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Abstract

Uranium is a by-product in the mining of gold in South African landscapes (Coetzee et al.,
2006). Since these activities are done on land in different provinces of South Africa and near
communities inhabited by people and animals, there is a risk of exposure from this uranium
by-product during operations and after operations have ceased. It is therefore necessary to
determine the levels of contamination at present to identify the potential risks posed to people
and the environment. The purpose of this study was to determine the activity concentrations of
uranium isotopes (>%U, 2%U, and 2**U) in sediment and water and the 23*U/?*8U activity ratios
in the water around gold mining operations in Gauteng, North West, Free State, and
Mpumalanga province. The concentration of uranium in water and sediment around the
Witwatersrand Basin covering the mining regions of Gauteng (West Rand location), the North
West (Klerksdorp location), the Free State (Welkom location), and Mpumalanga (East Rand
location) provinces in South Africa was determined using alpha spectrometry and gamma
spectrometry. Water and sediment samples were collected during different months of the year
in these regions. The selected months were times when different seasons of the year started,
i.e., September (the beginning of Spring), December (the beginning of Summer) and March
(the beginning of Autumn). This selection was made to see whether the change in the season
impacted the activity concentration levels. The samples were contained in plastic bottles and
tubs and then transported to the laboratory for analysis. Alpha spectrometry was used to analyse
water samples, and Gamma spectrometry was used to analyse sediment samples to determine
the activity concentration of uranium and the concentration of uranium in water and sediment.
The transfer coefficient of uranium in water was calculated from the concentration results. The
highest uranium concentration in water and sediment was found in West Rand. The
concentration in water and sediment, respectively, had a mean value of 7263,8 mBg/L and
1871,7 Bg/kg in West Rand; 2346 mBqg/L and 186,7 Bg/kg in Welkom; 1887,7 mBg/L and
452,2 Bg/kg in Klerksdorp and 807,2 mBg/L and 260 Bg/kg in East Rand. The isotopic ratios
of 2*U/%38U for all the samples collected ranged from 0,96 to 1,14. The resultant values in this
study indicated that 228U activity concentration is significant throughout the spring, summer,

and autumn seasons. Some values exceeded 500 Bg/kg, which is the National Nuclear



Regulator’s limit for exclusion of operations. Some low values observed during the December

2020 period could be due to the rainfall during that time.
Keywords

Uranium; Activity concentration; Radioisotopes; Sediment, Water streams; Gama
spectrometry; Alpha spectrometry.
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Chapter 1: Introduction and Problem statement

1.1 Introduction

The discovery of gold in South Africa was first recorded in 1886 in Witwatersrand (Durand,
2012; Papanicolaou et al., 2010). After this discovery, gold became a driving force of the South
African economy, and the country grew to be one of the largest gold producers in the world.
More gold mines started to operate across the country over time. Gold mining in South Africa
has been rising since the nineteenth century (Marais & Nel, 2016). Mining cuts across different
provinces, including Gauteng, the North West, and the Free State. The Witwatersrand Basin,
which covers all three provinces, has produced 40% of the gold ever mined and still has over
a third of unmined reserves in the world (Frimmel & Minter, 2002). The basin is situated on
the Kaapvaal Crayton, formed during the Archaean. The basin lies above a basement composed
of greenstone belts, granitoid and Calabrian arc (ca) 3.1 Giga annum (Ga) or 1-billion-year-old
volcanics and sediments of the dominion group. Above the basement is the Witwatersrand
Supergroup, which comprises the West Rand, which contains sandstones and foredeep shales,
and Central Rand, comprising alluvial sandstones and auriferous conglomerates as shown in
figure 1.1 (Jolley et al., 2004). The Ventersdorp group then comes on top of the Central group.
It comprises ultramafic and mafic lavas from the Klipriviersberg which lies below the mixed
mode volcanic and sediments of the Platberg and Pniel groups. The Transvaal supergroup
overlays with all its clastic and carbonate sediments. The composite Witwatersrand basin fill

is now transformed into a mixed facies grade (Jolley et al., 2004; Phillips, 1987).
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Figure 1. 1: (a) The Witwatersrand Basin covering Welkom, Klerksdorp, Carltonville and
Johannesburg (left image). (b) the geological structure of the Witwatersrand super group and

Ventersdorp super group (right image).

South African gold mining involves digging ore from under the surface of the earth. This ore
is then processed for the extraction of gold. Uranium (?8U) is also brought to the surface during
mining since both metals are found in the auriferous ore bodies (also called reefs) of areas
around the Witwatersrand (Winde & Sandham, 2004). Thus, uranium was produced as a by-
product of gold extraction from gold-bearing ore. Numerous mining companies partake in the
production of gold in South Africa. Some of the biggest in the mining industry include
Harmony Gold, Anglo Gold Ashanti, Sibanye Gold, and Gold Fields. A lot of waste is
generated from the blasting of rock and processing of ore due to continuous mining operations
(Das & Choudhury, 2013). After milling and leaching of ore, in the mining process, the
remaining ore material, which is in a slurry form (solid-water mixture), is deposited onto slime
dams (Winde & van der Walt, 2004). The use of sulphuric acid in the leaching process achieves
about 90% extraction of 23U initially present in the ore (Ford, 1993). From this, it can be
expected that the uranium concentration in the tailings, which are no longer leached, will
increase tenfold (Winde & van der Walt, 2004).

A tailings system is such that a mixture of water and finely ground solids (i.e., slurry) is

contained in an engineered containment to reduce seepage into the environment. Water




movement into the tailings is from water in the tailing’s slurry and rainfall. Seepage into
groundwater is the main cause of concern for contamination (Hansen, 2015). Around 6 billion
tons of tailings have been produced in the Witwatersrand since mining activities started in 1886
(Janisch, 1986). Slime dams from gold mining contain 238U concentrations higher than tailings
generated from conventional 22U mines. The 238U concentration on tailings from gold mines
averages around 100 ppm and exposes approximately 600,000 t of U3Og to the biosphere (F.
Winde & A. de Villiers, 2002). The Witwatersrand area covers a surface space of
approximately 400 km?, and therefore an environmental pollution situation will cause problems
on a large scale (Robb & Robb, 1998). Naturally occurring uranium (**8U) is a radioactive
nuclide. Radioactivity is the process of spontaneous emission of energy in the form of particles
or electromagnetic radiation by unstable nuclei (L'Annunziata, 2007). Naturally occurring 238U
IS a strong alpha particle emitter with some beta particle emission. It has a long half-life, as a
result, has a low level of radioactivity. The bone and kidneys are the primary deposition sites
of 238U in the body; thus, they have chemical toxicity towards the two and other organs (Brugge
& Buchner, 2011). In addition, the biokinetic considerations indicate that uranium travels to
and is absorbed by human organs such as the gastrointestinal tract and the liver (Bangotra et
al., 2021). Secular equilibrium in the uranium decay series is when the decay rate of the
daughter isotope (**U) is the same as that of the parent isotope (*U) (Kanai & Sakamaki,
1994). The transportation of 238U in water can be determined by the 23*U/?8U ratio because
233U is more mobile in water than 238U (Veerasamy et al., 2023).

