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ABSTRACT

Anthropogenic activities close to water bodies contribute to poor water quality, degrading the
natural conditions of plants and animals and elevating health risks concerning humans. The
Vaal River supplies potable water to the Gauteng, North West, Free State, Northern Cape, and
Mpumalanga provinces of South Africa. Consequently, the water quality of the Vaal River
needs to be monitored and assessed for radioactivity and heavy metal risks. The aim of this
study was to investigate the concentration levels of NORM radionuclides and heavy metals and
their effect on the water quality of the Vaal River. As aresult, 27 water samples were collected
and analysed for U, Th & K as well as toxic heavy metal concentrations that may potentially
cause risks to the public around the study area, using the inductively coupled plasma mass
spectroscopy (ICP-MS) technique. The risks of pollutant exposure of humans to heavy metals
in water were evaluated using chronic daily intake (CDI), hazard quotient (HQ), and hazard
index (HI), heavy metal pollution index (MPI) and heavy metal evaluation index (HEI). lon
chromatography (IC) was also used to examine water types from the cations and anions therein.
The cations measured are calcium (Ca?*), sodium (Na*), magnesium (Mg?*), and potassium

(K*). Anions measured were sulphate, phosphate, nitrite and reflected on a Piper diagram.

Results show that:

I.  The activity concentrations of K, U and Th (Bg/l) were used to assess the radiological
health indices by calculating the radium equivalent activity (Raeq), dose rate (D), annual
effective dose (AEDE), external hazard (Hex) and internal hazard (Hin). The calculated
average radiation hazard index for Raeqwas (33.803 Bg/l), D (18.158 nGy/hr), AEDE
0.0222 (nGy/hr), Hex (0.091) and Hin (0,096) in this study. These hazard parameters
were lower than the world average permissible limit. A a result, the water from the Vaal
River does not pose radiological risks to members of the public.

ii.  The HEI values for all heavy metals, like Li and Fe were less than 40, indicating low
poliution level, while for Mn, HEI = 80.35. From the MPI & HEI values of Li, Fe &
Mn, we conclude that Mn & Fe, are the major pollutant of the water in the Vaal River.
This could be due to human activities such as discharges from nearby industries and

mines. According to the findings of the study, the Vaal River is not suitable for use



(drinking or recreational) due to pollution by these two heavy metals emanating from
nearby industries.

iii.  lon chromatography (IC) was used also to examine the cations and anions of the study.
The cations: calcium (Ca?*), sodium (Na‘), magnesium (Mg?*), and potassium (K*),
had an average concentration of 34.4,58.9,13.8, and 6.3 mg/l, respectively. The anions:
sulphate (SO4?), phosphate (PO4%), and nitrite (NO2), had an average concentration of
87.5,0.7,and 0.1 mg/l, respectively. The piper results indicated that the Vaal River is
of a Ca-Mg-SO2 water type, with no dominating phase.

Based on the findings of the study, we concluded that there is no radiological risk from the
Vaal River waters in the study area. However, the heavy metal concentrations in this study
prove that the Vaal River is not safe for public use due to increased levels of Mn and Fe at 1.34
mg/l and 4.02 mg/l respectively across the river flow. As a result, additional river monitoring
is required to maintain public safety. This study recommends a conceptual management plan

to assist relevant stakeholders in the maintenance of the water quality for the Vaal River.



