.01
Ni 7.76 0.00 7.76 —12.13 27.65 0.786 0.43
Se 0.50 10.41 -9.91 —12.95 —6.86 —6.56 0.001
Zn 9.21 1.43 7.78 —18.12 33.69 0.60 0.54
Ca 2837.64 3203.56 —365.92 —1654.67 922.83 —0.57 0.57
Mg 1734.69 1107.27 627.42 —17.20 1272.04 1.96 0.05

Notes: t = test statistic; p = probability, indicating significance at p < 0.05.

Table 5. Results of the principal component loading for the measurements of potentially toxic
elements in surface water.

Component
Potentially Harmful Elements

PC1 PC2 PC3 PC4

As —0.219 —0.587 0.075 0.663

Pb —0.077 0.765 —0.505 0.082
Co 0.977 —0.153 0.122 —0.032

Cr —0.102 0.952 —0.240 0.020
Cu 0.988 —0.075 0.115 —0.043

Fe —0.137 0.790 0.374 0.009
Ni 0.992 —0.057 0.059 —0.038
Se 0.192 —0.056 0.945 —0.017
Zn 0.994 —0.027 0.070 —0.034

Ca 0.611 —0.619 —0.175 0.084

Mg 0.032 0.145 —0.060 0.940

Eigenvalues 4.853 2.607 1.407 1.196
Percentage of total variance 44.116 23.701 12.787 10.868
Percentage of cumulative variance 44.116 67.816 80.603 91.471

4.4. Pollution Indices

The results of the PI analysis revealed fluctuations in pollution levels for the four
detectable PTEs across the various surface-water sampling sites, as shown in Figure 4. To
compute the pollution risk indices, only measurements taken during the summer were
used since only a few measurements were detectable in the winter. The PI outcomes for Co
and Cu indicated that the concentrations of these PTEs were very low (Pi < 1) in 80% of the
water samples, indicating a non-polluted state. However, in 20% of the water samples, a
low level of pollution (1 > Pi < 2) was observed for Co, while less than 15% of the water
samples demonstrated low to moderate pollution conditions by Cu (2 > Pi < 3), with a
single water sample revealing moderate pollution (2 > Pi < 3).
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Figure 4. Single-Factor Pollution Index and Numerow Integrated Pollution Index of the level of

pollution by the different PTEs for the different surface-water sampling sites for the summer season.

Regarding As, the SFPI results exhibited that 40% of the water samples had no form
of anthropogenic interference (Pi < 1). Nonetheless, four of the water samples showed
moderate pollution levels (2 > Pi < 3), while two surface-water samples had a strong
pollution condition (3 > Pi < 5). Remarkably, one water sampling site had a very high level
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of As pollution (Pi > 5). In contrast, the SFPI outcomes for Se showed a very strong level
of pollution (Pi > 5) in 80% of the water samples, suggesting a significant amount of Se
pollution in the surface water, attributable to anthropogenic activities.

The NIPI analysis revealed that the surface-water samples in the study area were
subject to precautionary pollution levels by Co, with Cu displaying only light pollution
levels and As exhibiting moderate pollution levels. However, Se demonstrated a heavy
pollution level, indicating the highest degree of pollution in the surface-water samples
within the MLM area.

5. Discussion

The findings of this study demonstrate that PTEs have severely contaminated the
surface water in the MLM area. The As, Co, Cu, Fe, Se, and Zn concentrations in surface
water bodies were significantly higher than both the CCME [54] and the DWAF [57] aquatic
water-quality limits at most of the sampling sites. Moreover, As, Co, Cu, Fe, Ni, Se, and
Zn concentrations exceeded the DWAF [62] guidelines for irrigation water use at most of
the sampling sites. These results are similar to other results obtained in the literature, in
which a high concentration of As, Pb, Cd, Mn, Cr, and Fe, above the limits, were measured
in surface water as a result of mining activities within the vicinity of the abandoned mining
areas [19,42,43]. The results of the pollution risk indices further confirmed that As, Co,
Cu, and Se have highly contaminated the surface water in the MLM area. According to
a previous study by Dey etal. [63], the PI results also confirmed that the water of the
Halda River in the south-eastern region of Bangladesh was highly contaminated by Cd,
As, Pb, and Cu, while the NIPI results indicated that the river has been highly polluted.
Anthropogenic sources, such as legacy and active gold mines and mine tailings, agricultural
activities, effluents from wastewater treatment plants, light industrial activities, and local
residential areas, may have contributed to the presence of these PTEs in the environment,
as confirmed by the SPR model proposed in this study.