1.2 Problem statement

Gold mining has been taking place in South Africa since the late 1800s in regions including
the Gauteng, North West and Free State provinces. In the gold mining process, radioactive
uranium (?*8U) is produced as a by-product. Since some of these mining activities occur near
land inhabited by people and animals, there might be risk of exposure from the uranium through
several pathways, such as soil and water contamination, during and after operations have
ceased. Uranium contamination in the water near gold mining areas has been found in several
studies (Kossoff et al., 2014; Schonfield et al., 2014). Efforts from the government to force
mining companies to take responsibility for rehabilitating and minimising exposure of

radioactive material to the environment and communities near previous mining sites have been



difficult. Therefore, it is important to determine the levels of contamination and identify the

potential risks to people and the environment at present and in the future.

1.3 Aims and objectives

This study aimed to determine uranium concentration and its partitioning in sediment and water
in different surface water bodies around mining operations in Klerksdorp, West Rand (North

West province), Welkom (Free State province) and East Rand (Mpumalanga province).

The objectives were to:

e Determine 28U, 2°U, and 23U activity in sediments from river systems.
e Determine 28U, 25U, and 23*U activity in water from river systems.
e Estimate the uranium partitioning coefficient between sediment and water.

e Calculate the 22U/?%8U ratio in the water.

1.4 Dissertation Outline

This mini-dissertation consists of five chapters, where Chapter 1 outlines a brief introduction
of the main subject and objectives of this study. Chapter 2 contains supporting literature on
studies related to the topic of this study such as uranium contamination and radiation detection.
Chapter 3 describes the materials and methods used in the determination of uranium activity
concentration. Chapter 4 presents the results obtained and discussions. Lastly, Chapter 5

provides a summary of the conclusions of this study.



Chapter 2: Literature review

2.1 Gold mining in South Africa

The auriferous reefs in the Witwatersrand Area, which cover Gauteng, North West, Free State,
and Mpumalanga, have been found to contain 100 ppm — 300 ppm of uranium levels since
mining began in the late 1880s (Cole, 1998). However, these levels are lower than those of
other countries such as Canada and Australia, where uranium levels range from 5000 — 50 000
ppm, and the South African ores of UsOg are considered low-grade minerals (Winde &
Sandham, 2004). The Witwatersrand basin accommodates numerous mining regions, as shown
in Figure 2.1 (Schonfield et al., 2014). During the initial gold mining activities, uranium was
dumped onto tailings dams and milling tailings without extraction or processing from the mined
ore. However, during the cold war era in the 1950s, this changed as uranium was recognised
as a strategic resource. In 1952, the South African government commissioned the first uranium

recovery plant as part of its uranium development programme (McLean, 1994).
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Figure 2. 1: Gold mining regions in the Witwatersrand Basin.



There are numerous methods of mining in South Africa. These include block mining, cut and

fill, drift and fill, and room and pillar mining (Perold, 2013). The most common method used

is the drill and blast method, where miners drill holes into the rock, fill them with explosives

to blast the rock, and then use a jack-leg drill to access the gold ore. Once the ore is obtained,

it is transported to the surface via a scaling bar.

The South African mining methods have unique characteristics (Perold, 2013). Moreover, the

different methods can be described as follows:

Block and caving: the method used for very steep ore bodies. An undercut with haulage
is driven and positioned below the ore body. Holes are drilled into the ore body and
blasted. The blasted ore will then fall into the undercut and hauled out.

Drift and fill: the method used in reefs which are flat lying. Conventional narrow reefs
are developed above the deep lying ore bodies to relieve stress on the stooping areas.
Cemented mill-tailings are then filled into the stopes once the ore has been extracted.
Cut and fill: this method involves cutting ore in horizontal or slightly inclined slices.
Waste rock or sand is then used to fill the extracted areas.

Room and pillar mining: this method is used for flat ore bodies. Pillars are placed in a
pattern to support the roof. Rooms are then mined out in series. These stopes are then
closed out or filled by collapsing the roof by removing the pillars, starting with the
pillar furthest from the stope entrance.

Shrinkage and stopping: for ore bodies with a steep dip. Blasted ore is used to support
the surrounding rock on the stope. The mines then work through each section of the
ore. Some amount of worked ore is removed to gain access to another section of ore
rock which needs to be blasted. Once all the ore body has been broken, the stope is then

emptied.

2.2 Sources of uranium pollution

2.2.1 Sources

Tailings dams. The uranium contained in tailings can leak and pollute the environment

through natural pressures, especially if the tailing structure loses its integrity (Dogan et



al., 2021). In South Africa, uranium accumulation in current and abandoned tailings
dams around the former and current gold mining areas remains (Wolkersdorfer et al.,
2021). Around 27 residues which include tailings and waste rock piles, are currently
known and understood to be contributing, to some small or large extent, towards the
pollution of surface waters within the whole Witwatersrand basin (Wolkersdorfer et al.,
2021). When exposed to surficial processes, most of the gold mine tailings within the
Witwatersrand Basin produce dust containing toxic heavy metals, semi-metals and
radionuclides, which have spread across the landscape (Njinga & Tshivhase, 2017;
Nwaila et al., 2021).

Underground ore bodies. Uranium-bearing ore, such as uraninite, emanating from
mining activities, can cause groundwater pollution because of the instability of the
uraninite when it reacts with oxygen. Uranium may be stripped off ore bodies when
acid mine water, which might have flooded old mining areas, gets in contact with
certain rocks. This might cause a long-term source of pollution.

Pumped underground mine-water. Water from underground mines moves through
cracks of uranium-bearing reefs as it is pumped to the surface; the water leaches
uranium from such interaction and therefore carries it to the surface where it will have
the potential to pollute the surface  environment.

Uranium accumulation in fluvial sediments. Uranium is retained in fluvial sediment
from polluted water streams, and whilst this helps to reduce pollution further
downstream, the accumulation of the immobilised uranium in the sediments may

become a secondary source of pollution (Winde & van der Walt, 2004).

2.2.2 Exposure pathways

There are four potential exposure pathways through which uranium can be transported to the

environment, animals, and people near mine tailings (Winde et al., 2019). Figures 2.2 and 2.3

illustrate such pathways.

Water pathway. Rainwater seepage and dissolved uranium pollute groundwater and

streams, which are sources of life for people and animals. Drinking water from



boreholes and streams directly exposes people and animals (Winde et al., 2017; Winde
etal., 2019).

Geophagia pathway. This is where uranium containing material, such as soil, is
intentionally or unintentionally ingested. Sediment applied to the skin with the intention
of healing lesions can also lead to uranium-containing material being introduced into
the body (Winde et al., 2019).

Food pathway. Secondary exposure to humans can result from eating vegetables and
plants irrigated with polluted water and growing on polluted soil. The ingestion of meat
from animals grazed on polluted plants and drank polluted stream or borehole water
also forms a secondary exposure to people as depicted in figure 2.3 (Winde et al., 2017;
Winde et al., 2019).

Air pathway. Heavy air blowing towards human settlements near tailing dams transport
dust from the tailings material which people might then inhale. Informal settlements,
which are right on top of tailings, such as the Tudor Shaft settlement, may have direct
exposure to radon gas (*?Rn), a decay product of the uranium chain (Chambers et al.,
1989; Winde et al., 2019).



