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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 a result, 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). Ion 

chromatography (IC) was also used to examine water types from the cations and anions therein. 

The cations measured are calcium (Ca2+), sodium (Na+), magnesium (Mg2+), 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 (Bq/l) were used to assess the radiologica l 

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 Raeq was (33.803 Bq/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 

pollution 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 



 

v 

 

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

nearby industries.  

iii. Ion chromatography (IC) was used also to examine the cations and anions of the study.  

The cations: calcium (Ca2+), sodium (Na+), magnesium (Mg2+), and potassium (K+), 

had an average concentration of 34.4, 58.9, 13.8, and 6.3 mg/l, respectively. The anions: 

sulphate (SO4
2-), phosphate (PO4

3-), 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 monitor ing 

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. 
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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 et al., 2016, Zhou et al., 2020b). Water pollution is the contamina tion 

of water bodies such as rivers 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 contamina tion 

(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 et al., 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 
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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 environmenta l 

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 et al., 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 accumula te 

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 Organiza t ion 

(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). 
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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 industr ies 

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 substantia l 

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 industr ies, 

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 NO3 anion and declared the river water unfit for domestic and agricultura l 

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 et al., 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 
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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 of the NNR was 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 investigat ion, 

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 a tributary 

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 Ni and Zn in 

soil.  
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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 et al., 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: 

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

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

 Evaluate the radiological health risk indices due to NORM. 

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

 Review the challenges and the sustainability of the Vaal River for future water supply 

to the North West and Gauteng Provinces.  
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 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 a review 

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 Inductive ly 

Coupled Plasma Mass Spectrometry (ICP-MS) and Ion Chromatography. The chapter further 

reviews the main radionuclides and the properties of naturally occurring radionuclides 

(NORMs). 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 calculat ions 

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 conclus ions 

and provides recommendations for future research in the identified gaps for better planning, 

maintenance and monitoring of the Vaal River. 
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CHAPTER 3: LITERATURE REVIEW   

2.1 Introduction 

Water quality refers to the state of the water, including its chemical, physical, and biologica l 

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, contamina ted 

(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 et al., 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. 
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Figure 2. 1a: U  decay series (Rutgers van der Loeff, 2019). 
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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 

206Pb which is a stable isotope (Pourcelot et al., 2021). The parent isotope 238U decays into the 

daughter isotopes 234U 230Th and 226Ra. The half- lives of the parent nuclide 238U decay chain 

are substantially longer than those of the other intermediate nuclides such as 230Th (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 II (Durand, 2012). Countries like South Africa 

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



 

10 

 

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 a chemical 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 a significant  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 (Díaz-Morales et al., 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 (Bezuidenhout, 

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 (Ordóñez 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 environmenta l 

pollution source (Mathuthu et al., 2021). In some instances, fissure water from underground 

mine workings may occasionally be treated in water-purification facilities and utilized for 

human consumption (Khumalo and Mathuthu, 2018). If fissured water comes into contact with 

oxidized ore, it could become contaminated (Ojekunle et al., 2022). Process water used in 

mining operations is another cause of contamination (Madzunya et al., 2020). It typically 

includes dissolved toxins that may someday harm people if they were released into the 
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environment through evaporation, seepage, or run-off  (Khan et al., 2022). Other sources 

include settling ponds, evaporation dams, return-water dams, storm water drainage systems, 

and rock dumps (Van Rensburg et al., 2019). 

The environmental medium is the second pathway, where the contaminant passes through areas 

where human exposure is possible (Dutta et al., 2022). If this occurs, the radionuclides and 

heavy metals may either dissolve or flow through run-off into surface water bodies or be 

leached into the underlying groundwater aquifers, poisoning water sources (Khan et al., 2022). 

Water, air, food, and soil are the main environmental media for people. When taken as surface 

and/or groundwater, humans are exposed to radionuclides and heavy metals. Both surface 

water and groundwater can be used for drinking, bathing, farming, or recreational activit ies 

(Gani et al., 2021, Liu et al., 2022). The atmosphere can also expose people to contamina ted 

indoor and outdoor air, such as wind-borne dust from mining waste (Liu et al., 2022). Human 

exposure can also be increased by food that comes from polluted soil or water. Dusty soil that 

is blown into the air can also be deposited on food, which people may then eat or breathe in 

(Dutta et al., 2022). The point of exposure is the third pathway (Liu et al., 2021). Here, a 

contaminant comes into contact with the body. At this point, people might be exposed to 

radionuclides and heavy metals, for instance, in their workplaces, rivers, or residences. This 

can happen either through ingestion or breathing (Gani et al., 2021, Liu et al., 2022).  

The exposure pathway is the fourth one. It explains how a contaminant enters the body of a 

human. In general, there are different ways that radionuclides and heavy metals might enter a 

person's body (Marara and Palamuleni, 2019). These include ingesting or swallowing food or 

water that has been contaminated or inhaling a gaseous substance, like radon gas. It is possible 

to inhale small amounts of dust into the lungs. The dermal skin contact is another pathway, 

wherein the contaminated material is absorbed through the skin from the water, soil, or air 

(Khan et al., 2022). 

2.3 Heavy metals  

Heavy metals are considered the environmental sources of pollution (Ugochukwu et al., 2022). 

Activities caused by humans such as mining and waste water discharges leave high 

concentrations of heavy metals in soil and water (Zhou et al., 2020b). The heavy metals in soil 

can pass into the aquatic environment, groundwater and plants, reaching humans and animals 

(Zhou et al., 2020b). Heavy metals are found everywhere due to natural and anthropogenic 
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activities (Bird et al., 2005). They have a specific gravity that is greater than 5 g/cm 

classification. Such classifications include metalloids, lanthanides, basic and transition metals, 

actinides and metals of groups III to V of the periodic table.  (Edokpayi et al., 2022). The 

examples of these classifications include arsenic (As), cadmium (Cd),  aluminum (Al), copper 

(Cu), chromium (Cr), cobalt (Co), iron (Fe), mercury (Hg), lead (Pb), manganese (Mn), 

selenium (Se), zinc (Zn) and Nickel (Ni) (Edokpayi et al., 2022). 

Heavy metals are easily transferred from one place to another and are very persistent in the 

environment (Khan et al., 2022, Rani et al., 2022). As a result, they get to be ingested by 

humans through food and water (Edokpayi et al., 2022). Their toxic level depends on the dose 

absorbed and the type of metal (Klubi et al., 2020). Some heavy metals, even in small amounts, 

can cause illness in the human body and affect body organs (Klubi et al., 2020). Their effects 

on humans include diseases such as tuberculosis, asthma and gastrointestinal diseases (Durand, 

2012, Jibiri and Okeyode, 2012, Moloi et al., 2020).    

2.3.1 Heavy metals in rivers 

Rivers across the world play an important part in supplying humanity with the domestic water 

they require (Khan et al., 2022). However rivers may contain high levels of heavy metals, 

which are poisonous and non-biodegradable and pose substantial dangers even at low quantit ies  

(Rani et al., 2022). The extraction and processing of metal ores have been linked in numerous 

studies to the pollution of river ecosystems with heavy metals (Bird et al., 2005, Dehdashti et 

al., 2020, Díaz-Morales et al., 2021, Edokpayi et al., 2022). Metals can also be released 

naturally into the environment, but other events such as mining, direct waste dumping into the 

river, erosion and pollution into the river potentially cause higher metal concentrations (Bird 

et al., 2005, Díaz-Morales et al., 2021). 

Rivers can also contain metalloids such as selenium, which can be toxic at low exposure levels 

(Edokpayi et al., 2022). Mining and smelting operations, industrial production and 

consumption, residential and agricultural usage of metals and metal-containing compounds all 

result in metal exposure, which has a negative influence on the environment. (Wolkersdorfer 

et al., 2021).  Some of the environmental hazards related to these heavy metals include metal 

ion deposition in the air and soil, as well as heavy metal leaching and sediment re-suspension 

(Ashraf et al., 2020, Choudhury et al., 2022, Ugochukwu et al., 2022). In addition, one of the 

natural processes that contributes to the pollution of heavy metals is weathering (Mhlongo et 
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al., 2018) wherein rocks and minerals breakdown or dissolve into the environment over a 

period of time (Zhou et al., 2020b). 

2.3.2 The effects of heavy metals   

Some metals, like iron and copper, are essential to human life because of their indispensab le 

functions in the operation of body organs (Khaleeq et al., 2022). It is crucial to remember that 

all living things require different levels of heavy metals, which turn poisonous when ingested 

in high doses (Rani et al., 2022). Lead (Pb) is one example of a metal that may be toxic even 

at low exposure levels (Morales-Silva et al., 2022). It is also listed as harmful on the United 

States Agency for Toxic Substances and Disease Registry's priority list of heavy metal 

pollutants (Johnson, 1995, Przybyla et al., 2021).  

The environment, water, and soil may get contaminated by heavy metals from mining 

operations (Tomno et al., 2020). Increased heavy metal uptake by crops may result from an 

excessive buildup of heavy metals in the soil (Ugbede et al., 2021). Food and drink can also 

include heavy metals (Ojekunle et al., 2022), which can then be transported throughout the 

body's tissues and organs after being absorbed (Dutta et al., 2022). Once absorbed, they are 

dispersed throughout tissues and organs and may deposit in the bones, kidneys, liver, and lungs, 

posing major health dangers (Singh et al., 2022, Tomno et al., 2020). 

Lead (Pb) is harmful even in low quantities because it builds up over time and is thought to be 

mutagenic and perhaps carcinogenic to humans (Khan et al., 2022, Dan et al., 2022). Pb 

frequently enters river water through lead pipes, faucets, and plumbing equipment (Manyatshe 

et al., 2017). According to the world average permissible limit, Pb in soil and water should not 

exceed 0.05 and 85 ppm respectively (WHO, 2022). Pb has hazards, including but not restricted 

to kidney tumours, delayed cognitive maturation, and raised blood pressure in adults  

(Choudhury et al., 2022). Additionally, Pb toxicity has the ability to reduce the production of 

haemoglobin, which would interfere with the normal operation of the kidney, joints, 

reproductive, and cardiovascular systems and result in long-term harm to the central and 

peripheral nerve systems (Sylvie Désirée et al., 2021). The neurotoxic effects of Pb appear to 

be most dangerous to growing foetuses and children (Morales-Silva et al., 2022). According to 

(Devi and Mehendale, 2014) children under the age of five who are exposed to low levels of 

Pb may experience delays in their intellectual development. 
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Phosphorus (P) is crucial for the development of bones and teeth and is used extensively by the 

human body to process carbohydrates and lipids (Runcie and Larkum, 2001). Additionally, the 

body needs protein for the development, upkeep, and healing of cells and tissues (Buzetzky et 

al., 2023). However, phosphorus intake that is too high can be harmful to the general health of 

people, plants, and animals (Skerratt-Love et al., 2023).  A phosphorus imbalance in humans 

may lead to osteoporosis (Tarasova et al., 2022). According to the world average permissib le 

limit of P in soil and water, the recommended limit of 50 ppm in soil and 0,05 ppm in water 

(WHO, 2022) should not be exceeded. Algae can grow more quickly than ecosystems can 

tolerate when there is too much phosphorus in the water. Significant increases in algae have an 

impact on habitats, food supplies, and water quality  (Runcie and Larkum, 2001). They also 

reduce the amount of oxygen that aquatic life requires to exist. Algal blooms are huge growths 

of algae that can drastically diminish or completely remove oxygen in the water, causing 

diseases in fish and the demise of large numbers of fish (Tarasova et al., 2022). Some algal 

blooms are dangerous to people because they increase the production of toxins and germs that 

can make people sick if they come into contact with contaminated water, eat ruined fish or 

shellfish, or drink contaminated water (Zhao et al., 2022). 