TABLE OF CONTENTS

DECLARATION L.ttt sttt sttt et e ettt et e e s be e e ste e saee e eneeanbeesreeanseeas i
DEDICATION Lottt ettt et e bt e be e e ee e beesaneeneennneas ii
ACKNOWLEDGEMENT ...ttt nnne e i
ABSTRAC T <.ttt ettt e s ab e b e bttt e bt nhe e be e te e ne e v
LIST OF FIQUIBS ot te e st e s e e s teeeesreenteenee s X
LIST OT tADIES ... X
LISt OF@DDIEVIATIONS ... Xi
CHAPTER 1: INTRODUCTION AND PROBLEM STATEMENT ....cccoiiiiiieeee e 1
1.1 INEFOTUCTION ...ttt bbbttt bttt 1
1.2 Problem STAEMENT .......ocveiiii e 3
1.3 PrEVIOUS STUTIES ...tttk bbbt b e b 4
1.4 JUSTITICATION ... r e 5
1.5 Aim and objectives OF the STUAY ......cceoiii e 5
T N | 1 OSSPSR 5
1.5.2 ODJECLIVES ...ttt b et 5
1.6 TRESIS OULIING ..t 6
CHAPTER 2: LITERATURE REVIEW ....ooiiiiiii et 7
2.1 INEOAUCTION ...ttt eb e 7
2.1.1 Mining as the source Of POIIULION. ......c.coveiieii e 9
2.1.2 Potential impacts of uranium MiNiNg .......cccoeiieiiieiie i 11
2.2 Potential pathways 0f POIULANTS .........c.coveiiiieiice e 12
2.3 HEAVY MBTAIS ... e 13
2.3.1 HeaVvy MEIAIS INTIVEIS ....ccuieieiic et 14
2.3.2 The effects 0f heavy MetalS.........coiiiiiiii e 15
2.4 Instruments that are commonly used for heavy metal analysis..........cccccovvevviieiiennnnnn, 18

vi



2.4.1 Neutron Activation AnalYSIS (NAA) ..o 19

2.4.2 Proton Induced X-Ray EMISSION (PIXE) .......ccccoiiviiiiiieiiee e 20
2.4.3 Atomic Absorption SPeCtromMEtrY (AAS) ......ccuceieierereie et 21
2.4.4 1on Chromatography (IC) ....uecuiiieiecce e 21
2.4.5 Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) ........cccocvvininiiininninne 22
2.5 RAAIONUCIIAES ... 25
2.5.1 KeY RAJIONUCIIAES ..o 28

2 .6 Radiation deteCtion INSTUMENE. ........ooiiiieieiirie e 29
2.6.1 Broad Energy Germanium (BEGe) Gamma Spectrometry .........ccccevvvevveiveseerveenn. 30
2.6.2 Radioactive Decay Law and EQUIlIDFIUM ..........cooiiiiiinine 31
2.7 Significant properties of naturally occurring radioactive materials (NORMS).............. 32
CHAPTER 3: MATERIALS AND METHODS .......coooiiiiiiieee e 33
BLL INTOTUCTION ...ttt bbb bbbt 33
3.2 THE STUAY ATBA.....c.eieiieiiieeieee et bbbttt b bt e e 33
3.2.1 Vaal RIVET @CHIVILIES. ....oiviiiiiiiiiieiecsie et 34
3.3 .SAMPIE CONBCTION ...t 35
3.3.1 Water sample COECION ......ooviiiiiiie e 36
3.4 Sample preparation for laboratory analysis...........cccocvevveieiiieie i 37
3.4.1 Water sample preparation .........cccvoiie e 37
3.5 ANAIYLIC METNOS.....c.viiiccice e 37

3.5.1 Sample analysis by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

MELNOM ... bbbttt b ettt 38
3.5.2 1on Chromatography (IC) ..c.eeeeieee e 38
3.6 Calculation of the radionuclides and heavy metals concentrations in water.................. 39
3.6.1 RAIONUCTIAES IN WALET ..ot 39
3.6.2 Heavy metals in WaLEr .........ccoiiiiiiie e 41

Vil



3.6.3 Water qUAlITY @SSESSIMBNT.......c.eiiiiiieiieiterie e 42

CHAPTER 4: RESULTS AND DISCUSSIONS .....oooiiiiei e 44
4.1 Presentation OF the TESUIS .........oiiiieieie e 44
4.2 Findings onradionuclides and heavy metals...........ccccccoeeiiiiiiiie i, 45

4.2.1 Activity concentrations 0f radionUCHOES ..........cccceriiiiiiininiesse e 45
4.2.2 Heavy metal concentrations INWALeT .........c.covveiieiieeiie i 48
4.2.3 Concentration 0f heavy MEtals ..o, 51
4.2.4 Water qUATILY ASSESSIMENT......coiiiieieeie ettt sre e enes 55
4.3 Findings on the cations and anions using lon Chromatography. .........cccccceviveieivernenen. 58
4.4 Challenges regarding the sustainability of the Vaal River for future water supply ....... 61