Figure 2. 2: Pathways of uranium exposure from gold tailings to humans.

Figure 2.2 illustrates the pathway of uranium from tailing dams, through the water streams to
the water body that supply municipal water consumed by the public (Winde et al., 2019). The
pathway includes, inhalation of tailing dust, ingestion of geophagia, irrigation and soil

contamination.
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Figure 2. 3: Pathways of uranium exposure from uraniferous rock to humans.
2.3 Uranium contamination of waterbodies

Tailings seepage through underlying aquifers, and dissolved contaminants from tailings dams
migrate into water streams (Winde & Sandham, 2004). The increasing depth of pore water has
been shown, through piezo-metric measurements, to cause the formation of a phreatic surface

inside tailings dams as seen in figure 2.4 (Funke, 1990).
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Figure 2. 4: Phreatic formation inside tailings dam.

Since tailings dams are several meters above ground, the water on top of the tailings is higher

than the groundwater below the surface. This height difference produces a hydraulic gradient
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that pushes the tailings water into aquifers and adjacent streams, as seen on Figure 2.5 (Winde
& Sandham, 2004).

=
_ 1340 Slimes dam no. 4 1338 %
wn @
§ 1330 1325 o
E o[ ¢ aesm E;
- / N\ | 38m (72000) o
2 1310 X
g )
ﬁ 300 4 ~°% T Y surface
1298
ground water table
] | 3 1 1 - | L 1 1

- -
2000 1000 0
Distance from stream bank [m]

(right hand side)

Figure 2. 5: Hydraulic gradient push of tailings water.

This water outflow from tailings is known as seepage, which may lead to contamination of
underground water, streams, and sediment (Winde & Sandham, 2004), as shown in Figure 2.6
(Winde & van der Walt, 2004).
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Figure 2. 6: Seepage effect on sediment and water streams.
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2.3.1 Contamination of Streams

Contamination into streams via the movement of seepage from tailings is displayed in Figure
2.6. Furthermore, studies have shown that uranium levels in streams have been significantly
lower than in underground water (Venter, 2001; F. Winde & A. B. de Villiers, 2002). Levels
ranged from 0.05 ppm to 0.07 ppm. In some streams, uranium concentration was higher than
the actual ore mined in the same area, for example, the Grootspruit stream near the Evander
Goldfields and Blesbokspruit streams near East Rand Goldfields (Winde & Sandham, 2004).

2.3.2 Contamination of groundwater

Streams are connected to slime dams through alluvial aquifers in floodplain sediments. The
seepage then infiltrates the streams from tailings via floodplains. Uncontaminated groundwater
will then dilute seepage water, thus resulting in a lower concentration of uranium than in the
incoming seepage. A mechanism of groundwater contamination is the pH precipitation of
uranium from tailings’ seepage into groundwater (Abiye & Shaduka, 2017). During this
process, uranium interacts with alkaline dolomite material at the base of the tailings. Although
underground water has been found to have uranium concentration levels (0.54 - 0.58 ppm)
above limits for discharge-unweighted global mean for fresh water (0.0004 ppm), these levels
were lower than the undiluted seepage of tailings under which the ground water passes. For
example, alkaline underground water (pH 7.8) from floodplains in Koekemoerspruit (Winde &
Sandham, 2004).

2.3.3 Contamination of sediment

Polluted water can deposit uranium in the sediment beneath it with continuing immobile
uranium in the water (Winde & Sandham, 2004). Sediment sulphate crusts in the Koekemoer
area were found to have uranium concentration levels (1192 ppm), which were higher than
tailings dam concentration (127 ppm) in the same area. These crusts form due to the
evaporation of ground water, which has risen to the surface of floodplain sediments (Winde,
2001). Contamination of sediment and waterbodies has been discussed in the section 2.3.2 and

2.3.4. Since these two mediums can be contact with each other, e.g., dams and streams with
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sediment at the bottom, the distribution coefficient of uranium in water and sediment will be
determined in section 4 of this paper using the following equation:

Cs
K; = ) [1]

Where, Kq is the distribution coefficient, Cs is the nuclide activity concentration in sediment,

and Cx is the nuclide activity concentration in water (Payne et al., 2011).
2.4 Chemistry of uranium
2.4.1 Oxidation states and their solubility

Several factors influence the solubility of uranium. These include oxidation states, the pH and
ligand type of solutions (Geipel & Bernhard, 2008). Uranium (V) has low solubility in medium
to high pH conditions. In very low pH conditions, it does not have such low solubility. In
solutions containing only weak ligands, the formation of uranium (1V) colloids is probable.
The most soluble and thus highest migrating state of uranium states is uranium (V1) (Lapworth
et al., 2021). The formation of strong complexes from the presence of sulphates enhances
solubility.

2.4.2 Reaction with sulphates

Phosphogypsum has been found to contain uranium in sulphate and phosphate complexes
(Geipel & Bernhard, 2008; Lapworth et al., 2021; Papanicolaou et al., 2010). Uranium migrates
easily into the environment through its reaction with sulphates. However, its migration to

underground water is impeded by high pH uranium precipitates from tailings (Burnett &
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Elzerman, 2001; Lysandrou & Pashalidis, 2008). This immobilisation of uranium then leads to

deposition into sediment around the tailings dam.

Uranium (IV) sulphate formation. Uranium (1V) forms the strongest sulphates. Molecules of
S0;~ and H,O0 arrange binary sulphate complexes at low pH levels. As the pH increases it

increases hydrolysis, causing competition between the OH~ and the sulphate.

This then forms two basic sulphates, which are indicated in equations 1 and 2 (Guillaumont et
al., 2003; Henning et al., 2008).

U* 4+ 502~ & USOZ* 2]

UM + 2505~ © U(S04)2(aq) [3]

Uranium (V1) sulphate formation. The short bonds between the uranium (V1) and oxygen
elements in the uranium (U02") contribute to its stability in the entire pH range (Henning et
al., 2008). When a water molecule has high acidity protons, it causes the transformation of an

adjacent free water molecule into a Bronsted base which helps form this uranium complex.
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Sulphate complexes are formed by the uranium ion under acidic solutions, whilst ternary

complexes are formed under solutions of pH >3. And these complexes include;

(U03)2(0H)»(504)57,(U03)3(0H) 4(50,)3~, and (U0,)5(0H)g(S04)7~ 2" Where n = 5,6

(Moll et al., 2000).