Haemoglobin, a protein that transports oxygen in the blood, depends on iron (Fe) 

(ThomasArrigo and Kretzschmar, 2022). In addition, iron is important in a number of other 

critical bodily functions (Lin and Liu, 2022). A lack of iron in the blood can result in a number 

of serious health issues, such as iron deficiency anaemia (da Silva et al., 2022). Despite being 

a component of drinking water, iron is rarely found at amounts higher than 10 mg/L, or 10 ppm 

(Liu et al., 2021, Lin and Liu, 2022). The permissible limit in soil is 50 ppm while in water, 

the suggested limit  is 0.3 mg/l (ppm) (WHO, 2022). The presence of iron in water is 

determined more by taste and appearance than any negative effects on health (Van Rensburg 

et al., 2019). However, water can turn reddish-brown with as little as 0.3 mg/l of the substance 

present. When iron is mixed with tea, coffee, and other liquids, it results in an unfavourab le 

flavour and an inky, black look (ThomasArrigo and Kretzschmar, 2022). When vegetables are 

cooked in water with too much iron, they turn black and appear unpleasant. Even though low 

iron levels are not harmful to your health, water contain micro-organisms that could be harmful 

to the human body (Zhang et al., 2022). Additionally, a high iron level in the water results in 

an overload that might result in diabetes, hemochromatosis, stomach issues, and nausea. It can 

also harm the heart, liver, and pancreas (Zhang et al., 2022). 
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Manganese (Mn) is a trace mineral that is predominantly found in bones, the liver, kidneys, 

and pancreas of the human body (da Silva et al., 2022). Manganese aids in the formation of 

bones, connective tissue, blood clotting factors, and sex hormones in the body (Plessl et al., 

2019). The suggested limit in water is 0.05 ppm and soil, 5 ppm (WHO, 2022). Long-term 

consumption of manganese-rich water can impair memory, attention, and motor skills in 

children and adults. If infants drink too much manganese-containing water, they could 

potentially experience behavioural and developmental issues (Moloi et al., 2020). Manganese 

toxicity has the potential to cause a neurological condition with long-term symptoms like 

tremors, trouble walking, and facial muscle spasms (Plessl et al., 2019). These symptoms are 

frequently followed by other, more minor ones, such as agitation, aggression, and 

hallucinations (Moloi et al., 2020). 

Another element, selenium (Se) is primarily found in soil. It has been used to treat thyroid 

autoimmune disease and excessive cholesterol (Plessl et al., 2019). It is present as water-

soluble selenite in alkaline soils and is easily accessible to plants. Not only that, but it is 

typically found as selenite linked to iron and aluminium oxides in acidic soils, where its 

solubility is typically quite low (Plessl et al., 2019). Its limit in soil is 0.4 ppm, while in water 

is 0.01 ppm (WHO, 2022). However, this mineral aids in protecting the body from oxidative 

stress damage and is essential for thyroid and metabolism function. Selenium may strengthen 

the immune system, minimize the effects of ageing on cognitive function, and even lessen heart 

disease issues (Genthe et al., 2018, Dehdashti et al., 2020). Exposure to it can cause symptoms 

like nausea, vomiting, nail discolouration, brittleness, hair loss, exhaustion, irritability, and bad 

breath (Plessl et al., 2019). 

Despite being a necessary micronutrient for plant growth, boron (B) has the potential to be 

harmful in high concentrations (Vera et al., 2021, Vera et al., 2019, Ramos et al., 2021).  The 

suggested concentrations in water are set at 2 ppm and soil, 4 ppm (WHO, 2022). When inhaled 

as dust, boron compounds can be somewhat hazardous, causing inflammation and itchiness but 

little long-term harm (Vera et al., 2019). Anorexia, hypothermia, restlessness, fatigue, renal 

damage, dermatitis, alopecia, and indigestion are other symptoms of borate poisoning (Vera et 

al., 2021). High doses of boron exposure can disrupt the male reproductive system, lower foetal 

weight, and cause abnormal foetal development (Das et al., 2019). 

Cobalt (Co) is a known necessary micronutrient for maintaining the neurological system and 

producing red blood cells (erythropoiesis) (Suh et al., 2019). Depending on the amount and 
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duration, cobalt exposure at high levels may be harmful to people (Córdova-Lizama et al., 

2022). The suggested and safe amount of exposure to Co is 1.5 ppm in water, while in soil it is 

50 ppm (WHO, 2022). An asthma attack with shortness of breath, wheezing, coughing, and 

chest tightness can also be brought on by prolonged exposure. In addition, it may cause failure 

of the thyroid, liver, kidney, heart, and other organs (Moloi et al., 2020, Córdova-Lizama et 

al., 2022). Chronic inhalation of cobalt dust can harm the eyes, skin, heart, and lungs as well 

as produce fibrosis, which is a type of lung scarring (Bamana et al., 2021). 

Lithium (Li) is a medication that helps stabilize mood and is used to treat mood disorders such 

as mania (which is characterized by feelings of extreme excitement, hyperactivity, or 

distraction) and hypomania (which is a milder form of mania) (Yousefi et al., 2014, Robinson 

et al., 2018, Chaves et al., 2021). Bipolar depression can also be treated with it. Thyroid 

function may be impacted by lithium consumption from food, water, or other environmenta l 

sources (Aral and Vecchio-Sadus, 2011). The safe exposure of Li in soil is 30 ppm, while in 

water it is 5 ppm (WHO, 2022). The signs of Li poisoning include severe hand tremors, 

confusion, vision abnormalities, and severe nausea and vomiting (Bolan et al., 2021, Avila-

Arias et al., 2019). 

One metal at its suggested concentrations in water that is 0.1 ppm and soil 30 ppm (WHO, 

2022), nickel (Ni), has been linked to cancer, as well as oral and intestinal issues (Avila-Arias 

et al., 2019). Depression, heart attacks, hemorrhages, and kidney issues could all result from it 

(Mokarram et al., 2020). In addition to the other elements, copper (Cu) at the recommended 

limit in soil of 36 ppm and water 0.01 ppm and zinc (Zn) in soil at 50 ppm as well as water at 

5 ppm are important elements that are necessary for life (WHO, 2022). The elements are crucial 

for the body's healthy operation. However, prolonged exposure could possibly have negative 

effects on people who are not cancerous (Mokarram et al., 2020). Cu keeps the human immune 

system and nerve cells healthy and aids in the production of red blood cells. A surplus of Cu 

has been linked to liver damage, while Zn and Cu interact negatively. Inhibition of 

development and reproduction may also occur at higher Zn concentrations (Rani et al., 2022). 

2.4 Instruments that are commonly used for heavy metal analysis 

Different analytical methods, including Neutron Activation Analysis (NAA), Proton Induced 

X-Ray Emission Spectroscopy (PIXE), X-Ray Fluorescence Spectroscopy (XRF), Atomic 
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Absorption Spectrometry (AAS), Ion Chromatography (IC)  and Inductively Coupled Plasma-

Mass Spectrometry (ICP-MS) can be used to analyse heavy metals (Madzunya et al., 2020).  

2.4.1 Neutron Activation Analysis (NAA) 

NAA is a non-destructive method for performing major quantitative analysis and tracing 

elements in samples that involves irradiating sample material with neutrons in a nuclear reactor  

(Sayam et al., 2023). NAA provides for discrete sampling of elements because it disregards 

the chemical form of a sample and concentrates purely on atomic nuclei. The approach is based 

on neutron activation and consequently requires a neutron source (Truong et al., 2022, Salgado 

et al., 2023). The sample is bombarded with neutrons, which causes its constituent elements to 

produce radioactive isotopes (Sayam et al., 2023, Cui and Yang, 2023). Using this information, 

it is possible to examine the spectra of the radioactive sample's emissions and determine the 

amounts of the various elements contained inside it (Little et al., 2020, Cui and Yang, 2023). 

This approach has the additional benefit of not destroying the sample. NAA can also be used 

to determine the concentration of a radioactive sample (Little et al., 2020).  Figure 2.3 shows 

the process of NAA applications.  

 

Figure 2. 4: Neutron Activation Analysis (Landsberger, 2022). 

Despite the fact that the technique is essentially non-destructive, the irradiation sample will 

stay radioactive for many years after the initial analysis, requiring low- to medium-leve l 
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radioactive material handling and disposal protocols (Sayam et al., 2023, Nangeelil et al., 2023, 

Cui et al., 2023). The need for a neutron source, as well as the extremely high cost of the 

analysis, are the main barriers to broad adoption of this approach (Cui and Yang, 2023). 

2.4.2 Proton Induced X-Ray Emission (PIXE)  

PIXE is a non-destructive analytic technique used to detect the elemental content of a sample 

using X-ray emissions induced by proton irradiation (Arai et al., 2023). The process includes 

irradiating a substance with protons accelerated to energies ranging from 2 to 5 MeV 

(Satyanarayana et al., 2022, Zhang et al., 2021). Accelerated protons collide with inner orbital 

electrons (K or L orbital) of the elements in the sample under analysis, resulting in a cascade 

of electrons falling from outer higher-energy orbitals to inner orbitals and the simultaneous 

emission of X-radiation at energy lines specific to each element (Hatam et al., 2023, Arai et 

al., 2023). A suitable X-ray detector, such as a silicon drift detector, is used to measure the 

intensities of the X-rays generated by the sample, allowing the elements in the substance under 

study to be identified and measured (Zhang et al., 2021). The elements are recognized using 

the characteristic X-ray energy lines of each element, and the X-ray intensities at certain 

energies are utilized to quantify each element in the sample under analysis (Satyanarayana et 

al., 2022). Pure element standards are used to calibrate the X-ray detector response to X-rays 

generated by the sample at different energy lines (Satyanarayana et al., 2022, Zhang et al., 

2021). The figure 2.4 shows PIXE processes in reaction to the proton. 

 

Figure 2. 5: PIXE (Sera, 2018). 
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Elements lighter than magnesium (atomic number 12) are unlikely to appear in a PIXE 

spectrum. As a result, PIXE is more suited to detecting the composition of heavy metals rather 

than organic components (Sera, 2018, Arai et al., 2023). 

2.4.3 Atomic Absorption Spectrometry (AAS)   

AAS is an analytical technique used to determine the concentration of particular elements in a 

sample (Vista, 2015). AAS detects elements in liquid or solid samples by using certain 

wavelengths of electromagnetic radiation from a light source. Individual elements absorb 

wavelengths differently, and the absorbency of these elements are evaluated against standards. 

This is based on the principle that atoms (and ions) may absorb light at a single, unique 

wavelength. When this exact wavelength of light is delivered, the energy (light) is absorbed by 

the atom. A simple presentation of this is shown in figure 2.5 

 

 

Figure 2. 6: Schematic diagram of AAS (Masac et al., 2021). 

The technique is easy to operate with high sensitivity as it can detect up to parts per billion 

(ppb), however it is quite expensive and samples are destroyed in the process. One of the main 

drawbacks of this technique is its ability to only measure one element at a time. 

2.4.4 Ion Chromatography (IC)  

Ion chromatography is a liquid technique wherein atomic and molecular ions are separated for 

examination using ion exchange compounds (Huang et al., 2023). The technique is used in 
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environmental samples to separate and analyse anions and cations in lower concentrations of 

parts per billion (ppb) (Zhu et al., 2023, Li et al., 2023). It can detect concentrations of anions 

such as fluoride, chloride, nitrate, nitrite, and sulfate, as well as cations such as lithium, sodium, 

ammonium, potassium, calcium, and magnesium (Schorr et al., 2023).  

The ion detector generates a chromatogram that shows the relationship between conductivity 

and time, as shown in figure 2.6. Each ion causes a peak to appear, wherein the height is 

determined by the relative ion concentration in the injected solution (Worden, 2005).  

 

Figure 2. 7: Schematic diagram of IC (Worden, 2005). 

Ion chromatography is currently one  of the quickest and most accurate techniques that analyses 

different samples (Li and Liu, 2019). Chromatography enables precise separation, analysis, and 

purification. It can identify pharmaceuticals, food particles, plastics, pesticides as well as air 

and water samples, among other things, with a very small sample (Abusultan et al., 2023, Paull 

and Michalski, 2019). Despite its benefits, Ion Chromatography has certain drawbacks. One of 

the major disadvantages is the lack of universal detection (Yates et al., 2023). The technique 

cannot provide structural information about the separated species, however it is often preferred 

due to its sensitivity to ions (Paull and Michalski, 2019). 

2.4.5 Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)  

ICP-MS was employed in this investigation to analyse the presence of heavy metals in 

environmental samples. The low detection limit, lower interference, and quick multi-element 
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analysis are the key benefits of utilizing this technique. Figure 2.7 shows the image of the ICP 

-MS technique used in this study.  