CHAPTER 5: CONCLUSION AND RECOMMENDATIONS .......ooiiiiieieeeee e 63

5.1 CONCIUSTONS ...ttt bbb bbbt e bbbt bt eene e 63

5.2 RECOMMENUALIONS .......viiiieeeie ettt bbb 64

5.2.1 Conceptual management plan timeline...........cccooooi i 66

REFERENGCES ...ttt bbbt b e e e e nneennee s 68

viil



List of figures

FIGUIE 2. 18: U JBCAY SEIIBS . .ieiieiiiiteeiteetie sttt ettt s ettt e st e ste e esaeesteentesneesteeneaennas 8
FIQUIE 2. 2D U ABCAY SEIIES ...ttt bbb nre s 9
Figure 2. 3: Decay SerieS 0T 238U.......coiuiiiiiiiiciie et 12
Figure 2. 4: Neutron ACtivation ANAIYSIS ........cceiiiiiieiiise e 19
FIGUIE 2. 5. PIXE oottt e et et b et e e e te e naaeareearae s 20
Figure 2. 6: Schematic diagram ot AAS ........ooi i 21
Figure 2. 7: Schematic diagram Of IC ... 22
Figure 2. 8: The Perkin Elmer, NexION 2000 ICP-MS at CARST......c.cccoevveveiieiieie e 23
Figure 2. 9: Sample schematic of an ICP-MS InStrument ..o, 24
Figure 2. 10: Bismuth 209 neptunium ChaiN...........cccovveiiiiic i 27
Figure 2. 11: Broad Energy Germanium (BEGe) Gamma Spectrometry system. ................... 31
Figure 3.1: Map 0fthe StUAY r€a. ......cccecveiiiiiccceece e 34
Figure 3.2: Water sample GPS COOTTINALES. .......coveiieiiiiieiiiisiee s 35
Figure 3.3: Water sample COIECION. .......covviiieiiiei e 36
Figure 3.4: Prepared Water SAMPIE.......c.ccveiieiiec et 37
Figure 4.1: Correlation factor D and REEQ..........coeriiiiiiiiiirieee e, 48
Figure 4.2: Correlation factor D and AEDE ..........cccoooeiiiii e 48
Figure 4.3: Heavy mMetals IN WAL ........cccoiiiiiiiieee e 49
FIQUIE 4.4 PIPEI PRSES....cueiitiiie ettt ettt te et e e te e eaneesteenaesreeanaenneens 59
Figure 4.5: Cation and anions piper diagram. ........coooereiirinieiee e 60
Figure 5.1: Schematic diagram of the conceptual management plan. ..........ccccceovvevveiiiiennnnns 65



List of tables

Table 4.1: K, Th, U activities and the hazard indices in the river water.............c.ccoceovvvrennne. 46
Table 4.2: K, Th, U activities and the UNSCEAR recommended limits............c.ccoovvvvvnnnnnn 47
Table 4.3: Human health risks due to heavy metal concentration in the river.............c..c........ 50
Table 4.4: Elemental CONCENTIAtIONS. .....oouviiiiiieieie e 52
Table 4.5: Child health risks indices for children. ... 54
Table 4.6: Adult health INAICES. ........ooiiiiiiee e 55
Table 4.7: MPI and HEI for the elements of interest for this study (mg/l). ..., 56
Table 4.8: Statistical summary of heavy metal levels in the study area. ...........ccccceevvevivenennen. 58



List of abbreviations

BEGe Broad Energy Germanium

ICP-MS Inductively coupled plasma mass spectroscopy
MCA Multi-channel analyser

NNR National Nuclear Regulator

NORM Naturally occurring radioactive material
WHO World Health Organisation

WRC Water Research Commission

DWS Department of Water and Sanitation

DWA Department of Water Affairs

SALGA South African Local Government Association

UNSCEAR United Nations Scientific Committee on the Effects of Atomic Radiation

GPS Global positioning system
AEDE Annual effective dose equivalent
Raeq Radium equivalent activity

Hex External hazard index

K Potassium

Th Thorium

U Uranium

mSv Millisievert

Ba/kg Becquerel per kilogram

CARST Centre for Applied Radiation Science and Technology
nGy/hr nano Gray per hour