The PCA outcomes revealed four prominent principal components, which imply
distinct origins for the PTEs within the environment. However, the concentration of PTEs
in either PC1 or PC2 could suggest a shared source for these elements, possibly stemming
from legacy and current gold mining operations, including associated mines and tailings.
However, most of the PTEs that exceeded the limits are typical contaminants associated
with gold ores and gold mine tailings, as reported by previous studies [10,64,65]. Therefore,
the legacy gold mine tailings and active mining activities in the area are likely the primary
sources of pollution in the MLM area. The PCA results obtained in this study revealed
closely similar results for PC1 and PC2 in a study conducted in KwaZulu-Natal, South
Africa [66]. This contamination of surface water bodies by PTEs poses a severe risk to
aquatic organisms and the local community in the MLM area. The exposure to polluted
water through the consumption of contaminated food crops and vegetables irrigated with
polluted water, or from recreational activities, puts the community at a high risk of adverse
health effects.

The contamination of surface water by Se in the MLM area can potentially cause
developmental deformities and mortality in the larval stages of certain aquatic organisms.
Similarly, the high concentrations of As and Co detected in the surface water can cause
severe toxicity to aquatic organisms due to their accumulation in the cells of these organisms,
including liver and kidney cells [67,68]. Fish and other aquatic organisms that consume As
may experience chronic and acute toxicity, including growth inhibition, immune system
dysfunction, and death [67]. In addition to haem oxidation, blockage of inorganic Ca
channels, cytotoxicity, and genotoxicity, chronic exposure to Co can also change enzyme
activities in gills, the liver, and muscle tissues [69-72].

Fish and other aquatic organisms need the nutrients Fe, Cu, and Zn, which are essential
nutrients for their growth, but high concentrations of Fe in the water, above the limits of the
surface-water quality guidelines, can indirectly harm fish by creating conducive conditions
for the growth of Fe bacteria on the gill surfaces of fish, which oxidizes ferrous Fe to ferric
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oxide. Increased ammonia in the blood plasma levels and damage to the kidney, liver, and
spleen tissues can result from the presence of insoluble Fe on gill surfaces [72]. High levels
of Cu that are absorbed by fish cells can impair metabolism and affect brain function as
well as growth and reproduction [73]. Moreover, chronic exposure to Zn ions can be fatal
for freshwater fish and aquatic organisms [68,74].

It is evident that the aquatic life in the MLM area is at serious risk from PTE contami-
nation of surface water bodies. The accumulation of these pollutants in the cells of fish and
other aquatic organisms can cause acute and chronic toxicity, immune system dysfunction,
inhibition of growth and reproduction, and even death. Therefore, it is crucial to implement
appropriate measures to mitigate PTE pollution in the MLM area to prevent further damage
to aquatic life and protect the well-being of local communities, whose livelihoods depend
on these water sources.

In addition to the harmful effects of polluted water on aquatic organisms in the
MLM area, the local community is also at risk of severe health consequences from the
ingestion of As, Co, Cu, Fe, Ni, Se, and Zn in contaminated food crops and vegetables
irrigated with polluted water, as well as from incidental ingestion during recreational
activities. Long-term exposure to inorganic As in contaminated food crops can result in
negative health effects like developmental problems, diabetes, pulmonary disease, and
cardiovascular disease. Acute As poisoning symptoms include vomiting, abdominal pain,
and diarrhea [75]. Similarly, consuming Cu from contaminated food samples can result in
metal fume fever, dermatitis, hair and skin discoloration, and respiratory tract illnesses [68].
Wilson’s and Menkes” diseases, as well as Alzheimer’s and Parkinson’s diseases, could
all develop as a result of high Cu levels in food samples [76,77]. Excess intake of Co with
dietary samples may cause gastrointestinal and endocrine disorders [78]. Furthermore,
excessive amounts of Fe in the human body can damage tissues and cause disorders
of Fe metabolism, such as Fe overload [79]. It is crucial to address the potential health
risks associated with contaminated food crops in the MLM area to protect the health and
well-being of the local community.