 

Figure 2. 8: The Perkin Elmer, NexION 2000 ICP-MS at CARST  

The ICP system and the MS system make up ICP-MS. The atomization of the sample in 

question is one advantage of the ICP system (Madzunya et al., 2020). The liquid sample is 

atomized into plasma using a nebulizer. To do this, argon that rotates when exposed to the 

liquid sample is mixed with the liquid sample. The mass spectrometry (MS) system is mostly 

used for atom separation. The various parts of the ICP-MS system are depicted in Figure 2.8. 
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Figure 2. 9: Sample schematic of an ICP-MS instrument (Williams and Pillay, 2011). 

The mechanism for introducing samples is the first part of the ICP-MS as shown in figure 2.8. 

This is made up of a nebulizer and a spray chamber, which offer a way to introduce liquid 

samples into argon plasma as tiny aerosol droplets. The liquid sample is broken up into tiny 

droplets by the high-velocity argon gas stream, which is then pumped into the spray chamber. 

The next element that produces the argon plasma is the ICP torch and coil. Atoms, ions, and 

electrons are placed in a highly hot environment (between 6000 and 10,000 Kelvin) by the 

plasma. Since there is enough energy to entirely eliminate an element's outer shell electrons, 

many elements go from the atomic to the ionic form at these temperatures. As a result, the 

plasma separates the molecules from the aerosol, dries the aerosol, and then takes the electrons 

out of each component to create singly-charged ions, which are then sent into the mass 

spectrometer for mass filtration (PerkinElmer, 2004-2011). Figure 2.8 shows the schematic 

image of ICP-MS. 

The interface then connects the high vacuum mass spectrometer to the atmospheric pressure 

ICP ion source. The interface is where the plasma's ions are removed and supplied to the mass 

spectrometer as an ion beam. High vacuum is used to operate the quadrupole, the detector, and 

the ion optics. The sampled ions are accelerated and concentrated onto the mass filter by a 

group of charged plates or ion lenses once they have reached the high vacuum area of the mass 

spectrometer. Ion optics make sure that neutral species and photons are removed from the ion 

beam while guiding the targeted ions towards the mass analyser (quadrupole) (PerkinElmer, 
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2004-2011). Before the ion beam enters the mass spectrometer, it passes through the collis ion 

or reaction cell, which is used to filter out interferences that could reduce the range of detection 

that is possible. 

Ions are sorted according to their mass-to-charge ratios using the mass spectrometer as a mass 

filter.  A quadrupole mass spectrometer is used in the majority of commercial ICP-MS systems 

to quickly check the mass range. One mass-to-charge ratio at a time is permitted to move from 

the entry to the exit of the mass spectrometer. Ions are bent as they enter the MS system by the 

perpendicular magnetic and electric fields that are associated to it. The mass of the ions affects 

how wide the arch is. As they travel to the detector, the ions are divided based on their mass-

to-charge ratios. Ions leave the mass spectrometer and hit the first denode of a detector called 

an electron multiplier. Individual ions leaving the quadrupole are counted by the detector. 

A stream of electrons is created when the ions collide; these electrons are then amplified until 

they generate a detectable pulse. The data handling and system controller is the final element 

that manages all facets of instrument control and data handling. In order to calculate the 

element's concentration, a calibration curve must be created by comparing the measured pulse 

intensities to standards using Perkin Elmer's Syngistix Version 5.0 software. The 

concentrations of analytes in the aqueous sample are proportional to the detected ion intensit ies 

at various masses (Madzunya et al., 2020). 

2.5 Radionuclides  

Radionuclides are recognized to exist naturally or to be manufactured artificially in nuclear 

reactors, cyclotrons, particle accelerators, or radionuclide generators (Yan et al., 2021). 

Although radiation naturally occurs at a level that is not dangerous to human health (Petrosyan 

and Perikhanyan, 2022), there is a significant worry for the environment, the ecosystem, and 

people due to radionuclides that are increased by anthropogenic activities like mining 

(Moshupya, 2022). Recently, high concentrations of radionuclides have attracted interest as a 

topic of discussion (Moshupya, 2022, Zupunski et al., 2023). Products derived from 

radionuclides such as uranium are utilized extensively in a variety of fields, and people who 

are not occupationally exposed are potentially affected even at relatively small doses in their 

daily lives (Winde et al., 2017). 

There are categories of radionuclides that depend on their point of origin, like cosmogenic 

radionuclides produced by the interaction of cosmic rays with the earth's atmosphere (Bloch 
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and Owusu, 2012). Radionuclides like 14C, 7Be, 22Na and 3H are created as a result of these 

cosmic ray’s interactions with stable nuclides in the atmosphere (Jibiri and Okeyode, 2012). 

The second group consists of terrestrial radionuclides, which are thought to be primordia l 

because of their lengthy half-lives of about four billion years (Bloch and Owusu, 2012). These 

radionuclides comprise 235U, 238U, 232Th and 40K among others. The decay chain of 235U, 238U 

and 232Th are known as daughter progenies (Aichinger et al., 2012). They are known to persist 

in the tissues of all living things, as well as in the crust of the earth (Kathren, 1998). The final 

group is referred to as “anthropogenic” radionuclides, which are produced as a result of human 

endeavours including mining and commercial manufacturing of radiopharmaceuticals (Bloch 

and Owusu, 2012).  

Due to their lengthy half-lives of (>100 million years), which have not yet fully decayed, 

primordial radionuclides like uranium (U) and thorium (Th) still exist today (Ordóñez et al., 

2019, Rutgers van der Loeff, 2019). For the majority of practical purposes, radionuclides with 

half-lives that are numerous times longer than the age of the universe can be regarded as stable  

(Ashok et al., 2019). Most significantly, the discovery of this degradation in bismuth-209 

meant that bismuth was no longer thought to be stable (Franchi et al., 2022). The list of 

primordial radionuclides could grow as decay is seen in daughter nuclides (Novikau and 

Lujaniene, 2022, Yan et al., 2021). Bismuth 209 occurs in the Neptunium decay chain, as 

shown in figure 2.9. 



 

27 

 

 

Figure 2. 10: Bismuth 209 neptunium chain (Franchi et al., 2022) 

The decay of primordial radionuclides produces radiogenic isotopes known as terrestrial 

radionuclides (Kamunda, 2017). Compared to primordial radionuclides, they have shorter half-

lives. They emerge from the decay chains of the primordial isotopes 232Th (thorium), 238U 

(Uranium) and 235U (Uranium) (Masok et al., 2018). Examples include the naturally occurring 

isotopes of radon and polonium (Khumalo and Mathuthu, 2018). All of these cosmogenic 

nuclides are among the radionuclides that are only found in trace concentrations in nature 
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(Khumalo and Mathuthu, 2018). Short-lived radionuclides will be in short supply because 

secondary radionuclides will occur in proportion to their half-lives. Additionally, radionuclides 

can appear in nature in virtually undetectable amounts as a result of uncommon occurrences 

like spontaneous fission or peculiar interactions with cosmic rays (Yan et al., 2021, Ravisankar 

et al., 2015). 

Although modest levels of exposure occur naturally without harming living things, includ ing 

humans, unplanned exposure to radionuclides is often detrimental (Bloch and Owusu, 2012). 

The type and amount of radiation emitted, the amount and type of exposure (close contact, 

inhalation, or ingestion), and the element's biochemical characteristics will all have an impa ct 

on how much harm is caused (Khumalo and Mathuthu, 2018). However, nuclear medicine uses 

radionuclides with the right characteristics for both diagnosis and treatment. The several types 

of radionuclides, such as cosmogenic and primordial secondary radionuclides, indicate how 

they interact naturally on Earth (Yan et al., 2021; Ravisankar et al., 2014). 

Additionally, radionuclides that enter the environment could have negative consequences, 

including radioactive pollution (Ravisankar et al., 2015, Mathuthu et al., 2021). Besides, they 

can harm living organisms if they are exposed to radiation poisoning or utilized excessive ly 

during treatment (Ravisankar et al., 2015). Radionuclide exposure may cause health problems 

and impair the functions of healthy tissue or organs, depending on a number of circumstances 

(Madzunya et al., 2020). Radiation exposure can result in a variety of effects, including acute 

radiation syndrome, radiation burns, and hair loss. Long-term exposure can cause cell damage, 

which can result in cancer (Zakaly et al., 2021). 

2.5.1 Key Radionuclides  

Most of the information on important radionuclides is found in the U and Th series, especially 

for those with longer half-lives (Pourcelot et al., 2021, Postar, 2017). In the majority of 

environmental samples, potassium (K) is simply identified and reported. It is a 1460 keV 

gamma emitter and is not significant radiologically (Madzunya et al., 2020). A significant 

quantity of K is required for good plant growth, but too much K can be harmful since it may 

alter how the soil absorbs vital minerals. By reducing the K content of the soil, surplus 

phosphorus can be kept out of rivers, where it can promote the growth of algae that eventua lly 

threaten aquatic life. K is necessary for humans to have healthy nerves and muscles, especially 
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heart muscle cells (Singh et al., 2020). Because low levels of K can be fatal, immediate medical 

care is necessary (Singh et al., 2020).   

Contrarily, there is no recognized biological use for thorium (Th) (Rutgers van der Loeff, 

2019). The radioactivity of it is what makes it toxic. The risk of lung and pancreatic cancer is 

increased by breathing in Th dust, according to numerous research studies. Bone cancer risk is 

elevated in those who are exposed to Th (Masok et al., 2018). Low concentrations of the 

radioactive metal thorium, which is present naturally, can be found in water, plants, animals, 

soil, rocks, and other living organisms (Yan et al., 2021, Rutgers van der Loeff, 2019). 232Th, 

230 Th and 228Th are the radioactive isotopes of thorium, which make up nearly all of its 

naturally occurring forms (Mathuthu et al., 2021). 

2 .6 Radiation detection instrument  

When a nuclear particle enters a device to cause either excitation or ionization, the detection 

process begins. Radiation detectors come in a variety of shapes and sizes (Meert et al., 2022). 

If a nuclear particle interacts with a specific substance and causes excitation followed by 

fluorescence de-excitation, light is released that can be detected by a scintillation detector (Cui 

and Yang, 2023, Barrientos et al., 2011). Scintillation detectors have high acquisit ion 

efficiency but low resolution. It is possible to create solid, liquid, or gas scintillation detectors 

depending on the medium from which scintillation occurs (Sharma and Burnett, 2021). 

The second kind of detector works by ionizing the space between its charged electrodes, which 

is how it generates charge carriers. The ion chamber, proportional, and Geiger-Müller tubes 

are the most common types of devices based on this principle (Harkness-Brennan et al., 2014). 

They can also be made of solid semiconductor materials. P-n junction diodes are the structural 

type of solid semiconductor detectors. Applying a reverse bias voltage across a p-n diode 

causes a depletion area to form (Gruber et al., 2009). Charge carriers (positive holes and 

negative electrons) are released as a result of photon interactions in the depletion zone and are 

then swept by a voltage supply to the appropriate collecting electrodes (Cui and Yang, 2023, 

Barrientos et al., 2011). To create a voltage pulse with an amplitude corresponding to the initia l 

photon energy, the collected charge is supplied into a preamplifier (Barrientos et al., 2011).  

The most widely used materials for semiconductor detectors are silicon (Si) and germanium 

(Ge) (Cui and Yang, 2023, Barrientos et al., 2011). Because of several benefits, including high 

energy resolution, strong stability, great timing characteristics, and simplicity of operation, 
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semiconductor detectors are most frequently employed for gamma spectrometry (Sharma and 

Burnett, 2021). Between Ge and Si detectors, there are three key distinctions: the energy gap, 

the atomic number, and the mobility of the main carriers (Sharma and Burnett, 2021). In Ge, 

as opposed to Si, an electron-hole pair can be produced with less energy. Since some Si 

detectors can be used at ambient temperature, Ge detectors must be cooled to 77 K or -196 0C 

to get an acceptable level of leakage current caused by the thermal production of charged 

carriers (Tarasova et al., 2022). In order to operate a Ge detector, it must be vacuum-operated 

and cooled to liquid nitrogen temperatures (Cui and Yang, 2023, Barrientos et al., 2011). Thus, 

moisture and other pollutants that can condense are kept away from the sensitive detector 

surfaces (Sharma and Burnett, 2021). 