HCI hydrochloric acid

ppb parts per billion

ppm parts per million

Xi



CHAPTER 2: INTRODUCTION AND PROBLEM STATEMENT

1.1 Introduction

The issues of river water pollution by various anthropogenic activities in South Africa are of
major concern (Claassens etal., 2016, Zhou et al., 2020b). Water pollution is the contamination
of water bodies such asrivers or lakes by human activity, which has a negative impact on water
users (Ajibade et al., 2021). Toxins from sewage discharges, industrial operations, mining,
agriculture, and urban or storm-water runoff interact with water bodies to cause contamination
(Moloi et al., 2020, Wolkersdorfer et al., 2021). When humans use contaminated water for
various activities such as drinking or irrigation, it can cause ecosystem destruction and spread
water-borne diseases (Mararakanye et al., 2022, Mokarram et al., 2020, Moloi et al., 2020).
The more polluted water bodies there are, the worse the water quality becomes (Du Plessis,
2021). According to numerous studies, the main causes of South Africa’s poor water quality
are mining, urbanization, and other anthropogenic causes (Durand, 2012, Manyatshe et al.,
2017, Van Rensburg et al., 2016, Winde et al., 2017).

South Africa has many aspects of water challenges that can affect the country’s economic
growth, especially when the levels of water scarcity, droughts, as well as increasing and
deteriorating water resources are not well addressed (Plessl et al., 2019, Van Rensburg et al.,
2016, Wepener et al., 2011). Potable water is essential to life. Therefore, it is important to
ensure that its quality is maintained through careful monitoring activities (Du Plessis, 2021).

In addition, South Africa is known for its mining industry, which plays an important economic
role (Winde et al., 2017, Worlanyo and Jiangfeng, 2021). South Africa is also considered the
largest gold producer in the world (Winde and de Villiers, 2002). The Gauteng province within
the Witwatersrand Basin of South Africa, has more uranium than gold, which was mined as a
by-product. Mining of uranium within the Gauteng province is mainly on the outskirts of
Johannesburg, near Randfontein, and west of the Witwatersrand (Winde and de Villiers, 2002).
Uranium waste recovered from the gold mining operations is deposited in the Witwatersrand
mud dams. Over the years, the waste piles grew and increased radionuclides levels in the
environment (Winde etal., 2017, Worlanyo and Jiangfeng, 2021).

According to Du Plessis (2021), the sustainability of South Africa’s freshwater resources is at

a critical point. The South African water bodies need the attention and status they deserve to



ensure that the quality of water is in the desired state for users (Makubalo and Diamond, 2020).
Within Gauteng and the North West Province of South Africa, the deterioration of rivers due
to mining activities is noticeable (Durand, 2012). Mines are allegedly the major environmental
sources of radionuclides and heavy metals (Durand, 2012, Manyatshe et al., 2017, Van
Rensburg et al., 2016, Winde et al., 2017).

Radionuclides and heavy metals are normally released during surface mining operations
(Manyatshe et al., 2017, Van Rensburg et al., 2016, Winde et al., 2017). They are found
naturally everywhere in the environment and can accumulate easily in soil and water
(Manyatshe etal., 2017, Van Rensburg et al., 2016, Winde et al., 2017). The concentration of
radioactive materials and heavy metals produced during mining processes can potentially cause
serious risks to people and the environment when exposed to persistent levels (Groffen et al.,
2018, Marara and Palamuleni, 2019, Moloi et al., 2020).

Furthermore, mines are considered liable for a series of environmental issues and human health
problems (Plessl et al., 2019, Van Rensburg et al., 2016, Wepener et al., 2011) and can
potentially cause severe risks to the environment and people (Plessl et al., 2019, Van Rensburg
et al., 2016). Some of these risks include damage to water bodies, biodiversity loss, and
changes in lifestyle, as well as affecting food security and potentially causing pollution (Plessl
et al., 2019, Van Rensburg et al., 2016). The risks can be due to the decay series of the long-
lived natural radionuclides of uranium (U) and thorium (Th) (Madzunya et al., 2020). The
radionuclides can enter the environment and cause various health effects when ingested or
inhaled in high concentrations, resulting in illnesses such as cancer and eye problems (Davies
and Mundalamo, 2010).