Different pH environments can host three sulphates species of uranium (V1) (Guillaumont et
al., 2003):

UOZ* + S02~ & U0,50,(aq) logK® = 3.15 + 0.12
UO3* + 2502~ & U0,(S0,)2" logk® = 4.14 £+ 0.07
UO3* 43502 & U0,(S0,)4" logk® = 3.02 + 0.38

2.4.3 Speciation under different conditions

The oxidation states of uranium (+3,+4,+5, and +6) have a great influence on its behaviour,
and the most common uranium oxidation states in nature are U(IV) and U(VI) (El-Sharkawy,
2018). Depending on the environment it finds itself in, Uranium can bind to different
complexes. In most natural waters, uranium has been found to exist in the form of the less
hazardous tri-carbonate species (Geipel & Bernhard, 2008) compared to phosphates and citrate
species. The speciation of uranium in contaminated water can be affected by weather
conditions. In winter seasons, uranium (V1) is more dominant, while uranium (1V) finds itself
more dominant during the summer seasons (Phrommavanh et al., 2008). Many factors,
including the availability of uranium or its parents in the aquifer matrix and the geochemical
and hydro chemical conditions present, affect the activity concentration of uranium in natural
waters (Duff et al., 2002). The temperature may influence the stability of uranium, especially
the more mobile uranium (VI) species. A decrease in temperature decreases the stability

constant of the uranium (V1) complex (Vetesnik et al., 2008).
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2.5 NORMs

Naturally occurring radioactive materials (NORMs) exist in the environment at low
background activities (Koppel et al., 2022). They naturally rotate and partition in the
environment, reflecting the different processes and chemistries in those environments
(Cresswell et al., 2020).

2.5.1 Radioactive equilibrium

Radioactive equilibrium occurs when the activity of the parent nuclide is similar to that of its
intermediate or final daughter product. This also implies that the rate of radionuclide decay in
a particular isotopic series is the same (Papadopoulos et al., 2013). This secular equilibrium
can be disturbed by various activities, and when this happens, the parent radionuclide or the
daughter product can be removed. Radionuclides can be mobilised through activities involving
geochemical processes where the soluble radionuclides of a certain decay series are dissolved
and precipitated (Gascoyne, 1992). A system has attained steady state when there is no longer
a change in the rates at which each nuclide decays, which is another way of saying it is in a
state of secular equilibrium. Examples include the interactions between the long-lived uranium
and thorium isotopes, Uranium-238 (>38U), Uranium-234 (***U) and Thorium-232 (¥2Th).

2.6 Biological effects of radiation

Radioactive isotopes mainly comprise of the species present in the decay chain series of
Uranium-238 (%*8U), Thorium-232 (*2Th), and Potassium-40 (*°K) (Salazar et al., 2021).
Radionuclide accumulation and increases in radioactivity above critical levels may lead to
health risk and environmental damage (Ali et al., 2018; Garner et al., 2015; Xhixha et al., 2015).
238U has a half-life of 4.5 billion years and 2%?Th has a half-life of 14.05 billion years as
indicated in figures 2.7 and 2.8 respectively. The figures further display the decay series of
238U and 2%2Th with the half-lives of the decay daughters involved and the particle emissions
from one daughter to the other. Radiation can cause acute or chronic damage to the liver. DNA
damage and oxidative stress are amongst the early effects of radiation. The production of

reactive oxygen species causes cell apoptosis in the liver and acute inflammation.
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The early acute liver radiation damages can be repaired since the liver is a delayed response
organ, but if appropriate clinical treatment is not administered it might lead to radiation-
induced liver damage (RILD) (Li et al., 2021). 238U is an alpha particle emitter and it also emits
weak gamma particles. Alpha particles have a weak penetrability compared to other particles
and they pose minimal hazard as long as they are outside of the body. However, alpha particles
can be dangerous to organs and tissues, leading to kidney failure and paralysis if inhaled or
ingested into the body (Van Eeden et al., 2009).
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Figure 2. 7: Uranium decay series.

Uranium decay (as seen in Figure 2.7) starts with 238U, the long-lived parent. After 14 decay
stages involving its daughter products which have different half-lives of seconds, minutes,
days, years, and thousands of years, the series ends with lead (2°°Pb), which is a stable isotope
(Choppinetal., 2013). The daughters emit gamma rays in many of these steps at energies which
are specific to the decaying radioisotope. Some daughters in the decay chain, e.g., 2**Pb and
214Bj, can be used to determine the 23U content since it does not have gamma rays which can

be used for detection. The radioactive equilibrium which usually occurs between the parent
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and daughter products, the concentration of the parent can be determined through the
measurement of the gamma radiation from the daughters (Killeen et al., 2015). The
concentration of 22Th in the earth’s crust is about 6 ppm (3 times more than that of 238U),
making it the most abundant naturally occurring radioactive element. Monazite, which is a rare
earth mineral, is where 2*2Th is commonly found in the composition (Ce, La, Nd, Th) PO, (Yu
et al., 2022). Mining and processing rare earth metals consequently lead to thorium
contamination in the environment (Li et al., 2019; Maes et al., 2017; Su et al., 2021; Wang et
al., 2018). There has been great concern over the health risks thorium poses to humans and the
environment (Ali et al., 2019; Shukla et al., 2020). When thorium enters the blood circulation
after inhalation, ingestion, or infection through a skin wound, about 75% deposits into the liver

and bones, with some small fractions going to kidneys and soft tissue (Creff et al., 2019).
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Figure 2. 8: Thorium decay series.

The thorium decay chain (figure 2.8) also starts with the long-lived parent, 22Th, and after 10

decay stages the series ends with another lead (?°®Pb) stable isotope (Choppin et al., 2013). As
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in the case of 238U series, gamma rays are emitted in many of the stages at energies specific to
the decaying radioisotope. 2*Th does not emit gamma rays and thus its content can be
determined indirectly through the detection of gamma rays from its daughter Thallium (?°%TI).
The #2Th chain, unlike that of 23U does not have many daughters with extremely long half-
lives. The daughter with longest half-life in the 2°2Th series is Radium (*?®Ra) with 5.7 years
(Killeen et al., 2015). The hazards of uranium and thorium to the environment, human and
animal life have been discussed and it is observed that continual exposure to such radionuclide
may lead to detrimental circumstances. A study of the levels of exposure from uranium and its

progeny in the Witwatersrand basin which covers 3 provinces in South Africa is reviewed next.
2.7 Radiation detection
2.7.1 Gamma spectroscopy

Gamma-ray spectrometry is a technique used to identify radioactive isotopes in a sample, in a
non-destructive manner. The energy of the incident gamma ray is measured by the detector.
The identity if the incident gamma ray can be discovered by matching it with the energy of a
known radioisotope (Pavan et al.,, 2019). The measurement of samples with gamma
spectrometry involves, firstly, the storing of the sample material in sealed containers using
sealant like beeswax to ensure that secular equilibrium is reach between radon and its progenies
(Vukanac et al., 2022). After a couple of weeks, the samples are then measured with the
germanium semiconductor HPGe detector. The Genie 2000 software from Canberra can be
used to record all spectra, and Genie 2000, Aptec, and Anges software can be used to analyse
the spectra. The range of measurement periods can vary and reach 250000 seconds (Valkovic,
2019). Direct measurements of the specific activity such as 2®U can be made using its energy
peak on the spectra or its whole energy peak corrected for radium-226 (2°Ra). Thorium-234
(>**Th) at 63 keV peak energy or Protactium-234 (2*™Pa) at 1001 keV can be used to determine
238, Background noise, dead time, and coincidence summing effects can also be adjusted for

the Net count rates The calculation of activity concentration and uncertainty includes statistical
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uncertainty of up to 30% and a 5% uncertainty for efficiency calibration, whilst the measured

mass uncertainty can be ignored (Valkovi¢, 2019).