A gamma detector is made with a high photoelectric cross-section material for increased 

efficiency (Barrientos et al., 2011). Because the photoelectric cross-section is proportional to 

the fifth power of the atomic number Z, Ge outperforms Si by one to two orders of magnitude 

(Harkness-Brennan et al., 2014). Gamma-spectroscopy is a critical, non-destructive method for 

measuring gamma radiation from various radionuclides in environmental samples (Choudhury 

et al., 2022). Many radioactive sources emit rays of varying energies and probabilities of 

emission (Hung et al., 2017). These gamma lines are gathered into a spectrum and analysed 

using a gamma spectrometry system (Cui and Yang, 2023, Barrientos et al., 2011). In this 

study, the soil samples were that were analysed using the Broad Energy Germanium Gamma 

Spectrometer, are not reported. 

2.6.1 Broad Energy Germanium (BEGe) Gamma Spectrometry 

The interaction properties of gamma rays with the absorbing material are used to detect gamma 

photons in this instrument (Barrientos et al., 2011). The photoelectric effect, Compton 

scattering, and pair production are the three major processes by which gamma rays interact 

with the detector, producing charge carriers that are moved by the electric field towards the 

electrodes (Barrientos et al., 2011). The BEGe detector has the highest energy resolution for 

radiation detection, but is relatively inefficient (Cui and Yang, 2023). Different types of 

detectors can be designed depending on the impurity, such as n-type: germanium crystals with 

donor (n-type) impurities or p-type: germanium crystals with acceptor (p-type) impurit ies 

(Harkness-Brennan et al., 2014). Figure 2.10 shows the Broad Energy Germanium Gamma 

Spectrometer system used in this study 
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Figure 2. 11: Broad Energy Germanium (BEGe) Gamma Spectrometry system. 

Broad Energy Germanium detector configurations can be made in a variety of shapes to suit 

specific measurement needs. The detector's most common configurations are planar or coaxial 

(Barrientos et al., 2011). Planar detectors are typically small, with a diameter of a few 

centimetres. Because of this, the maximum depletion region is limited to less than 1 or 2 cm. 

This detector is suitable for measuring low-energy gamma radiation (Ravisankar et al., 2014). 

However, a thicker depletion layer or a larger sensitive volume of the detector required for 

more general gamma-ray measurements can be achieved by constructing the detector in a 

different type of cylindrical or coaxial geometry (Harkness-Brennan et al., 2014). 

2.6.2 Radioactive Decay Law and Equilibrium   

Radioactive decay is random in nature, and it is impossible to predict when a specific atom will 

decay. However, if numerous atoms are viewed as a single unit, the decay will follow a well-

defined statistical pattern known as the radioactive decay law. The decay rate is proportional 

to the number of radioactive nuclei of a specific type present at any given time, t. The constant 

of proportionality (λ), also known as the decay constant, is the fraction of atoms that decay in 

a unit of time, such as a second or a year. It is related to the half-life of a radionuclide, which 

is the time required for one-half of the original sample to decay (Gruber et al., 2009). 

It is more important to know how much radiation is emitted in radiation protection than how 

many radioactive atoms remain in the sample (Ravisankar et al., 2015). As a result, a quantity 

known as activity (A) is used to define the number of radioactive material disintegrations that 
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occur in a unit of time. It is worth noting that the symbols for activity and atomic mass number 

(A) are the same, as are the symbols for the number of radioactive atoms and the number of 

neutrons (N). N is the activity of a number of radioactive atoms. As long as there is no new 

supply of radioactive atoms, the rate of depletion is equal to the rate of activity. According to 

the law of radioactive equilibrium, the activities of 238U's descendants must be equal to the 

activity of the ancestor nucleus (Wang et al., 2022). In this study, concentration levels are used 

to determine the activity for the uranium and thorium examined. 

2.7 Significant properties of naturally occurring radioactive materials (NORMs) 

NORMs decay to form nuclides, which form a decay chain, resulting in a radioactively stable 

nuclide (Ntsohi et al., 2021). The 238U decay chain contains several radioactive isotopes before 

termination with a stable isotope of 206Pb, whereas the 235U decay chain terminates with a stable 

isotope of 207Pb (Petrosyan and Perikhanyan, 2022, Postar, 2017). Several radioactive isotopes 

are also present in the 232Th decay chain, before reaching another stable isotope, 208Pb (Long 

et al., 2012).  

Natural potassium isotopes are 39K, 40K, and 41K, with 40K being the only radioactive isotope 

with a naturally occurring isotopic abundance of 0.0118 %. The beta and electron capture decay 

modes of 40K to stable 40Ca (89.28%) and 40Ar (10.72%) are followed by the emission of 1460.8 

keV gamma rays, which contribute significantly to natural radioactivity (Abbasi et al., 2022). 

Under most conditions, potassium is soluble and is lost in solution during weathering (Singh 

et al., 2020). The majority of primordial radionuclide exposure is caused by radon (222Rn) and, 

to a lesser extent, thoron (220Rn) (Ren et al., 2021, Ravisankar et al., 2015). Radon is a gas that 

is naturally present in uranium (Gruber et al., 2009, Mudd, 2008). As a result, inhalation of 

radon gas, and it’s by products are the primary sources of radiation exposure in the environment  

(Almayahi et al., 2012).   
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CHAPTER 4: MATERIALS AND METHODS 

3.1 Introduction 

This research was conducted near the Vaal River, which borders the South African provinces 

of North West, Gauteng, Free State, and Mpumalanga. A total of 27 water samples were 

collected and prepared for laboratory analysis. This chapter describes the study area and how 

the samples were collected and prepared for laboratory analysis. Analytical methods, 

techniques, and processes are also discussed. 

3.2 The Study Area  

The Vaal River is South Africa's greatest tributary of the Orange River (Wepener et al., 2011). 

The river's headwaters are in Breyten in Mpumalanga province, some 30 kilometers north of 

Ermelo and 240 kilometers from the Indian Ocean (Moloi et al., 2020). The climate is 

subtropical dry savannah, with an annual evaporation rate of 1,300 mm exceeding the annual 

rainfall rate of 600 mm. River flows and rainfall differ from year to year. The average yearly 

rainfall is 600 mm. The summer discharge occurs between January and March, and winter 

discharge occurs between May and July. Both the summer and winter discharges are typically 

300 m3/s per year via storage dams such as the Vaal (2 200 million m3) and Bloemhof (1 200 

million m3). The winter discharge is 300 m3/s per year and occurs between May and July (Jury, 

2016). 

The Vaal River runs west to join the Orange River southwest of Kimberley in the Northern 

Cape. It is 1,458 kilometers long and divides Mpumalanga, Gauteng, and North West Province 

on the north bank and the Free State on the south, as shown on figure 3.1 (Du Plessis, 2021, 

Chokwe et al., 2017). Near Johannesburg, Gauteng, the Vaal River flows west, eventua lly 

joining the Orange River and draining into the Atlantic Ocean. After the Orange River (2200 

km long) and the Limpopo River (1750 km long), it was established as the principal source of 

water for the huge Witwatersrand area during the 19th century gold rush (Madzunya et al., 

2020, Manyatshe et al., 2017). The Vaal Dam is located on the Vaal River in Deneysville, just 

south of the border between Gauteng and the Free State (Weideman et al., 2019, Plessl et al., 

2019). 
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Figure 4.1: Map of the study area. 

The Vaal River is one of the rivers that receives a lot of attention regarding its pollution status 

(Manyatshe et al., 2017, Moloi et al., 2020, van Rensburg et al., 2019, Wepener et al., 2011). 

The river is said to be South Africa's most polluted (Groffen et al., 2018; Moloi et al., 2020, 

van Rensburg et al., 2019). It is also well-known for the large amount of contaminants 

produced by land-use activities (Durand, 2012, Groffen et al., 2018; Moloi et al., 2020). 

Despite the river’s contaminated and polluted image, it is a recreational treasure and plays an 

important economic role in the country (Manyatshe et al., 2017). 

3.2.1 Vaal River activities. 

The upstream of the Vaal River is utilized for mining and industrial purposes, such as coal 

mines, chemical-related industries, as well as urban use and power generation (Plessl et al., 

2019). The downstream is largely used for urban needs, although a significant amount is also 

used for mining and industries, irrigation, and power generation (Manyatshe et al., 2017). 

There are many fun ways to enjoy the Vaal River. This could be for enjoyment or to get away 

from the hustle and bustle of city life (Mararakanye et al., 2022). Beautiful areas like Emerald, 

Stonehaven, and Vaal River bridge are popular for weekend getaways and leisure. Vaal River 

provides recreational activities such as boating and fishing (Moloi et al., 2020).  
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3.3 Sample collection  

Water samples were collected from various locations along the Vaal River for three consecutive 

days from June 23rd to June 25th, 2022. Samples were collected along the riverbanks based on 

safety and accessibility. The sampling points were chosen based on their proximity to the river 

and their safety. The samples were collected in and around Gauteng and North West Province, 

with some samples collected within the borders of the Free State Province. Gauteng Province 

represented the upper reaches of the river, while North West Province represented the lower 

reaches. Vanderbijlpark, Emerald, and Stonehaven were the sample sites visited in the Gauteng 

Province. The majority of the samples were collected in Parys town, which serves as a gateway 

to both Gauteng and North West provinces. The North West sampling point was near the 

Scandinavia Drift. Collected samples were geolocated using global positioning system (GPS) 

indexing as shown in figure 3.2.  

 

Figure 4.2: Water sample GPS coordinates. 
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The collected samples were processed at the Environmental Laboratory of the North-West 

University (Mahikeng campus)'s Centre for Applied Radiation Science and Technology 

(CARST). 

3.3.1 Water sample collection 

The majority of the water samples, were collected at the river's public park in Parys, Free State, 

and Vaal, Gauteng Province. The samples were packaged in 2-litre polythene bottles. To avoid 

contamination, the bottles were washed prior to use. The bottles were filled to the brim with 

no gaps to prevent carbon dioxide (CO2) from being trapped and dissolving in water, which 

could affect the chemistry. Figure 3.3 shows how water bottles were properly labelled for 

identification. Because water bottles had to be stored for an extended period of time before 

analysis, samples were kept at a moderate room temperature. To avoid radionuclide absorption 

on the bottle walls, 1% of HCI was added to the bottled water sample at a rate of 10 ml per litre 

immediately after sample collection. For reference purposes, images of samples were taken 

with a mobile phone and geolocated with a global positioning system (GPS). 

 

Figure 4.3: Water sample collection. 
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3.4 Sample preparation for laboratory analysis  

It is considered during sample preparation that errors can occur if samples are not handled 

properly. If the errors are not taken seriously, they may have an impact on the results. As a 

result, each sample was carefully examined to avoid cross-contamination and the loss of heavy 

metals and radionuclides. 

3.4.1 Water sample preparation 

Filter paper and a Büchner funnel were used to remove all unnecessary particles from water 

samples. Water samples were placed in 5 mL plastic bottles and labelled for identification, as 

shown in figure 3.4. The preparation process was for the ICP- MS analysis. 

 

Figure 4.4: Prepared water sample 

3.5 Analytic methods 

Inductively Coupled Plasma-Mass Spectrometry (ICP -MS) was used to analyse water samples 

of the Vaal River. The aim of using this method was to analyse the heavy metal concentrations 

from the water samples collected. In addition to the heavy metals analysed, the K, U and Th 

analysed and each concentration were converted to activity to assess the radionuclides in water. 

Ion Chromatography was further used to analyse the cations and anions of the study area.  
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3.5.1 Sample analysis by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) 

method  

The water samples were analysed using the Perkin Elmer NexION 2000 ICP-MS method. In 

this method, the ion beam was focused on the Dual – mode by a Quadrupole ion deflector. The 

samples were loaded onto the autosampler and the ICP-MS Instrument Syngistix software was 

used to initialize them. For mass-energy discrimination and interference filtration, the 

instrument was set to the TotalQuant method in standard mode. For quality control, a mult i-

element standard  calibration solution containing 10 mg/L of Ag, As, Al, Ba, Be, Bi, Cd, Co, 

Cr, Cs, Cu, Ga, Fe, In, K, Li, Mg, Ni, Na, Pb, Rb, Se, Sr, Ti, U, Zn, V, Th and U was used.  For 

each measurement, the instrument was programmed to perform a blank and a standard check 

every ten samples.  