According to Durand (2012), the Gauteng and North West mine effluent contains thorium,
uranium, radium and polonium, which are considered radioactive. These pollutants accumulate
in the river sediments and the soil, posing a severe effect on the water, the environment and the
people (Durand, 2012). Exposure to these pollutants may potentially cause destruction of the
kidneys, blindness, paralysis, cancer, tissue disease and changes in the immune system
(Durand, 2012, Jibiri and Okeyode, 2012, Moloi et al., 2020). The permissible limit of uranium
in drinking water is 30 mg/l, as per the recommendation by the World Health Organization
(WHO) (Burritt and Christ, 2018). The level is based on the epidemiology studies of
consumption of 2 litre of drinking water by a 70 kg adult per day, with an 80% tolerable daily
intake (Ma et al., 2020).



1.2 Problem Statement

Rivers provide needed potable water for agricultural activities, industrial, mining and domestic
purposes. Rivers supply water to many urban areas. During dry seasons, river water is used to
supplement rainfall, ensuring sustained crop production (Du Plessis, 2021). In this study, the
Vaal River provides needed potable water to varied industries in the Gauteng, North West,
Northern Cape, Free State and Mpumalanga provinces of South Africa (Davies and
Mundalamo, 2010, Durand, 2012, Manyatshe et al., 2017). However, these same industries
tend to discharge polluted water back into the river system and degrade the water quality of the
river (Atangana and Oberholster, 2021, Marara and Palamuleni, 2019, Moloi et al., 2020).

The Vaal River flows through gold mines and is potentially contaminated with substantial
amounts of radionuclides and heavy metals (Manyatshe et al., 2017). Furthermore, the Vaal
River is argued to be a dumping site for radiotoxic and heavy metals from various industries,
including mines (Durand, 2012). The state of the river shows no sign of improvement (Chokwe
and Okonkwo, 2019, Wepener et al., 2011). In 2017, Manyatshe et al. (2017) depicted high
concentrations of NOgz anion and declared the river water unfit for domestic and agricultural
use. Heavy metal pollution such as zinc (Zn), arsenic (As), nickel (Ni) and uranium (U) were
observed in 2019 by Marara and Palamuleni (2019). A year later, Moloi et al. (2020) projected
health risks to humans due to high concentrations of arsenic, while Madzunya et al. (2020)
projected high concentrations of 226Ra. At this level, continued pollution of the river will
potentially have serious impacts on human health, food production and the environment
(Chokwe and Okonkwo, 2019, Van Rensburg et al., 2016, Wepener et al., 2011).

There are numerous studies conducted concerning the Vaal River water system and its pressing
problems (Moloi etal., 2020, Marara and Palamuleni, 2019, Manyatshe et al., 2017). However,
progress has not been made in addressing issues relating to the pollution of the river (Du
Plessis, 2021, Van Rensburg et al., 2019, Weideman et al., 2020). Furthermore, not many
studies concerning the radionuclides and heavy metals in the Vaal River have been conducted.
Recent studies conducted around the Vaal River have been about the radioactivity levels and
dosages of the mine dam tailings as well as the exposure of uranium to people (Moshupya,
2022, Zupunski et al., 2023).

This study area was selected based on several pollution concerns from varied studies of the

Vaal River (Chokwe et al., 2017, Moloi et al., 2020) and it focuses on the river as a possible



pathway for heavy metals and radionuclides intake. The aim is to assess the water quality of
the river for future reference. The study looks at possible angles that may contribute to river
water pollution, which affects the water quality of the river, and proposes a conceptual

management model for the Vaal River.

Furthermore, it is significant to note that many South African gold mines extracting ore contain
not only gold but a substantial amount of uranium (U), which is also transported to the surface
inadvertently (Winde and de Villiers, 2002). The main problem of mining uranium is the
widespread effects it brings to the environment, such as increased levels of radiation and water-

borne toxins (Madzunya et al., 2020).

1.3 Previous studies

Previous studies have included assessment of radioactive elements in water by the National
Nuclear Regulator (NNR) and Water Research Commission (WRC) of South Africa. The study
by the WRC was conducted in 2010 while that ofthe NNRwas in 2014. The NNR is mandated
to regulate and prevent nuclear radioactive incidents affecting the environment and people,
among other duties. The WRC mandate is to identify gaps in relation to areas of research for
water. The study by Marara and Palamuleni (2019) on heavy metals is also examined in this

study.