2.7.2 High purity germanium (HPGe) detectors

Gamma-ray spectrometry with HPGe crystals has excellent energy resolution and allows for
numerous procedures to be performed such as determination of radionuclide composition in
soil; activity measurement of samples which emit gamma rays; analysis of low-level
environmental samples; and preparation of standard samples (Prozorova et al., 2021).
Germanium detectors are semiconductors, which have a P-type, then an intrinsic layer, and N-
type contact abbreviated p-i-n. The intrinsic/depleted region commonly has a high sensitivity
to Gamma and X-rays. Under reverse bias, an electric field will be established in the intrinsic
region. When photons interact with matter in the depleted region of a detector, charge carriers
are produced. An electric field then moves the carriers (which are holes and electrons) to the p
and n electrodes. The charge then enables an intrinsic charge-sensitive preamplifier to produce
a voltage pulse. The outer surface of the crystal is where the rectifying contact of a detector

semiconductor junction is commonly placed. A coaxial detector is shown in Figure 2.9. The
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p+ is the outer contact, and the n+ is the inner contact. The depletion layer grows inwards as

the voltage increases (Mirion, 2019).

p* contact

n* contact
&-loles

Electrons

™ Electric field

Figure 2. 9: (Left) p-i-n junction detector with reverse bias (Right) A cross-section of an n-

type coaxial detector perpendicular to the cylindrical axis.

In order to control the production of charge carriers, thus preventing leakage current,
germanium detectors need to be cooled because they have low band gaps. Liquid nitrogen is
commonly used to cool the detectors at 77K (-195.15°C). If charge production is not controlled,
then current leakage will occur and induce noise which will destroy the energy resolution of

the detector (Mirion, 2019).
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2.7.3 Characteristics of the HPGe detector

e The HPGe detector provides accurate and reliable information to identify radionuclides
from their mono-energy gamma rays (Lohrabian et al., 2021; Olivares et al., 2017).

e The HPGe detector has an energy resolution 20 to 30 times that of a sodium iodide
Nal(TI) detector.

e A limitation of the HPGe detector is the loss of sensitivity when exposed to high-flux
radiation.

e The HPGe detector offers high radiation detection efficiency when radiation sources
are point sources. This helps avoid early saturation of the detector (Lohrabian et al.,
2021).

2.7.4 Alpha spectrometry

Alpha-particle spectrometry is a radiometric analytical technique used to identify radionuclides
and their activity in a liquid or solid form sample. This radio-analytical technique analyses
radionuclides with high sensitivity and efficiency. This technique allows the use of an alpha
emitting isotope of the element of interest as a tracer, thus making it a reliable method of
analysis (Guirguis et al., 2015; Vukanac et al., 2022). Radionuclides must be dissolved and
chemically separated from the bulk sample before a tracer source can be prepared. This is
because alpha particles have a short range of travel through matter (Vadja, 2012). Tracer
sources are commonly prepared for each radionuclide of interest. There are three functions that
the chemical separation serves in the preparation of tracers. Firstly, it increases the yield of the
element/radionuclide of interest by removing unwanted elements. Secondly, to produce a clean
product by reducing unwanted elements that might affect the quality of the spectra. Thirdly, to
remove all other radionuclides, which are alpha emitters and whose energy peaks might
interfere with the energy peaks of the radionuclides of interest (Aggarwal, 2016). The alpha
spectrometer (Alpha Analyst, Canberra, USA) can perform alpha-particle spectrometry
measurements. The spectrometer has 10 passivated implanted planar silicon (PIPS)
semiconductor detectors which have an active area of 450 mm? and 28% geometrical efficiency
(for a 25 mm source disk diameter) (Vukanac et al., 2022). Standard radionuclide sources,
which include radionuclides like 23U, 2°U, Plutonium-239 (**°Pu), and Americium-241

(> Am), may be used for the detector’s energy and efficiency calibration (Vajda et al., 2020).
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Genie 2000 from Canberra can be used to record and examine alpha spectra. The measurement
periods can range from one to seven days, depending on the radionuclide activity in the

radiochemical recovery can be measured by its activity concentration (Jia et al., 2002).

The alpha spectrum analysis report, which is generated by the Genie 2000 software, contains
the uncertainty for the detected alpha activity. The statistical uncertainty, chemical recovery
factor, and efficiency uncertainties are all considered in the uncertainty budget (Vukanac et al.,
2022). Standard radiochemical analysis methods comprising of three steps can be used to
determine the activity of 238U, 2®U, and ?*°Ra. These steps are: sample preparation,
radionuclide separation, and source preparation (Jia et al., 2002; Vukanac et al., 2022). The
preparation of the sample can be done using acid leaching by nitric acid (HNO3), hydrofluoric
acid (HF) and perchloric acid (HCIOa) on a hot plate (Jureci¢ et al., 2014; Selvig et al., 2005).
Before sample digestion, the precise activity concentrations of the relevant tracers (i.e., 22U
for uranium determination) are added to calculate the radiochemical yield of the analysis
(Vukanac et al., 2022). The separation for uranium radionuclides can be done through
extraction chromatography resins, one such technique is the Uranium and Tetra Valents
Actinides (UTEVA) technique which involves firstly, sample preparation in a known
concentration of HNOs. Secondly the loading of sample on the UTEV A column preconditioned
with a known concentration of HNOs, then effluent is discarded between step 2 and step 3.
Thirdly, the washing of the column with known concentration of HNO3 and hydrochloric acid
(HCI), effluent is once more discarded between step 3 and 4. Fourthly, is the elution of uranium
with a known concentration of HCI. Lastly, the uranium concentration is estimated using alpha

spectrometry (Dalencourt et al., 2020; Prabhu et al., 2016).

The alpha source preparation for uranium radionuclides can be done in one of two ways, the
electrodeposition method or the micro-coprecipitation method. The electrodeposition method
involves using stainless steel disk of 19 mm in diameter from a known concentration of
ammonium oxalate (NH4)2C204 and HCI electrolyte mixture (Puphal & Olsen, 1972). The
applied current and deposition time may vary e.g., applied current of 0.6 A with a deposition
time of 2 hours (Puphal & Olsen, 1972). The second method, micro-coprecipitation, involves
Neodyum (Nd**) fluoride. Using a Gelman filter device, the neodymium fluoride suspension

can be filtered through polypropylene filter paper of 25 mm in diameter and 0.1 m pore size.
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The dry filter is then fixed on a stainless-steel disk (Hindman, 1983; Sill & Williams, 1981;
Vukanac et al., 2022).

2.7.5 Tracers in alpha spectroscopy

Tracers have numerous functions in alpha spectrometry. They are used to determine the
concentration of radionuclides and to monitor the chemical yield during separation and
purification procedures (Aggarwal, 2016). There are some requirements to selecting a suitable
tracer of a radionuclide of interest. These include the need for the tracer to have the same
chemical behaviour as the radionuclide of focus, the tracer must have a long half-life to prevent
repeated calibration from progenies, the energy of the emitted alpha particle from the tracer
has to be lower than that of the radionuclide of focus in order to avoid interference with the

energy peak of the desired radioisotope.