For this study, the target heavy metals were arsenic (As), lithium (Li), boron (B), Phosphorus 

(P), lead (Pb), iron (Fe), Manganese (Mn), selenium (Se), cobalt (Co), copper (Cu), nickel (Ni), 

zinc (Zn), potassium (K), thorium (Th) and uranium (U). The ICP-MS heavy metal 

concentrations in parts per billion (ppb) were converted to parts per million (ppm) using the 

following equation: 

   1 ppb = 0.001 ppm                                    (3-1) 

3.5.2 Ion Chromatography (IC)  

The IC method was used for the analysis of cations and anions. The method was chosen due to 

its quick and accurate analysis of samples. In this method, a set amount of water sample was 

introduced into the eluent via the switching valve using a sample loop of 10–100 μl. The eluent 

was pumped continuously through the preconditioned column at a steady flow rate of around 

1-2 ml/min. The column, which is packed with uniform resin, is 2-4 mm broad and typically 

15 cm long. The anions and cations in the sample were chemically bonded to the resin before 

being replaced by eluent counter ions of the same charge. 

The elution parameters were determined by the resin's ion exchange capacity and the 

concentration of competing ions in the eluent. The sample would divide into its various 

components as it passed through the column. The sample components that are weakly bound 

by the resin move quickly with the flow of the eluent. The components go through the column 

at different rates and enter the detector at different times. To reduce background noise and 
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increase detection limits, a suppressor flow-through membrane device was introduced after the 

column. This was achieved by reducing the eluent's highly conductive strength to a weaker 

acid. The conductivity detector detects the sample components and generates a chromatogram. 

By determining the peak area or peak height, one may quantify the concentration by comparing 

it to recognized standards. 

The qualitative description of radionuclide contents in samples and quantitative analysis of 

their activities required measuring all prepared samples for 12 hours with a gamma -ray 

spectrometry system equipped with an HPGe detector. To account for the contribution of 

background radiation, an empty Marinelli beaker was counted for the same time period as the 

samples, using Genie 2000 software the background was subtracted from the individual spectra 

of the samples during the analysis.NB: Gamma spectrometry results are not part of this study. 

Hence they are not reported. 

3.6 Calculation of the radionuclides and heavy metals concentrations in water 

The concentration of elements in the water (radionuclides and heavy metals) were determined 

using Inductively Coupled Plasma Mass Spectrometer (ICP-MS) PerkinElmer NexION 2000 

using the quant method. To validate the method's accuracy, a 10 ml multi activity calibration 

standard (Perkin Elmer) with elements was used. The experiment was repeated three times. 

Blanks and standards were used to test the precision, accuracy, and purity of the reagents used 

in the analytical procedures. 

This study adopted several equations to calculate potential harm of a toxic and harmful 

substance towards humans over a given period of time.  The USEPA (1999) and UNSCEAR 

(2000) guidelines are used in this study to calculate the human health risks. 

3.6.1 Radionuclides in water  

Using the conversion factors from the IAEA technical report No1363, the activity 

concentration (Bq/l) was calculated from the measured concentration (ppm) using the equation 

(3-2) and (3-4) below (IAEA, 2005): 

1% of K = 313 Bq/l     (3-2) 

1ppm of U = 12.35 Bq/l   (3-3)  

1ppm of Th = 4.06 Bq/l      (3-4) 
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As radiological hazards are determined, the total activity concentration does not provide an 

exact indication of the radiation hazard associated with the materials. Radium Equivalent 

(Raeq), Absorbed Dose (D), Annual Effective Dose Equivalent (AEDE), external (Hex) and 

internal hazard (Hin) index were calculated against the recommended limits by UNSCEAR 

2000 of 370 Bq/l, 55 nGy/hr and 1 mSv/yr   respectively (Mudd, 2008, UNSCEAR, 2000).   

 Radium equivalent activity 

Because of the inconsistent distribution of natural radionuclides in the water samples, the actual 

activity concentration levels of K, U and Th were evaluated using a common radiological index 

known as radium equivalent activity (Raeq). It is the most commonly used index for assessing 

radiation risks (Gruber et al., 2009). Equation (3-5) depicts the radium equivalent activity 

(Raeq) calculation. 

Raeq (Bq/l) = Au + 1.43ATh + 0.077Ak  (3-5) 

The concentrations of U, Th and K in Bq/l are represented by Au, ATh and Ak. The maximum 

acceptable value of radium equivalent activity for the general public is 370 Bq/l, which 

corresponds to an effective dose of 1 mSv/yr. The recommended activity concentration limit 

by UNSCEAR is 370 Bq/l  (UNSCEAR, 2000). 

 Absorbed dose rate  

The radiation exposures due to radionuclides found in water are of many parameters during the 

assessment of any radiological hazards. The connection between radioactivity concentrations 

of natural radionuclides and their exposure is the absorbed dose rate 1 meter above the ground 

surface. The absorbed dose (D) is the measurement of the amount of energy imparted per unit 

mass of the irradiated material. Au, ATh and Ak are the Activity concentrations of U, Th and K 

respectively. The UNSCEAR recommends a dose limit of 55 nGy/hr  as shown in the equation 

(3-6) (UNSCEAR, 2000). The equation is used to compute the absorbed dose rate by using the 

average concentrations of U, Th, and K (Bq/l) in the water samples.   

𝐷(𝑛𝐺𝑦/ℎ𝑟) = 0.462𝐴𝑈 + 0.604𝐴𝑇ℎ + 0.0417𝐴𝐾    (3-6) 

 Annual effective dose equivalent 

To quantify the radiological risk directly, annual effective dose equivalent (AEDE) is 

determined from D rate by using the conversion factor of 0.7 nGy/hr ( the measurement for 

dose rate were converted from nSv/hr to nGy/hr), an outdoor occupancy factor of 0.2, and an 
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exposure duration per year (8760 hr) as represented in equations (3-6) and (3-7). The total of 

the tissue-weighted equivalent doses administered to the body's designated organs and tissues 

is known as the effective dosage. It is mostly used for regulatory purposes to show compliance 

with exposure dose limitations (Moshupya, 2022). The recommended dose limit by UNSCEAR 

is 1 mSv/yr   (UNSCEAR, 2000). 

AEDE = 𝐷(𝑛𝐺𝑦/ℎ𝑟) × 8760 x 0.7 ×  0.2 
𝑆𝑣

𝐺𝑦
× 10 -6     (3-7) 

The absorbed dose is quantified by the annual effective dose equivalent. This dose is derived 

from outdoor terrestrial gamma radiation sources and is calculated using two factors: the 

outdoor occupancy factor and the conversion coefficient from the dose in air to effective dose. 

The annual effective dose equivalent is estimated using equation 3-7 in conjunction with 

UNSCEAR's recommended limit of 1 mSv/yr.  

Equations 3-8 and 3-9 were used to calculate the hazard indices (AEDE, Hex & Hin) of exposure 

to natural radioactive elements. The  maximum of limit is 1 mSv/yr   (Almayahi et al., 2012). 

H𝑒𝑥 =
𝐴𝑢

370
+

𝐴𝑇ℎ

259
 +

𝐴𝐾

48100
       (3-8) 

H𝑖𝑛 =
𝐴𝑢

185
+

𝐴𝑇ℎ

259
 +

𝐴𝐾

48100
      (3-9) 

The external and internal hazard indices due to drinking water were calculated in this study 

(Abbasi et al., 2022, Ravisankar et al., 2015). According to  (Mathuthu et al., 2021) the external 

and internal hazard index must be less than 1 mSv/yr  in order to maintain radiation hazard 

significance.   

3.6.2 Heavy metals in water  

In this study, the determination of the carcinogenic or non-carcinogenic health hazards due to 

ingestion of heavy metals in river water was done using the general exposure pathway 

equations adopted from (US EPA 1999), for the adult and child age groups (Phalen, 1998). The 

levels of the exposure of humans to heavy metal was calculated using Equation 3-10, Chronic 

daily intake (CDI)(mg/kg-day) as:  

CDI =  
CW ×IR  ABSgi  ×EF ×ED 

BW × AT
      (3-10) 

Where CW (mg/L) is the heavy metal concentration in drinking water, IR (L/day) is the 

ingestion rate – 2.0 L/day used in this study ABSgi (no unit) is the gastrointestinal absorption 
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factor – 0.001 used in this study (Ismael et al., 2022), EF (days/years) is the exposure frequency 

– 365 days/year used in this study; ED (years) is the exposure duration – 70 years lifetime (US 

EPA 1999); BW (kg) is the body weight of the exposed adult person – 70 kg used in this study 

as average, age specific values (US EPA 1999) and AT (days/year) is the average time, a non-

carcinogenic effect period of exposure that is pathway-specific, derived as ED × 365 days/year 

i.e. 25550 days/year used in this study (USEPA, 1999).  

The computed CDI of the heavy metals was used to calculate the hazard quotient, HQ a non-

carcinogenic health risks quantity, from Equation 3-13  

HQ =   
CDI 

RfD 
        (3-11) 

Where RfD (mg/kg/day) is the reference oral-ingested dose adopted from USEPA. The 

estimated values of HQ less than 1 is within the acceptable level of non-carcinogenic risk, 

whereas the value with HQ greater than 1 is considered as unacceptable risk with the potential 

of causing adverse health hazard impact on humans (US EPA 1989). Hazard Index (HI), a non-

carcinogenic health risk parameter, is the sum of all the HQs of the individual contaminants, 

and it provides the estimated values of the whole potential health risks (Uugwanga and Kgabi, 

2021). It is determined based on US EPA guidelines using Equation 3-12.  

HI =  ∑ HQHM
n
k=1          (3-12)  

Where HQHM represents the individual heavy metal’s HQ being added up respectively.  

The values of HI as computed are being compared to the standard values to ascertain the level 

or possibility of whether there is a non-carcinogenic health impact on the humans. Hence, for 

HI value less than 1, imply there is non-carcinogenic health risk whereas for HI values greater 

than 1, for an exposed person imply there are chances of carcinogenic health risk impact 

occurring (Moghadam et al., 2024). 

3.6.3 Water quality assessment  

The heavy metal pollution index (HPI) was used to assess the level of heavy metal pollution in 

water when compared to their maximum allowable concentrations (MAC). High element 

concentrations relative to their MAC value indicate poor water quality. An HPI value less than 

100, indicates that the water complies with the safety standards and can be consumed; HPI = 

100 is the threshold for sage drinking water. An HPI value greater than 100, indicates that the 

water is not suitable for drinking. Furthermore, the heavy metal evaluation index (HEI) was 
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used to determine the water quality. An HEI value below 40 indicates a low level of pollut ion, 

between 40 and 80 indicates a medium level of pollution, and above 80 indicates a high level 

of pollution (Agwu et al., 2023, Bawa-Allah, 2023). Equations 3-13 and 3-15 were used:  

HPI = (CLi × CMn × CFe x ………CN) 1/N         (3-13) 

HPI = (CLi × CMn × CFe) 1/3        (3-14) 

HEI = ∑
𝐶𝑖

𝐶𝑀𝐴𝐶
       (3-15) 

CLi, CMn, and CFe are the heavy metals of interest due to their high concentrations in the water 

samples of this study (Eq 3-14). The MAC indicates the maximum allowable concentration of 

heavy metals in mg/l adopted from the WHO 2022 guideline, wherein Li (5 mg/l), Mn (0.05 

mg/l m), and Fe (0.3 mg/l) are given. The Ci is the concentration of heavy metals in the water 

samples. 

HEI less than 1, water acceptable for drinking, HEI = 1 is the threshold, HEI greater than 1, 

water is unsuitable for drinking (Munkhsuld et. al., 2024).   
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CHAPTER 5: RESULTS AND DISCUSSIONS  

4.1 Presentation of the results  

This chapter presents the findings of the study on the water samples collected along the Vaal 

River. The findings are discussed based on the techniques used. The ICP-MS technique was 

used, to analyse the radionuclides and heavy metals from the water samples. In this technique, 

the water samples were analysed for radionuclides such as K, U and Th and heavy metals of 

interest such as Li, B, P, Ni, Se, Fe, Mn, Pb, Zn and Co. Furthermore, the Ion Chromatography 

method was used to examine the cations and anions present in the river.  

The findings of the study were then computed to assess the potential risks to people. The risk 

assessment included evaluating potential risks associated with the Vaal River and surrounding 

communities and it will assist in determining potential mishaps, their likelihood, and 

consequences, as well as their tolerance. This entails identifying, assessing, and analysing risk 

factors that indicate the potential of heavy metals to harm people and the environment. The 

process can also help decision-makers think about different mitigation options. 