The NNR investigated the radiological effect of mining activity discharges in water and
confirmed uranium as a toxic chemical (NNR, 2007). According to NNR’s investigation,
uranium affects the water catchment and poses risks to the surrounding communities. The
WRC reported uranium concentrations in their scientific research report written in April 2010.
The report investigated the concentration of uranium elements in the South African water
catchments. According to the WRC, the concentration of uranium in the majority of the water
catchments was above the 250 mSv/yr recommended limit regulated by the NNR (NNR, 2007).
Furthermore, the study by Marara and Palamuleni (2019) on the water quality of the Klip River
in Gauteng Province detected high concentrations of heavy metals. The Klip River is atributary
to the Vaal River. A recent study about the radioactivity level nearby the Gauteng gold mine
tailing dams depicted high concentrations of U in the soil (Kamunda, 2017, Moshupya, 2022).
Concerning heavy metals, Kamunda et al (2017) observed high concentrations of Niand Zn in

soil.



1.4 Justification

A lot of studies have been conducted concerning the Vaal River. However, not much has been
done on the water quality of the river. (Groffen etal., 2018, Saad et al., 2022). Majority of the
studies have been investigating the amount of waste pollution discarded into the river
(Manyatshe et al., 2017, Saad et al., 2022). Less has been conducted on the toxic elements of
the river (Marara and Palamuleni, 2019, Moloi et al., 2020). The objective of this study is to
create awareness among the communities living around the Vaal River vicinity. The awareness
is mainly based on the risks associated with high levels of heavy metals and radionuclides in
the river. The reported results of the study are intended to improve risk assessment in relation
to heavy metals and radionuclides through direct and indirect exposure of humans to these
chemicals. The result of this study can also be used as the baseline database for water research
materials. The findings of the study will be further used to provide a conceptual management
plan for further planning and better management of the Vaal River. In short, this study will also
be beneficial to several departments, such as Rand Water, the local municipality of the Vaal
River and the community at large, through better management of the river as suggested by the

study.

1.5 Aim and objectives of the study

1.5.1 Aim

The aim of this study was to investigate the concentration levels of the radionuclides and heavy
metals and their effect on the water quality of the Vaal River.

1.5.2 Objectives

The objectives of this study were to:

e Assess the water quality of the Vaal River in terms of the NORM radionuclides.

e Determine the water quality of the Vaal River in terms of the heavy metal pollutants.

e FEvaluate the radiological health risk indices due to NORM.

e Determine the risks associated with toxic heavy metals in water.

e Review the challenges and the sustainability of the Vaal River for future water supply
to the North West and Gauteng Provinces.



e Propose a Conceptual Management model for sustainable water quality of the Vaal

River.

1.6 Thesis outline

This study has five chapters. The first chapter is an introduction and provides a brief
background on the radiological and heavy metal levels of the Vaal River. The chapter also
highlights the relevance of the study and, the aim and objectives thereof. Chapter 2 is areview
of literature on the following topics: potential pathways of heavy metal inputs, heavy metals in
the river, the effects of heavy metals, and instruments used for analysis such as Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) and lon Chromatography. The chapter further
reviews the main radionuclides and the properties of naturally occurring radionuclides
(NORMSs). Chapter 3 describes the study area, the techniques used for data collection and
preparation for laboratory analysis, the instruments used for data analysis, and the calculations
used to measure the radiological risks, elemental risks and water quality. Chapter 4 presents,
interprets and discuss the results of the study. Finally, the fifth chapter contains the conclusions
and provides recommendations for future research in the identified gaps for better planning,
maintenance and monitoring of the Vaal River.



CHAPTER 3: LITERATURE REVIEW

2.1 Introduction

Water quality refers to the state of the water, including its chemical, physical, and biological
qualities, as well as its suitability for a certain purpose such as drinking or swimming (WHO,
2022). There are four sorts of water quality: drinkable water, appetizing water, contaminated
(polluted) water, and infected water (Ajibade et al., 2021). Contaminated water can cause major
health issues, which can lead to serious sickness (Mokarram et al., 2020, Rani et al., 2022).
Our rivers, reservoirs, lakes, and oceans are being polluted by chemicals, garbage, plastic, and

other contaminants beyond control (Wepener et al., 2011, Zhou et al., 2020a).