Uranium-232 (*%2U) is commonly used as a tracer for uranium isotopes 28U, 2°U, and ‘U
(Aggarwal, 2016; Guirguis et al., 2015). There are other tracers used according to their

suitability for specific elements. Table 2.1 indicates such tracers (Aggarwal, 2016).
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Table 2. 1: Tracers commonly used for specific elements.

Element Tracer (spike) Remarks
Po 209pg -
Ra 225Ra (B) Measured via its daughter product 27 At
Th 229Th Progeny of 223U
U 232 Thermal neutron irradiation of 2!Pa
Np - No useful alpha emitting tracer
236p Decays by a-particles or energy “higher” than all the

commonly determined Pu isotopes

Can be used, but needs one extra analysis without a tracer

Pu “Pu if 2%8Pu in the sample is also to be determined
242p, Gives oc-particles_ of energy “lower” than all the
commonly determined Pu isotopes
Am 28Am High flux isotope irradiation (HFIR) of 24?Pu
Ccm 248Cm, 22Cm 248Cm is a daughter product of 252Cf

2.7.6 Advantages of alpha spectrometry

The advantages of alpha spectrometry include the determination of alpha emitting
radionuclides and beta emitting radionuclides with alpha emitting daughters. Radionuclides,
which are alpha emitters with half-lives longer than the sample preparation and analysis time,
can be determined as well (Vadja, 2012). The main advantage of this method is the use of pure
solution of actinide to eliminate trace elements which might cause the reduction of deposition
yield and the quality of the resultant alpha-spectrum (Guirguis et al., 2015). High sensitivity
and low detection limits. Small sample sizes can be analysed because of the high sensitivity of
alpha spectrometry. Sample sizes ranging from 1-10 g of soil can be analysed in the analysis
of thorium and uranium, with detection limits from mBq to puBq per unit volume or mass

(Vadja, 2012; Vukanac et al., 2022). There are some factors that enable low detection limits.

26



The first factor is the high yield during alpha decay. An intensity of 100% decay is indicated
through the small peaks within a small energy range that alpha emitting radionuclides give.
The second factor is the low intrinsic background of semiconductors which is around 107 to
10 counts per second. Third is the efficiency of the detector, which is 100% of the incident
alpha particles. And lastly, the low sensitivity of the semiconductor to beta and gamma
radiation. Alpha spectrometry is a reliable technique due to the use of alpha emitting tracers
in its process (Vukanac et al., 2022). However, only if no radiotracer losses (through alpha
particles emissions being attenuated by matter) occur before the tracer isotopes and sample are
in equilibrium. The internal tracer makes up for both the counting accuracy of the detecting
device and losses that occur during chemical separations. This is because the ratio of sample
to tracer peak regions directly determines the outcome. As a result, precise estimations of the
target radionuclides can be made without having a highly accurate understanding of the
counting efficiency (Vadja, 2012). Alpha spectrometry has advantages over gamma
spectrometry because of its lower detection limits, but the method is far more demanding and
complicated (Vukanac et al., 2022). For instance, the long hours required for the chemical
separation process to remove unwanted elements become a disadvantage of this method.
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Chapter 3: Materials and Methods

The materials and methods for analysis will be outlined in this chapter. Firstly, a description of
the Witwatersrand Basin, which is the study area, and its geological characteristics will be
given. Secondly, the locations where samples were collected will be outlined together with the
equipment utilized in collecting and packaging the samples. The instrumentation used for data
analysis, including the sample analysis steps, will then be described. The various calibration
activities for the instruments will also be described after that. Lastly, determining uranium

isotopes in water and sediment will be done.

3.1 Study area: Witwatersrand Basin

The Witwatersrand Basin is a stretch of geological land located in the central Kaapvaal Craton
and is one of the greatest gold deposits in the world (Pham, 2021). It contains gold and uranium
bearing reefs (figure 3.1) deposited between 2,714 Meso-Archaean (Ma) and 2,985 Ma (Guy
etal., 2012). The basin stretches over an arc of approximately 400 km, cutting across the North
West, Free State, and Gauteng provinces (Riemer & Durrheim, 2012). Fracture fluids, with
variable geochemical signatures and different microbial ecosystems, about 3.9 kilometres deep
below the surface, have arisen due to the rock layers' mining (Lau et al., 2016; Magnabosco et
al., 2018; Onstott et al., 2006). The “Witwatersrand supergroup” hosts about 7000 m of
sedimentation made up of coarse- grained conglomerates in which gold is found, together with
uranium, carbon seams, quartz, pyrite, and phyllosilicates (Riemer & Durrheim, 2012).
Following the discovery of these gold-bearing conglomerates in 1886, increased exploration
led to the further discovery of this gold in and around the basin on the East Rand in 1914, the
West Rand and Klerksdorp in 1937, the Orange Free State in 1946, as well as the Kinross area
in 1955 (Durrheim, 2010).
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Figure 3. 1: Geological map of the study area.

The golden areas in figure 3.1 represent the five major gold fields (Welkom, Klerksdorp,
Carltonville, Heidelberg, Evander). The water and sediment samples collected in this study
were collected from all five regions. The abbreviated mining operations are translated as
follows: JO = Joel; MM = Masimong; MP = Mponeng; TT = Tau Tona; DR = Driefontein; KL
= Kloof (Li et al., 2022).

3.1.1 Geological setting

The Witwatersrand basin is an erosional and structural remnant a granite-greenstone terrane in
the central part of the Archean Kaapvaal craton in South Africa. The Witwatersrand
supergroup, a 7.5 km thick sedimentary succession made up of conglomerates, sandstones,
quartzite, and some volcanic rock, fills the basin (Fuchs et al., 2021). The Witwatersrand
supergroup rests on the uraniferous siliciclastic and volcanic rock of the dominion group,
roughly 3074 Ma years old (Armstrong et al., 1991; Li et al., 2022). The Supergroup is divided
into the West Rand Group (2985 Ma — 2914 Ma) and the upper Central Rand Group (2902 Ma
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— 2840 Ma) (Kositcin & Krapez, 2004; Li et al., 2022). The West Rand Group is dominated by
alternating sequences of sandstone and shale that accumulated during repeated cycles of marine
transgression and regression. The Central Rand Group, in contrast, consists of fluvial
conglomerates and sandstone deposited onto alluvial plains and separated by erosional
unconformities (Catuneanu, 2001; Els, 1998). The Ventersdorp Super Group (2709 Ma), the
volcano-sedimentary rocks, overlays the Witwatersrand Super Group with consistency, while
the same Ventersdorp Super Group is inconsistently overlain by the Transvaal Super Group
(Fuchs et al., 2021).