The exposure risks were calculated based on the concentrations of radionuclides and heavy 

metals in water. The UNSCEAR, US EPA and WHO recommended limit guideline was used 

to determine the potential risks of exposure. Previous studies on radionuclide and heavy metals, 

provided the foundation to this study in terms of guidance on what has been done around the 

study area.  

The chapter presents Results of: 

i. NORM radiological risks calculated from the activity concentrations were determined 

using the (Raeq), absorbed dose (D), annual effective dose equivalent (AEDE) , the 

external hazard (Hex) and internal Hazard (Hin) indexes according to the safe limits of 

UNSCEAR (UNSCEAR, 2000).  

ii. Heavy metal carcinogenic risks to humans calculated from the chronic daily intake 

(CDI), hazard quotient (HQ), and hazard index (HI) adopted US EPA 1999 guideline.  

The water quality of the river was determined using the heavy metal pollution index 

(HPI) and the heavy metal evaluation index (HEI). The permissible limits by WHO, US 

EPA and UNSCEAR are used in this study to confirm that the concentration levels 

adhered to the world guideline.  
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iii. The water types in the study area estimated from the Ion Chromatography (piper 

diagram) of the cations and anions were then used to determine the water quality.  

4.2 Findings on radionuclides and heavy metals  

The study focused on radionuclides and heavy metals in the Vaal River in South Africa. The 

main point of interest was driven by curiosity about the pollution level of the river, the water 

quality, and the potential impacts on humans. The pollution level and the health hazards posed 

by radionuclides and heavy metals are assessed using methods discussed in the previous 

Sections. 

4.2.1 Activity concentrations of radionuclides  

Water samples taken along the Vaal River were analysed for K, Th and U using ICP-MS. The 

average, maximum, minimum and standard deviation of the samples were calculated to identify 

the rate at which the radionuclides are dissolved in the river water. From the calculated 

concentrations of each sample, the hazard parameters such as Raeq, D, AEDE, Hex and Hin were 

calculated as indicated in Table 4:1.  
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Table 5.1: K, Th, U activities and the hazard indices in the river water. 

 

Sites K Th U 

Raeq 

(Bq/l) 

D 

(nGy/hr) 

AEDE 

(nGy/hr) Hex Hin 

EM1  467,259 0,021 2,460 38,469 20,634 0,025 0,104 0,111 

PB1 359,396 0,002 0,643 28,319 15,285 0,019 0,076 0,078 

PB2 428,932 0,005 0,547 33,581 18,142 0,022 0,091 0,092 

PB3 429,242 0,003 0,642 33,699 18,198 0,022 0,091 0,093 

PB4 392,133 0,004 0,511 30,711 16,590 0,020 0,083 0,084 

PB5 412,484 0,003 0,539 32,305 17,452 0,021 0,087 0,089 

PB6 432,312 0,002 0,520 33,811 18,269 0,022 0,091 0,093 

PB7 423,912 0,004 0,486 33,132 17,904 0,022 0,089 0,091 

PB8 432,422 0,002 0,455 33,753 18,243 0,022 0,091 0,092 

PB9 402,681 0,039 0,632 31,694 17,108 0,021 0,086 0,087 

PB10 412,374 0,004 0,449 32,208 17,406 0,021 0,087 0,088 

PB11 401,895 0,002 0,412 31,360 16,950 0,021 0,085 0,086 

PB12 427,539 0,002 0,486 33,410 18,054 0,022 0,090 0,092 

PB13 439,089 0,002 0,485 34,298 18,536 0,023 0,093 0,094 

PB14 446,829 0,006 0,598 35,013 18,913 0,023 0,095 0,096 

PB15 362,651 0,003 0,543 28,472 15,376 0,019 0,077 0,078 

PB16 392,874 0,003 0,513 30,768 16,622 0,020 0,083 0,084 

PV1 441,521 0,006 0,774 34,779 18,772 0,023 0,094 0,096 

PV2 454,683 0,006 0,612 35,631 19,247 0,024 0,096 0,098 

PV3 444,319 0,005 0,691 34,910 18,850 0,023 0,094 0,096 

SD2 386,893 0,013 0,639 30,448 16,437 0,020 0,082 0,084 

SD3 430,075 0,009 7,761 40,890 21,525 0,026 0,110 0,131 

ST2 444,034 0,006 0,650 34,850 18,820 0,023 0,094 0,096 

VW2 243,774 0,737 22,796 42,620 21,155 0,026 0,115 0,177 

VW3 463,888 0,013 0,209 35,948 19,449 0,024 0,097 0,098 

Av 414,928 

± 

42.000 

0,036 

± 

0.005 

1,802 

± 

0.900 

33,803 

± 2.500 

18,158 ± 

1.800 

0,022 ± 

0.002 

0,091 

± 

0.001 

0,096 

± 

0.010 

Max 467,259 0,737 22,796 42,620 21,525 0,026 0,115 0,177 

Min 243,774 0,002 0,209 28,319 15,285 0,019 0,076 0,078 

Std 45,391 0,146 4,617 3,336 1,565 0,002 0,009 0,020 

 

The average radiation hazard of Raeq, D, AEDE, Hex and Hin were 33,803 ± 2,500 Bq/l, 18,158 

± 1.800 nGy/hr, 0,222  ± 0.002 nGy/hr, 0,091 ± 0.001 and 0,096 ± 0.010, respectively. These 

hazard parameters pose no radiological risks to people due to ingestion of the water. This is as 

a result of lower concentrations when compared to the UNSCEAR limit of 370 Bg/l, 55 nGy/hr, 

1 mSv/yr and ratio of 1 for Raeq, D, AEDE, Hex and Hin respectively as shown in Table 4:2: 
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Table 5.2: K, Th, U activities and the UNSCEAR recommended limits. 

  

River water 

 

 K 

(Bq/l) 

Th 

(Bq/l) 

U 

(Bq/l) 

Raeq 

(Bq/l) 

D 

nGy/hr 

AEDE 

mSv/yr 

Hex  Hin  

 

Average 414.928 0.036 1.802 33.803 18.158 0.222 0.091 0.096 

Max 467.259 0.737 22.796 42.620 21.525 0.026 0.115 0.177 

Min 243.774 0.002 0.209 28.319 15.285 0.019 0.076 0.078 

Std 45.391 0.146 4.617 3.336 1.565 0.002 0.009 0.020 

Recommended 

limits 

(UNCEAR, 

2000) 

  370  

 

55  1  1 

 

 

Table 4:2 presents the average, maximum, minimum and the standard deviation of each K, Th 

and U in Bq/l for the selected radionuclide analysed using the ICP-MS technique. According 

to the tabulated concentrations, all the hazard parameters are below the recommended limits of 

the UNSCEAR 2000 guideline. This proves that the sites where samples were collected pose 

no radiological risk to people, as of 2023.  

Furthermore, the correlation factors were used for the dose rate (D) against the annual effective 

dose (AEDE) as well as and the radium equivalent (Raeq) as shown in figure 4.1 Figure 4.2 

shows correlation between the D and the AEDE. The results show that the annual absorbed 

dose (D), is strongly correlated to both Raeq & AEDE. 
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Figure 5.1: Correlation factor D and Raeq 

 

Figure 5.2: Correlation factor D and AEDE 

 

4.2.2 Heavy metal concentrations in water  

The sample sites where the Vaal River upstream and downstream water was collected and 

analysed depicted increased concentrations of elements across the river course. The 

concentrations of elements increased as the river flows towards the downstream, as shown in 

Figure 4.3.  
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Figure 5.3: Heavy metals in water. 

Furthermore, Table 4.3 presents the health risks associated with heavy metal concentration 

exposure for the water samples collected from the Vaal River. The table compares the average 

concentrations in the study area to the WHO 2022 limits, while also tabulating the risks posed 

by excessive and high-dose heavy metal exposure. 
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Table 5.3: Human health risks due to heavy metal concentration in the river. 

E
le

m
en

ts
  This study 

Average 

(ppm)  

WHO limit 

(ppm)  

 

 

Adverse effects beyond desirable limit 

Water 

Li 0,16 5,00 Appetite loss, vomiting, nausea, abdominal pain  and 
diarrhoea (Avila-Arias et al., 2019). 

B 0,03 2,00 Headache, restlessness ,  renal injury, dermatitis, and 

indigestion problems (Huo et al., 2022). 

P 0,03 0.05 Itchy eyes, joint and muscle pain  (Singh et al., 2020). 

Mn 4,02 0,05 Skin rashes and poor growth in children (Setia et al., 

2023). 

Fe 1,34 0,30  Diabetes, heart and liver disease, heart problems 

(Ugbede et al., 2021). 

Co 0,17 0,01 Hearing and vision loss weakness, hypothyroid ism 

and fatigue (Sylvie Désirée et al., 2021). 

Ni 0,06 0,10 Lung and nasal cancer, kidney diseases and 

cardiovascular (Moloi et al., 2020). 

Cu 0,05 1,50 Eyes, nose and mouth irritation problem, headache, 

dizziness and diarrhea (Moloi et al., 2020). 

Zn 0,03 5,00 ,Stomach pain, headaches and diarrhea (Mokarram et 
al., 2020). 

Se 0,00 0,01 Fever, kidney , nausea as well as liver and heart 
problems (Plessl et al., 2019). 

Pb 0,02 0,05 Anaemia, brain and kidney damage (Ramos et al., 
2021, Morales-Silva et al., 2022) 
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4.2.3 Concentration of heavy metals 

The ICP-MS technique measured the elements in ppb and a conversion factor was used. The 

ppb was converted to ppm. The concentration levels of each element of interest are presented 

in a table format. To identify how much of an element is dissolved in the river water, the 

average, maximum, minimum and the standard deviation of the elements were calculated and 

tabulated in Table 4.4. Among all elements, Mn and Fe are the main elements that are highly 

dissolved in the river water with an average concentration of 4, 02 mg/l and 1, 34 mg/l 

respectively. The least dissolved elements in the river water are Li and Se at an average 

concentration of 0, 16 mg/l and 0.0 mg/l respectively. Table 4.4 presents detailed information 

of all elements dissolved in the river water.  
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Table 5.4: Elemental concentrations. 

mg/l 

Sites Li B P Mn Fe Co Ni Cu Zn Se Pb 

EM1 0,088 0,027 0,025 4,193 0,289 0,218 0,102 0,019 0,013 0,000 0,012 

PB1 0,137 0,028 0,012 0,889 0,124 0,114 0,045 0,031 0,007 0,000 0,019 

PB2 0,147 0,028 0,011 1,624 0,188 0,132 0,056 0,022 0,008 0,000 0,008 

PB3 0,098 0,038 0,015 0,719 0,144 0,142 0,059 0,014 0,006 0,000 0,005 

PB4 0,150 0,025 0,020 3,395 0,269 0,149 0,065 0,025 0,011 0,000 0,013 

PB5 0,129 0,026 0,012 0,950 0,173 0,117 0,053 0,131 0,019 0,000 0,008 

PB6 0,128 0,029 0,016 0,870 0,131 0,122 0,057 0,059 0,015 0,000 0,007 

PB7 0,156 0,026 0,022 0,881 0,142 0,126 0,049 0,021 0,006 0,000 0,004 

PB8 0,121 0,028 0,012 0,953 0,152 0,088 0,039 0,032 0,008 0,000 0,005 

PB9 0,128 0,025 0,014 0,935 0,197 0,106 0,039 0,026 0,009 0,000 0,023 

PB10 0,139 0,024 0,022 3,315 0,163 0,112 0,043 0,024 0,009 0,000 0,008 

PB11 0,137 0,022 0,008 0,812 0,173 0,097 0,049 0,020 0,007 0,000 0,004 

PB12 0,143 0,022 0,013 0,894 0,189 0,139 0,063 0,032 0,013 0,000 0,010 

PB13 0,141 0,026 0,013 0,749 0,168 0,132 0,062 0,030 0,012 0,000 0,006 

PB14 0,128 0,028 0,019 3,850 0,349 0,138 0,055 0,033 0,011 0,000 0,014 

PB15 0,124 0,022 0,020 3,244 0,273 0,127 0,062 0,037 0,012 0,000 0,012 

PB16 0,111 0,034 0,012 4,421 0,252 0,132 0,050 0,019 0,008 0,000 0,009 

PV1 0,323 0,070 0,015 5,328 0,272 0,138 0,092 0,095 0,043 0,000 0,023 

PV2 0,306 0,061 0,011 4,030 0,280 0,148 0,070 0,020 0,010 0,000 0,009 

PV3 0,258 0,054 0,024 4,688 0,248 0,148 0,070 0,035 0,013 0,000 0,011 

SD-2 0,136 0,028 0,032 11,004 0,843 0,242 0,125 0,090 0,040 0,000 0,063 

SD-3 0,112 0,031 0,015 5,381 0,435 0,138 0,069 0,053 0,018 0,000 0,026 

ST2 0,107 0,023 0,019 3,772 0,255 0,275 0,108 0,015 0,007 0,000 0,010 

VW-2 0,479 0,042 0,306 30,123 27,457 0,835 0,000 0,313 0,328 0,052 0,241 

VW-3 0,078 0,034 0,015 3,419 0,238 0,104 0,051 0,039 0,029 0,000 0,030 

Av 0,160 0,030 0,030 4,020 1,340 0,170 0,060 0,050 0,030 0,00 0,020 

Max 0,480 0,070 0,310 30,120 27,460 0,840 0,120 0,310 0,330 0,05 0,240 

Min 0,080 0,020 0,010 0,720 0,120 0,090 0,00 0,010 0,010 0,00 0,000 

Std 0,090 0,010 0,060 5,920 5,440 0,150 0,030 0,060 0,060 0,010 0,050 

 