The challenges of rising water consumption as a result of numerous human activities, such as
mining in South Africa, are of great concern (Claassens et al., 2016, Winde et al., 2017). Rivers
become severely contaminated due to the amount of garbage dumped into them (Tomno et al.,
2020). According to numerous studies, South Africa’'s poor water quality is largely caused by
mining, urbanization, and other anthropogenic factors (Durand, 2012, Manyatshe etal., 2017,
Winde et al., 2017). Given the water problems South Africa is dealing with, it is important to
emphasize that if the country's economic development is not successfully addressed, the issue
could have a negative impact (Rani et al., 2022). Potable water is vital to life, hence, it is

important to maintain its quality through monitoring programmes (Du Plessis, 2021).

In general, mines are argued to be the primary source of hazardous radionuclides such as
uranium in waterways (Durand, 2012, Manyatshe et al., 2017, Van Rensburg et al., 2019,
Winde et al., 2017). These radionuclides provide a problem in that they can quickly assemble
in the waterways (Durand, 2012, Manyatshe et al., 2017, Van Rensburg et al., 2019, Winde et
al., 2017). When exposed, people and the environment may face substantial dangers from high
concentrations of hazardous radionuclides (Groffen et al., 2018, Marara and Palamuleni, 2019,
Moloi et al., 2020). The long-lived natural radionuclide decay sequence of elements such as
uranium (U) and thorium (Th) is what causes the dangers (Madzunya et al., 2020). Figure 2.1

shows the decay series of Uand Th, to the daughter isotopes.



The Uranium-238 Decay Chain
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Figure 2. 1a: U decay series (Rutgers van der Loeff, 2019).



The Thorium-232 Decay Chain
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Figure 2. 2b: U decay series (Rutgers van der Loeff, 2019)

When U decays, it goes through a series of decay steps beginning with 238U and ending with
206pp which is a stable isotope (Pourcelot et al., 2021). The parent isotope 238U decays into the
daughter isotopes 234U 239Th and 226Ra. The half- lives of the parent nuclide 238U decay chain
are substantially longer than those of the other intermediate nuclides such as 23°Th (Postar,
2017, Pourcelot et al., 2021). The same applies when 232Th decays. As a result, the
radioactivity of this parent nuclide decays slowly whereas the daughter is created at a faster
rate (Masok et al., 2018). These concerns could include a variety of ailments brought on by
high-concentration ingestion and inhalation, including cancer, eye issues, epilepsy conditions,
and others (Davies and Mundalamo, 2010).

2.1.1 Mining as the source of pollution

Uranium is used for nuclear energy production as a natural resource (Worlanyo and Jiangfeng,
2021). The demand for uranium mining has increased highly during World War II, and
decreased in the last decade after World War 1l (Durand, 2012). Countries like South Africa

have a need for the economic development that depends on mining, however there is a major



role in continuous challenges for uranium to be mined in the most responsible way (Winde et
al., 2017).

Mining in South Africa is a significant economic driver that provides economic opportunity
for people (Hilson and Clifford, 2010). Mining is a significant anthropogenic activity that
brings economic and social benefits such as employment, improved infrastructure as well as
industrial developments (Worlanyo and Jiangfeng, 2021). However, its negative impact on
society is expected to increase if the country does not follow proper safety procedures and
enforce regulations (Winde et al., 2017). Despite South African mines being the economic
driver for the country, the mining processes have been producing numerous tailings which have
high concentration levels of uranium (Worlanyo and Jiangfeng, 2021, Winde and Van der Walt,
2004). To date, commendable studies have found high concentrations of radionuclides and
heavy metals in rivers due to discharge of efluent water from mines (Ajibade et al., 2021,
Manyatshe et al., 2017, Van Rensburg et al., 2016).

Compared to other countries, South Africa consists of several reserves which are considered
the largest (Davies and Mundalamo, 2010, Worlanyo and Jiangfeng, 2021, Postar, 2017, Mudd,
2008). Processing of uranium started as a by-product of gold mining in the mining fields of the
Witwatersrand area of Gauteng Province of South Africa. This was started by the Nuclear
Fuels Corporation of South Africa (NUFCOR) in 1967 (Hanto et al., 2022, Li et al., 2022).