Gold-bearing conglomerate reefs have yielded an average gold grade of approximately 8.4 g/t
from the goldfield regions stretched over 400 km from the north-eastern to the south-western
margin of the basin (Frimmel et al., 2005; Tucker et al., 2016). The gold rich reefs (20 g/t to
40 g/t of gold), such as the Carbon Leader reef, which has noticeable amounts of organic matter,
are found in the lower part of the Central Rand Group (Frimmel, 2018). The reefs of the middle
Central Rand Group, such as the Basal and Steyn reefs, come second with gold grades of 5 g/t
to 12 g/t. Following these reefs are the upper Central Rand Group and the VVentersdorp Group.
The Black Reef Formation, which is just above the Pniel Group, has localised gold enriched
areas (bearing < 10 g/t gold grades) which are very close to an underlying gold-bearing reef
such as the East Rand goldfield (Frimmel, 2018; Fuchs et al., 2016).
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3.2 Sampling procedure

Data collection methodology and procedure were applied. The basic methodological steps

taken were:

« Organised
collection
of samples

« Examining
of samples

« explaning
and
definition
of results

Figure 3. 2: Methodological steps for sample analysis

The specific areas and points for sampling were identified according to their proximity to
mining operations and tailings dams. Their accessibility was also evaluated to consider them
as realistic points of sampling. The radiological relevance of the identified points was assessed.
This was done by considering the sampling plans and locations selected by the National
Nuclear Regulator. The locations are sampled as part of the regulator’s environmental sampling
activities, confirming that reports from areas sampled upon by all mines under the regulation
are true. Samples were collected along the Witwatersrand Basin in Gauteng province (West
Rand), Free State province (Welkom), Mpumalanga province (East Rand), and North West
province (Klerksdorp). Figures 3.3 to 3.6 indicate, some of the points from which samples were
taken in each province, and Tables 3.1 to 3.4 summarise the origin and description of all

samples under investigation.
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Figure 3. 6: Leeupan dam downstream of Evander Gold Mine, East Rand (Mpumalanga

province).

Table 3. 1: Origin and description of samples in East Rand.

Sample Water and Sediment Sample detail

matrix

Sample No. | Sample Area Description of the sample area

1 Evander Downstream of mining operations at
Leeupan's dam (Recreational Site)
Downstream of mining operations at

2 Bast Rand Blesbok Spruit
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Table 3. 2: Origin and description of samples in West Rand.

Sample Water and Sediment Sample detail

matrix

Sample No. | Sample Area Description of the sample area

1 Westonaria Downstream of Peter Wright Dam
Outflow
Water taken at Donaldson Dam Winze 17
and Winze 18, i.e., Underground water at

5 Kruaersdor pump station before Treatment Plant,

g P Water from the treatment plant into the

Spruit. Sediment taken at Donaldson
Dam.

Table 3. 3: Origin and description of samples in Klerksdorp.

Sample Water and Sediment Sample detail

matrix

Sample No. | Sample Area Description of sample area
1 Carltonville Deelkraal recreational dam
2 Klerksdorp Bob Gardener dam
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Table 3. 4: Origin and description of samples in Welkom.

Sample Water and Sediment Sample detail

matrix

Sample No. | Sample Area Description of the sample area
Blaauwdrift sand river downstream of

1 Theunessen - i
mining operations

5 Welkom Voelpan_ dam next to Nyakallong
Township

Apparatus used in sampling

The collection of samples in different provinces and locations requires certain equipment to
ensure safe collection and packaging. The locations of samples are seldom in remote areas and
include water boreholes, streams passing beneath bridges, sediment near dams, etc. to collect
such samples safely requires an individual to be positioned at a distance which guarantees
safety for the person and allows for the collection of the sample. Apparatus were used in the

collection of samples for this study, and they included the following:

- 2 litre plastic bottles
- Plastic tubs

- 60 litre cooler bag

- Spatula

- Rubber gloves

- 3 litres water bucket

Collection of samples was done with the use of a spatula; rubber gloves; water bucket; and
plastic bottles for water samples, plastic tubs for sediments. Once collected, the samples were

placed in a cooler bag to prevent contamination, cross-contamination, or damage to the sample
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containers and seals. They were then transported to the Analytical Laboratory at the Centre for

Applied Radiation Science and Technology (CARST) for analysis.

Apparatus used in the analysis of samples

Canberra HPGe gamma spectrometer
Marinelli beakers
Concentrated nitric acid

Alpha spectrometer

The method used for data analysis was as follows:
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Water and sediment samples were analysed with respect to the activity concentrations
in water and specific activities in sediments for naturally occurring long-lived
radionuclides of the decay chains of 238U, U, and 2?Th.

Sediment samples were placed in containers closed with lids and sealed on the edges
with Prestik to prevent air escape from the tub (Figure 3.7). The samples were then left
to sit for 20 days. This was to allow the thorium and uranium daughter radionuclides to
reach secular equilibrium (Vukanac et al., 2022). High-resolution gamma spectrometry
(HRGS, Ge-detector with efficiency recorded to be > 30% with a resolution of <
1.800 keV full width at half-maximum (FWHM) at 1.33 MeV and resolution < 0.875
keV FWHM at 122 keV cooled by liquid nitrogen), with energy range 60 — 2070 keV
and channel range 0 — 4095, was applied for all samples.

Insoluble fractions were removed by filtering the water samples. The decay of
radionuclides was prevented by treating the samples with 2 Molar concentrated nitric
acid to pH 2 to annihilate biological activity, stabilize the samples, and prevent
radionuclides from sticking onto the walls of the containers (Alkhomashi, 2016; Chen
et al., 2021). 1 ml of 22U tracer solution with an activity concentration of 107 mBg/g
was used to spike 200 ml of the filtered sample, in a 400 ml glass beaker. Then a hot

plate on a fume hood was used to evaporate the sample to a volume of 10 to 50 ml.



Lanthanide precipitation was used with the precipitation of test sources to prepare
samples. Thereafter, the samples were analysed with alpha spectrometry (Vadja, 2012).

Activity determination of radionuclides was done through the activity of their decay

daughters. For example, 23*Pa was used to determine the activity of 228U (Yiicel et al.,
1998).

Figure 3. 7: Sediment containers sealed with pre-stick.
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Figure 3. 8: Bulk collected water samples and 200 ml container samples.

3.3 Energy calibration for the gamma spectrometer

The energy calibration of the gamma system was done with two apparatuses, namely the
gamma-spectrometer system (complete with a processing computer and Genie-2000 software)
and the radioactive source with a calibration certificate traceable to NIST, as can be seen in
Table 3.5. Counting of the calibration test sample was set for a lifetime of 1800 seconds to

produce clear and defined peaks, with calibration settings of energy in kilo-electron volts
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(keV), tolerance units of full width at half-maximum (FWHM), tail curves set on low, and

continuum of steps over four channels.

Energy Calibration Curve
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Figure 3. 9: Energy calibration curve for test source on the gamma spectrometer.

Figure 3.9 shows the linear relationship between the energy, measured in keV on the y-axis,

and the channel number, on the x-axis.

3.4 Efficiency calibration for the gamma spectrometer

The efficiency calibration involved the germanium spectrometry system and the Laboratory
Sourceless Calibration Software (LabSOCS) with geometry composer. The absolute photopeak

efficiency is outlined in the following equation:

counts per second observed in the spectrum photopeak [4]

Efficiency(Ey) =

emitted gamma rays per second by the source

The efficiency calibration process commenced with the input of the sample container
dimensions. Then the geometry composer was run with a simplified beaker template selected.