Throughout the sample sites, Se presented no dissolved concentrations in water except at the 

VW2. This can be due to the insolubility of Se in water.  According to WHO guidelines, the 

limit of Se in drinking water should not exceed 0.01 mg/l, therefore the calculated average 

concentration proves to be safe for people where there is possibility of ingestion. The same site 

(VW2) presented high dissolved concentration of Fe at 27.457mg/l. This concentration is 

higher than the recommended limit of 0.3 mg/l. Fe as a metal is not soluble in water, but Fe as 

a salt is soluble in water. The probability is that the Fe found in VW2 is a Fe salt, based on its 

concentration level.  
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The high concentrations can be due to industrial effluent because the site is closer to the 

industries. Iron and manganese are metallic elements that are commonly found in water and 

are essentially required in small amount by all living organisms.  According to WHO, the 

required permit for Fe, Mn are 0.3 mg/l and 0.05 mg/l respectively. The study limit of Fe and 

Mn, 1.34 mg/l and 4.02 mg/l respectively, are of high dissolved concentration in water whic h 

may result in human health risks.  Based on the findings of the study, it is significant to note 

that heavy metals can pass into the aquatic environment, groundwater and plants, reaching 

humans and animals (Zhou et al., 2020b). These metals can be easily transferred from one place 

to another due to their persistency in the environment (Khan et al., 2022, Rani et al., 2022). 

They can also be ingested by humans through food and water (Edokpayi et al., 2022). Their 

toxic level depends on the dose rate and the type of metal (Klubi et al., 2020). Some heavy 

metals such as Se, even in small amounts, can cause illness in the human body and affect body 

organs (Klubi et al., 2020).  Major sources of these elements were agricultural sludge and 

fertilizers, municipal sewage and the nearby mining. 

In addition to the average dissolved concentrations of each element. This study measured the 

potential harm of the element of interest to the people where there is exposure over a period of 

time. The study used an adult of 70 years at 70kg body weight and a child at 15 years (15 kg) 

body weight for 365 days per year. The human health risks in relation to cancer were 

determined using the chronic daily intake (CDI), hazard quotient (HQ), and hazard indices (HI) 

adopted from the US EPA 1989 guideline. Table 4:5 presents detailed information concerning 

the risks to children. 
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Table 5.5: Child health risks indices for children. 

Heavy metal CW 

mg/l 

CDI 

mg/kg/day 

(US EPA 2011) 

RfD 

mg/kg/day 

(US EPA 2011) 

HQ Risk 

value 

(15 yrs) 

Li 0.2 6.39E+02 
 

0.02 
 

3.20E+04 
 

3,2 
 

Mn 4.2 1.68E+04 
 

0.14 
 

1.20E+05 
 

1,2 
 

Fe 1.2 4.80E+03 

 

0.30 

 

1.60E+04 

 

1,6 

 

Ni 0.06 2.40E+02 
 

0.02 
 

1.20E+04 
 

1,2 
 

Cu 0.05 2.00E+02 

 

0.04 

 

5.00E+03 

 

0,5 

 

Zn 0.03 1.20E+02 
 

0.30 
 

4.00E+02 
 

4,0 
 

Pb 0.02 7.99E+01 

 

0.14 

 

5.71E+02 

 

5,7 

 

Hazard Index 
(HI) 

2.7  

 

The chronic daily intake (CDI) and the reference oral-ingested dose (RfD) presented in Table 

4:5 and 4:6 are the permissible ingestion limits set by the US EPA 2011 guideline. According 

to the findings of the water samples collected from the river, the river water has HQ greater 

than 1 in all samples. The HI, which is the sum of the HQ, is also greater than 1.  The HI values 

greater than 1 implies carcinogenic health risks for a person exposed to the pollutant. The 

calculated risks for each element are greater than 1. This implies that the elementa l 

concentration are of carcinogenic risks to a child aged 15 at a body weight of 15 kg.  The 

calculated elemental concentration of Cu are less than 1 at the ratio of 0.5 as a result, the 

dissolved concentration levels of Cu pose non-carcinogenic risk.  

Table 4:5 of the human health indices presents the information concerning the children at age 

70 years. The risks thereof are greater than 1. According to the findings of this study, the sample 

sites where water samples were collected are of carcinogenic risks to an adult aged 70, at a 

body weight of 70kg. The HI which is the sum of HQ also present the ratio greater than 1, 

which implies carcinogenic risks when there is exposure to a pollutant.  
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Table 5.6: Adult health indices. 

Heavy metal CW 

mg/l 

CDI 

mg/kg/day 

(US EPA 

2011) 

RfD 

mg/kg/day 

(US EPA 

2011) 

HQ Risk value 

(70 yrs) 

Li 0.2 2.98E+03 
 

0.02 
 

3.20E+04 
 

1.5 
 

Mn 4.2 7.83E+04 

 

0.14 

 

1.20E+05 

 

5.5 

 

Fe 1.2 2.40E+04 
 

0.30 
 

1.60E+04 
 

7.5 
 

Ni 0.06 1.12E+03 
 

0.02 
 

1.20E+04 
 

5.6 
 

Cu 0.05 9.33E+02 
 

0.04 
 

5.00E+03 
 

2.3 
 

Zn 0.03 5.60E+02 
 

0.30 
 

4.00E+02 
 

1.9 
 

Pb 0.02 3.73E+02 

 

0.14 

 

5.71E+02 

 

2.7 

 

Hazard Index 
(HI) 

1.2  

 

4.2.4 Water quality assessment   

 The Vaal River water was analysed using heavy metal pollution Index (MPI) which evaluates 

the pollution concentration level in water. The heavy metal evaluation index (HEI) was also 

used to assess the water quality with regard to the dissolved concentration of elements in water. 

The maximum allowable concentration (MAC) used in this study to determine the water quality 

was adopted from the US EPA.  Table 4. 7 presents the HPI and HEI for the elements of interest 

for this study.  
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Table 4.7: MPI and HEI for the elements of interest for this study (mg/l). 

 

 

The calculated MPI for each element per site is shown in Table 4.7. The MAC for Li is 5 mg/l, 

and for Fe & Mn it is 0.3 m/l and 0.05 mg/l respectively, as per the WHO guideline. Sample 

VW-2 present high HPI = 132058.258, (mainly from Mn & Fe contributions), while all other 

SAMPLE 

ID 

Li Mn Fe  MPI 

EM-1 0,088 4,193 0,289 0,036 

PB-1 0,137 0,889 0,124 0,005 

PB-2 0,147 1,624 0,188 0,015 

PB-3 0,098 0,719 0,144 0,003 

PB-4 0,150 3,395 0,269 0,046 

PB-5 0,129 0,950 0,173 0,007 

PB-6 0,128 0,870 0,131 0,005 

PB-7 0,156 0,881 0,142 0,007 

PB-8 0,121 0,953 0,152 0,006 

PB-9 0,128 0,935 0,197 0,008 

PB-10 0,139 3,315 0,163 0,025 

PB-11 0,137 0,812 0,173 0,006 

PB-12 0,143 0,894 0,189 0,008 

PB-13 0,141 0,749 0,168 0,006 

PB-14 0,128 3,850 0,349 0,057 

PB-15 0,124 3,244 0,273 0,037 

PB-16 0,111 4,421 0,252 0,041 

PV-1 0,323 5,328 0,272 0,156 

PV-2 0,306 4,030 0,280 0,115 

PV-3 0,258 4,688 0,248 0,100 

SD-2 0,136 11,004 0,843 0,422 

SD-3 0,112 5,381 0,435 0,087 

ST-2 0,107 3,772 0,255 0,034 

VW-2 0,479 30,123 27,457 132058,258 

VW-3 0,078 3,419 0,238 0,021 

HEI 0,03 80,35 4,45 
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samples are less than the WHO limit of 1. This implies poor water quality concerning the 

dissolved concentration of Fe and Mn in water.   

Mn presents higher HEI = 80.35 for all sites. This indicates poor water quality due to the 

dissolved concentration of Mn in the river water, and hence the Vaal River water does not 

comply with the safety standards. There is a high level of Mn metal pollution 

The HEI of the Li and Fe are below the value of 40, this indicates low pollution level. From 

the HPI & HEI values of Fe & Mn, we conclude that Mn is the major pollutant of the water in 

the Vaal River. This could be due to human activities such as industrial discharges, since the 

site is located closer to industries and mines. According to the findings of the study, the Vaal 

River is not suitable for use due to the level of heavy metal (Mn & Fe) pollution. Exposure to 

pollutants may result in human health risks.   

The study's findings were based on accessible sites such as Emerald Resort (EM1), which 

represented the Vaal River's upstream, and Scandinavia Drift (SD1 and 2), which represented 

the river's downstream. The upstream, like the downstream, was mostly used for entertainment 

and relaxation. The PB represented the Vaal River's public bridge and crossed the river both 

upstream and downstream. The public bridge was extensively used for pleasure and picnics. In 

short, the public extensively used the Vaal River.  

Previous research did not focus on heavy metals in water. Kamunda et al. (2017) focused on 

the dangers associated with heavy metals in the Witwatersrand's Gauteng Gold Mining Basin, 

which was the upstream of the Vaal River for this study. Fewer elements, such as Ni, Pb, and 

Zn, were found in high amounts in the study by Kamunda et al. (2017) when compared to the 

world average limit.  

Manyatshe et al. (2017), on the other hand, investigated the amounts of pollutants in water in 

the North West Province, namely around Potchefstroom. In this current study, Potchefstroom 

represented the Vaal River's downstream. Manyatshe et al. (2017) focused primarily on the 

water quality of the Vaal River, however decreased Fe concentrations were projected. In this 

study, the majority of the heavy metal elements, such asc, Li, B, P, Ni, Se, Fe, Mn, Pb, Zn and 

Co were analysed for concentrations. Table 4.8 contains detailed information on previous 

studies mentioned as well as the study to date. 
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Table 5.8: Statistical summary of heavy metal levels in the study area. 

Elements  Kamunda et al (2017) 

Average soil 

concentrations (mg/kg) 

Manyatshe et al (2017) 

Average water 

concentrations (mg/l) 

This study (2023) 

Average water 

concentrations (mg/l) 

Ni 115,9 N/A 0,06 

Zn 68,0 N/A 0,03 

Pb 50,79 N/A 0,02 

Co 4,7 N/A 0,17 

Fe N/A 11.3 1,34 

P N/A 1.3 0,03 

B N/A N/A 0,03 

Mn N/A N/A 4,02 

Li N/A N/A 0,16 

Se N/A N/A 0,00 

 

4.3 Findings on the cations and anions using Ion Chromatography. 

In this study, the piper phases in Figure 4.4 were used to interpret the results found in Figure 

4.5. 
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Figure 5.4: Piper Phases. 

https://www.youtube.com/watch?v=ha6x3uJVJ_Y&list=RDCMUCGAgjGCEH2SDl12M91D-10Q 

 

 In this study, the cations measured are calcium (Ca2+), sodium (Na+), magnesium (Mg2+), and 

potassium (K+), with average concentrations of 34.4, 58.9, 13.8, and 6.3 mg/l, respectively. In 

addition to the cations, the anions included sulphate (SO4
2-), phosphate (PO4

3), and nitrite 

(NO2), with an average concentration of 87.5, 0.7, and 0.1 mg/l. The total cations were 

calculated as the sum of calcium (Ca2+), sodium (Na+), magnesium (Mg+), and potassium (K+). 