Extraction of uranium from the earth is not easy compared to diamonds or gold (Khumalo and
Mathuthu, 2018). The element of uranium firstly needs to be transformed in preparation for
sale (Mathuthu et al., 2021). Milling is achemical process used in mines to treat uranium. After
the milling process, the chemical form is triuranium octoxide (Dutta et al., 2022). The final
process concentrates a mixture of uranium oxide in a form of a yellow cake (Dehdashti et al.,
2020). These milling processes produce nuclear waste from the mill tailings and waste
containing heavy metals (Postar, 2017, Mudd, 2008). The heavy metals and radioactive
chemicals contaminate the environment and water due to the radium decay to radon gas (Khan
et al.,, 2022). The decay series can potentially pose radioactive risk through blown dust
particles, which result in inhalation effects on the environment and the nearby area (Mudd,
2008).
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2.1.2 Potential impacts of uranium mining

The main uranium component in the nuclear fuel cycle plays asignificant role in nuclear power
plants by generating electricity and manufacturing nuclear weapons (Issah and Umejesi, 2018).
Mining of uranium can potentially cause environmental pollution to the nearby water courses
and areas through heavy metal and radionuclide chemical concentrations (Madzunya et al.,
2020). According to Mathuthu et al. (2021), uranium mining generates a large amount of waste
rock and milling tailings (Diaz-Morales etal., 2021). The risks associated with uranium mining
include high concentration levels of background radiation, radioactive dust, and the release of
radon gases which cause several impacts on the environment and humans (Bezuidenho ut,
2021). Mining tailings needs to be disposed of and stored properly because leakage and
emission of radiation from its waste can last for centuries in soil or water (Joyce, 2018). The
mining tailings if, not disposed and stored properly, can result in contamination of the soil,

surface and groundwater with uranium and heavy metals (Lindman et al., 2020).

Excessive radionuclide concentration can lead to health effects such as lung cancer
(Wolkersdorfer et al., 2021). Exposure to uranium from breathing in fractured sand particles
result in several effects such as lung cancer and kidney damage (Madzunya et al., 2020).
Radiation and heavy metals can, directly and indirectly, affect humans through inhalation of
dust, contact with soil and water, as well as an intake of food such as fish and drinking of
contaminated water (Ma et al., 2020). To date, uranium mining activities tend to affect the
surroundings socially and environmentally indirectly or directly through inhalation of dust,
skin contact and ingestion of uranium concentrated particles (Mathuthu et al., 2021, Madzunya
et al., 2020).

Naturally, isotopic ratios of uranium particles are in three parts of 238U, 235U and 234U. The
uranium element transforms to other elements in a slow process that can last for a period of
hundreds to thousands of years (Ntsohi et al., 2021). The transformation process of uranium to
other elements is called the decay series (Mhlongo et al., 2018). Uranium is not the only
radioactive element, however, decay progeny of (Th) thorium, (Rn) radon, (Pb) lead, and (Po)
polonium are also present in uranium ore as shown in figure 2.2. These decay products are

considered toxic and radioactive (Masok et al., 2018, Madzunya et al., 2020).
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Figure 2. 3: Decay series of 238U (Ordoriez et al., 2019)

The risks of radiation exposure do not depend entirely on the amounts of radiation exposed
(Groffen et al., 2018). The exposure can be small and cause minor damage that potentially
contributes to cancer over a long period, or large and cause severe cancer in a shorter space of
time (Madzunya et al., 2020). As the earth disperses radiation naturally, humans are also
exposed to the radiation in small amounts (Khumalo and Mathuthu, 2018). This radiation is

called natural background radiation and cannot be avoided (Genthe et al., 2018).

2.2 Potential pathways of pollutants

The potential pathway illustrates how pollutants, including radionuclides and heavy metals,
move from their sources to the end receiver, such as people, by moving through the
environment (Khan et al., 2022). These putative paths include four characteristics such as
environmental contamination, environmental medium, point of exposure and exposure
pathway (Khan et al., 2022). The gold mine tailings are regarded as a potential environmental
pollution source (Mathuthu et al., 2021). In some instances, fissure water from underground
mine workings may occasionally be treated in water-purification facili