6. Conclusions

This study proposed a risk assessment framework based on the SPR model to assess
the potential threat of PTE pollution in surface water and its implications for aquatic or-
ganisms and human health. By applying the SPR model, it was found out that the sources
of pollution in the MLM case study area included anthropogenic sources, such as legacy
and active gold mines and mine tailings, agricultural activities, effluents from wastewa-
ter treatment plants, light industrial activities, and local residential areas. Pathways for
contamination identified were surface and seepage water, rainfall runoff from different
anthropogenic activities, as well as transport of PTE by wind-blown dust. Human activi-
ties that expose individuals to PTE pollution from water sources encompass recreational
activities, spiritual practices, crop irrigation, and fishing for food.

The findings underscore the alarming degradation of surface water in the MLM region.
The majority of sampled sites exhibited extensive contamination levels of elements such
as As, Co, Cu, Fe, Se, and Zn, surpassing the aquatic guideline limits. Moreover, As, Co,
Cu, Fe, Nij, Se, and Zn concentrations surpassed the recommended irrigation water-use
thresholds. Pollution indices confirmed moderate pollution from As, with particularly
elevated levels for Se. This situation poses a considerable threat to both aquatic organisms
and the local communities who rely on these water sources for various activities.

To address this issue, local authorities must implement remediation measures. One
potential approach involves employing cost-effective nature-based solutions, including
floating treatment wetlands in dams, constructing wetlands, and restoring natural wetland
systems in highly contaminated areas. These measures can aid in elevating the quality
of surface water in the MLM region, thwarting further deterioration, and minimizing the
potential risks posed by contaminated water to aquatic life and human health.
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Implementing such remediation measures extends beyond environmental and public
health considerations; it also contributes to the long-term sustainability of the region’s
economy. Given the integral role of the mining sector in the MLM area and South Africa, a
healthy environment remains crucial for the continuous growth of this industry. Conse-
quently, collaboration among all stakeholders becomes imperative to ensure the prompt
and effective execution of these remediation strategies.

Future research directions from this study should focus on a multifaceted approach to
enhance our understanding of PTE pollution in surface water and its broader implications.
Long-term monitoring efforts should be established to track pollution trends and assess the
effectiveness of implemented remediation measures. Advanced techniques, such as isotopic
fingerprinting and modeling, can be employed to accurately pinpoint pollution sources.
Ecotoxicological studies must delve deeper into the impacts of PTE contamination on
aquatic organisms across various trophic levels and life stages. Additionally, comprehensive
human-health-risk assessments are needed to assess the potential health consequences
of exposure to contaminated water sources, considering factors such as consumption
patterns and the vulnerability of different demographic groups. Innovative and sustainable
remediation methods should be explored, including hybrid engineered-natural solutions
and the potential integration of phytoremediation.

Moreover, community engagement and participatory approaches are essential to pro-
mote pollution awareness, behavior changes, and collaborative efforts for prevention and
management. Evaluating the effectiveness of existing policies and regulatory frameworks
in addressing PTE pollution and fostering adaptive strategies to climate change impacts on
pollution dynamics, are crucial aspects. Comparative studies across similar regions can
provide valuable insights into context-specific pollution patterns and inform tailored inter-
ventions. Overall, this multidisciplinary research agenda aims at guiding comprehensive
strategies for mitigating PTE pollution, safeguarding aquatic ecosystems, and ensuring the
health and well-being of local communities in the MLM region and beyond.
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Abbreviations

As Arsenic

AWQUS Aquatic Water-Quality for Urban Streams

Ca Calcium

CCME Canadian Council of the Ministers of the Environment
Cd Cadmium

Co Cobalt

Cr Chromium

Cu Copper

DO Dissolved oxygen

DWAF Department of Water Affairs and Forestry

EC Electrical conductivity

Fe Iron

Hg Mercury

ICP-OES  Inductively coupled plasma optical emission spectroscopy
MLM Matjhabeng Local Municipality

Mg Magnesium
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Mn Manganese

NIPI Nemerow Integrated Pollution Index
Pb Lead

PC Principal components

PCA Principal component analysis

PTE Potentially toxic elements

PI Single-Factor Pollution Index

SPR Source—pathway-receptor
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