The anions were calculated as sulphate (SO4
2-), phosphate (PO4

3-), and nitrite (NO2). The 

samples had an ion balance in the 1% range, indicating that the ion analysed were not 

acceptable. The values obtained from the water samples in conjunction with the piper diagram 

present the mixed water types. Furthermore, a trilinear diagram showing water types was used 

as shown in Figure 4.5. This confirms that the acidity of the water is due to sulphuric acid from 

the Acid Mine Drainage. The acid is used for processing (extracting minerals e.g. U, etc) from 

the Ores. 

https://www.youtube.com/watch?v=ha6x3uJVJ_Y&list=RDCMUCGAgjGCEH2SDl12M91D-10Q
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Figure 5.5: Cation and anions piper diagram. 

The ion balance for each sample site was calculated as the total concentrations of the cations 

minus the total concentrations of anions, divided by the total concentrations of ions dissolved. 

The recommended concentration limit for Na+, and SO4
2- are 200  and 500 mg/l respectively 

(DNR, 2009).  

The water types of the samples studied were depicted using a trilinear (piper) diagram. 

Sulphate-chloride, sodium-potassium, bicarbonate, chloride, calcium, and magnesium were 

among the water types. As demonstrated in Figure 4.5 of a piper diagram, the cations and 

anions presented a non-dominant form of water, while the combination of cations and anions 

presented a mixed type of water. 

In this study, the cations and anions were measured to identify the ionic composition of the 

water, which is used to characterize and describe the chemical quality of the river water. This 

was done to categorize ionic types based on the majority of dissolved cations and anions in 

mg/l. The analysed samples in this study are Ca-Mg- SO4, illustrating the dominance of mixed 

types, where more than one type of element dominates in the samples examined. The cations 

and anions showed no dominant type; hence, the water types could not be categorised.  
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4.4 Challenges regarding the sustainability of the Vaal River for future water supply 

The Vaal River is one of the South African rivers that is facing multiple anthropogenic 

challenges. According to several studies, the Vaal River is polluted beyond acceptable levels, 

with pollution sources including discharge from nearby mines, agricultural run-off, and sewage 

sludge (Kamunda, 2017, Manyatshe et al., 2017, Moshupya, 2022). In this study, the samples 

analysed were collected along the Vaal River, for analysis of radionuclides, heavy metals and 

water quality. According to the findings of the study, the hazard parameters of radionuclides 

posed no radiological risk when compared to the safety standard recommended by the 

UNSCEAR and the US EPA guidelines. In relation to the heavy metal elements, the findings 

presented Vaal River as not safe for public use due to the high concentrations of Fe and Mn.  

In addition to the human health risks, the study assessed the water quality.  Based on the 

findings, it is concluded that the Vaal River is not of good quality due to increased level of Mn 

and Fe in water when compared to the permitted values.  

In support to the current study, Marara and Palamuleni, (2019) conducted research on the Klip 

River, which is an important tributary of the Vaal River. The authors contend that heavy metal 

contamination of rivers is caused by anthropogenic activities such as mining, agriculture, 

wastewater, and industrial effluents. The mining activity is argued as a major concern in river 

water pollution, posing potential risks to humans, animals, and the ecosystem at large.  

In 2017, Kamunda et al presented high concentrations of heavy metals such as Zn and Ni in 

soil, as well as uranium at (574.3 Bq/kg). In 2022, Moshupya et al also presented potential 

radiological risks due to elevated concentration of Uranium at (827.9 Bq/l). Based on the 

studies conducted, it is of great concern to observe elevated concentrations of pollution within 

and around the Vaal River.  

South Africa's National Nuclear Regulator (NNR) conducted an independent assessment of the 

radiological and heavy metal impacts of mine water discharges on local communities around 

the Klerksdorp and Potchefstroom of the Vaal River (NNR, 2007). The study's findings 

confirmed uranium as a toxic chemical that posed a risk to water users in the catchment. The 

study discovered that the catchment's mean heavy metal concentration levels exceeded the 

regulated concentration levels (NNR, 2007). The South African Water Research Commiss ion 

(WRC) also reported in their March 2006 scientific research report (Boer et al., 2006) that the 

measured uranium concentrations of many fluvial sediments in the water catchment areas 



 

62 

 

(WCA), including those of off-mine properties, exceeded the NNR regulatory limit (NNR, 

2007). 

Toxic heavy metals in water were found in high concentrations in this study, which exceeded 

the WHO guidelines. As a result of the findings reported from the previous studies and this 

study, the sustainability of the Vaal River is questionable. The river's ability to meet human 

needs while also allowing the natural system to deliver important ecosystem services to humans 

may be jeopardized. The desirable conditions in which rivers meet human demands without 

jeopardizing the natural system's stability are of great significance. According to the 

conclusions of earlier studies and this study, the river's sustainability may not satisfy the needs 

of future generations unless the challenges are addressed and resolved. As a result, a conceptual 

management plan is recommended as a solution to the Vaal River's difficulties in this study. 
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusions  

The study intended to investigate the concentration levels of the radioactive and heavy metals 

of the Vaal River, to evaluate the human health risks and the water quality of the river. The 

ICP-MS technique was used due to its lower interference, and quick multi-element analys is 

benefits for environmental samples.  

The average radiation hazard of Raeq, D, AEDE, Hex and Hin complies with the safety limit of 

UNSCEAR. As a result, pose no radiological risks to human. This is justified by using an adult 

of 70 years and a child of 15 years for a period of a year. This also implies that the sites where 

samples were collected have lower concentrations of radioactive materials.  

In relation to the heavy metal concentration levels of the study, Mn and Fe presented higher 

concentration. These elements are known to be common and highly dissolved in water, 

however the higher concentrations could be due to the human activities of industr ial and 

agricultural effluent.  The HI of the study presented a ratio greater than 1, which implies a 

carcinogenic risk toward humans. The elevated concentrations are possibly due to the nearby 

mine effluent, especially taking into consideration that the river is situated nearby the mine. 

There is also the possibility of discharges from the local municipalities, and agricultural run-

off since the space is extensively used for various uses such as industrial and munic ipa l 

activities. 

The water quality of the river was also determined using the water quality indices such as the 

HPI and HEI. The average concentration of the HPI in relation to the Mn increased is greater 

than the value of 1, as a result the Vaal River does not comply with the safety standards. The 

HEI also a ratio greater than 80 which shows high level of pollution of heavy metals in the 

river. The water quality for this study, in relation to analyses of cations and anions, presented 

water types as Ca-Mg-SO4. 

Based on the findings of prior studies and this study, the site is not safe for public use until 

more investigation is carried out. As a result, additional monitoring and regulatory control 

measures are required to safeguard the safety of all residents in these areas. 
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5.2 Recommendations  

More research is required to better understand the origins of contamination along the Vaal 

River. Surface, subterranean, erosion, run-off evaluation, and the development of pilot 

treatment methods such as covering mining wastes with vegetation and introducing natural 

plants that might assist in limiting water pollution could all be examples of pollut ion 

interventions.  

Sites along the Vaal River that were not included in this analysis can be investigated further 

for heavy metal and radioactive contamination. Membrane technology applications can be 

investigated, and the results can be used to address the difficulties of pollution in the Vaal 

River. 

Additionally, a conceptual management plan with ideas for improving the state of the river's 

problems can be used to manage the river. This study proposes a conceptual management plan 

with ideas and a timeline for the management of the river. Management of the Vaal River will 

contribute to sufficient and adequate water quality for drinking, sanitation, food production,  

energy generation, and recreation, as well as the maintenance of healthy and dependent 

ecosystem services. The fundamental goal of the conceptual management plan is to improve 

the Vaal River through planning, monitoring, collaborations, and social and leadership 

abilities. All participants acting in harmony is a frequent strategy for maintaining water quality. 

The concept is built on a bottom-up decision-making process in which local communities can 

participate and have their voices heard. 

Figure 5.1 proposes a partnership and collaboration among stakeholders, specifically industry, 

government, community, and environmental organizations. These collaborations must ensure 

that planning methods include evaluation and monitoring efforts that effectively manage rivers, 

are inclusive, and involve local communities. Sustainability can be achieved in this way by 

taking a holistic approach that considers ecological, social, and economic needs. Figure 5.1 

depicts how the approach should be ongoing and involve all stakeholders. 
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Figure 6.1: Schematic diagram of the conceptual management plan. 

This conceptual management plan's purpose is to direct river use and monitoring while also 

addressing the interaction between rivers and human behaviour by promoting river amenity 

and social value. The purpose is also to promote collaborative practice, in which new ways of 

thinking arise from the expertise and experience of different river users. Active water bodies 

such as the local municipality, the Department of Water and Sanitation (DWS), the South 

African Local Government Association (SALGA), the Rand Water Board, and the Water 

Research Commission can all share information. The purpose of sharing information is to 

ensure inclusivity and understanding of Vaal River developments. 

Researchers operating in the Vaal River should ensure that their research data is easily 

accessible to Policy makers. A central database should be created where all data gathered 

through studies or reports by active bodies using the river and testing its water is easily 

accessible. Furthermore, a workable website for all interested and active people working on 

Vaal River initiatives should provide a platform for them to register themselves so that 

everyone is informed of what is going on along the river. 

People and rivers share an unbreakable bond of depending on the river for water, pleasure and 

relaxation. Anthropogenic activities such as mining effluent and, agricultural run-off, sewage 

and municipal waste that contribute to river pollution will not abate as a result of people 
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engaging with rivers unless they are addressed in a way that is inclusive of people, fair, 

transparent, and involves people. When it comes to river difficulties, most people tend to 

separate themselves from the problem, thinking that the water comes from the tap, causing 

people to forget where the water comes from. It is now vital to increase awareness in order to 

reconnect people and waterways. Some leisure activities, such as fishing and boating, are 

already popular, all communities inside and surrounding rivers must be included to avoid waste 

discharges into rivers. 

5.2.1 Conceptual management plan timeline 

This study proposes a timeline for the proposed action. According to this study, an awareness 

meeting should be held in February 2025 to raise awareness to the local communities nearby 

the Vaal River. This accommodates the users of the Emerald Resort, Stonehaven and other 

sites that are of private space. Once the awareness is raised, the planning meeting on the way 

forward concerning the cleaning and management of the river can potentially take place around 

May 2024. This is where the issues of the river get addressed by various users. All stakeholders 

of the river need to be part of the planning. This includes the local municipalities, agricultura l 

and mining representatives, Rand Water Board as well as the local users. 

Once the planning is well addressed, the way forward can be conducted. This will include the 

cleaning and maintenance of the river by all users involved. During this meeting, a date can be 

set where all users can clean the river. Since we know that the main problem is heavy metals 

and radionuclides in the water, the river water will need to be cleaned using the biologica l 

method and the maintenance plan should be created to ensure that all the hard work is not 

wasted. The maintenance plan should include when, where and how to clean the river before 

and after the cleaning process.  

Furthermore, the report on heavy metal safety management, as well as uranium and thorium, 

should be employed. Appropriate guidelines should be prepared to guide industry, 

municipalities, and mining corporations, based on the opinions of knowledgeable individua ls 

such as (researchers, Water Research Groups, Rand Water Board, Department of Water and 

Sanitation). This will ensure the safe handling of materials containing uranium and thorium, 

among other elements. The guideline must first identify the pollutants of the Vaal River and 

then give proposed solutions.  The advice will help to improve safety and reduce unnecessary 

radiation exposure. Finally, a central database where essential information can be saved must 
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be established. The timeline shown in Table 5.1 elaborates the actions to guide the 

developments of the management plan. 

Table 5.1 Conceptual management plan timeline 

Proposed action  February  

2025 

May 

2025 

August 

 2025 

November 

2025 

Awareness  √√√    

Planning meeting   √√√  

 

 

Way forward 

meeting 

  √√√  

Creation of central 

database 

  √√√  

Creation of central 

website for 

interested and 

affected parties  

   √√√ 
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