The detector was matched to the sample container, and then parameters of the geometry were
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entered to describe the source and its relationship to the detector. Thereafter, the efficiency
points (i.e., curve and parameters) were computed. Finally, the efficiency curve associated with
a calibration with Genie 2000 was created wherein two curves for low and high energy were

generated, as seen in Figure 3.10.

Dual Efficiency Calibration Curve

Low Energy = Measured High Energy

0.07 =t
ﬂ‘\l

0.06
0.05 T \

|
| \k
0.04 T

0.03 \[

0.01

0 500 1000 1500 2000 2500
Energy (keV)

Figure 3. 10: Efficiency calibration curve for gamma spectrometer.

The relative efficiency calibration curve for the HPGe detector of the gamma spectrometer is
shown in Figure 3.10. The distance between the source and the detector is maintained at 10cm

to avoid summing (Sai et al., 2022).

3.5 Energy calibration of the alpha spectrometer

The energy calibration of the alpha system was done by counting a certified reference source
attained from Eckert and Ziegler Analytics. The calibration of the alpha spectrometer was
performed for each chamber using an alpha standard which was electro-deposited onto a source
in the form of a stainless-steel disc containing mixed radionuclides. The radionuclides

contained in the source were 2#*Am, 238U, %Py, and 234U, with energy ranges of 4.18 MeV to
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5.47 MeV. The reported uncertainties were quoted at 2 sigma with a coverage factor k = 2,
giving a 95% confidence level. The uncertainty budget included counting statistics, calibration

source uncertainty, and sample geometry.
3.6 Counting Statistics

Good statistics are an important requirement in radiometric assessment. Counting statistics, in
this context, means that the total gamma rays counted in a particular measurement must be
large enough to be viewed as a statistically reliable. This is also related to the accuracy desired
from a measurement (Chase & Rabinowitz, 1967; IAEA, 2003). Since radioactive decay is a
random process, one standard deviation (o) in a counting measurement is equal to the square
root of the total count (n). This can be used to represent a percentage of the count or percentage

error (Killeen et al., 2015). One standard deviation is represented by:
o =+n [5]

Therefore, the error in measurement where n = 100 would be +10 counts, equivalent to a
percentage error of +10%. Whereas a measurement where n = 1000 would give an error of
+31.6 counts, equivalent to a percentage error of £3%.

The standard deviation in the counting rate can be calculated by:

orare = VRATEt™? [6]

where RATE = nt~! is the counting rate.

When numerous corrections like background subtraction and spectrum stripping are applied,
the error in the final result will increase because each correction has a counting measurement
with its accompanying errors. The count must be increased in order to attain a smaller error,
this can be done in one of three ways. Firstly, by counting for a longer period. Secondly, by
increasing the size of the detector. Thirdly, placing the detector closer to the source (Killeen et
al., 2015).
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3.7 Analytical Methods and Instrumentation

Charged particle and gamma-ray energy spectrum measurements have been greatly streamlined
and enhanced with the development of semiconductor detectors for the measurement of
radioactivity. The most efficient solid-state detectors for spectral analysis are those made of
silicon for alpha particles and germanium for gamma rays. Radiation is identified by its
distinctive peak energy using spectral analysis, and its activity concentration is established
using the count rate within the peak region of interest. The following equation can be used to

calculate the activity concentration radionuclides of interest in the sample (Bakr, 2014):

A—;XNS)/ [7]

T B.RYyXnyxtxM

Whereby,

A - the radionuclide activity concentration in Bg/kg or Bg/L,

B.R.y —emission probability of the gamma line corresponding to the peak energy,
ny — efficiency corresponding to the peak energy (y) at the specific geometry,

t — real counting time,

M — mass of the sample in kg or mL, and

Nsy — net count under the peak area of the selected gamma line for the measured sample.

Gamma-ray and alpha particle spectrometers use different detecting systems. As stated before,
gamma detectors (crystals) are either p or n type and come in sizes of 10 to 12 cm. they are
also created with minimal impurity levels. These crystals form the makeup of HPGe detectors.
Germanium detectors have a low gap of the characteristic energy peak, which lessens
interference from background radiation and other radionuclides in the sample. The detecting
systems need extremely reliable power supplies and amplifiers to support analysis at high-
energy resolution. A typical gamma-ray spectrometry system is made up of a preamplifier,
amplifier, multichannel analyzer, high voltage power supply, computer, and specialized
software, as well as an HPGe detector (typically a semiconductor or scintillator, such as Nal(Tl)
or plastic scintillator) with lead shielding for background reduction. Using approved software
programs like Genie 2000, the spectrometric system captures, saves, and processes the gamma-

ray spectrum of the counted sample (Hodgson & Manus, 2006). The solid-state detectors
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employed for alpha particles are silicon diodes, with an extremely thin, sensitive surface made
of p-type silicon over a much thicker wafer of n-type silicon. A reliable power source applies
areverse bias of approximately 50V across the diode. As alpha particles hit the sensitive surface
of the detector’s n-type layer, they create electron-hole pairs that are directly proportional to
the alpha particle’s energy. A charge-sensitive preamplifier collects the pulse produced when
the electron-hole pairs are propelled to the electrodes. After being amplified by an appropriate
low-noise amplifier, the pulse is supplied into a multichannel pulse height analyser. The latter
is merely a mechanism for categorizing incoming pulses according to their amplitude and
storing them in the proper channels or bins that are linearly related to the energy (Hodgson &
Manus, 2006). Figure 3.11 displays a schematic diagram of an alpha spectrometer and its

components (Veale, 2009).

Preamplifier Shaping MCA
Output Output Output
Source Preamplifier u—l
\\ .- NG
rY vy

Sample [
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7‘ = Shaping MCA
Amplifier
Bias Supply

Figure 3. 11: Schematic diagram for alpha spectrometry.

A tiny silicon detector and a thin sample are put in a little vacuum chamber to prevent energy
loss for alpha particles in the air. In most operations, shielding is unnecessary because alpha
and beta semiconductor detectors are insensitive to gamma radiation. The chamber system
shields background radiation other than alpha particles, which is not significantly detected in
the thin solid. Nuclei with distinct energies that are distinctive to the source produce alpha
particles. Depending on its nuclear characteristics, an alpha emitting radionuclide may emit
alpha particles with a single discrete energy or a range of energies. The energy of the alpha

particles was well characterized in both scenarios and can be utilized to describe the emitting
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nuclide. The alpha energy spectra of suitable sources can be measured for qualitative and

quantitative evaluations (Veale, 2009).

3.8 Determination of uranium in sediments

Determination of uranium in sediment was done using a Canberra gamma spectrometer high
purity germanium (HPGe) detector, as depicted in Figure 3.12. The specifications of the
instrument include the detector model GC3018, preamplifier model 2002CSL, crystotat model
7500SL, cryocooler model CCII-VD. The relative efficiency of the detector is recorded to be
> 30% with a resolution of < 1.800 keV FWHM at 1.33 MeV and resolution < 0.875 keV
FWHM at 122 keV. The multi-channel analyzer (MCA) used is ‘Links.” Measured
performance indicates 33.4% efficiency at 1332 keV.

Table 3. 5: Calibration sources for gamma spectrometry.

Nuclide Sna(LeTgr;a(-l\r/?gV) @%qu)lty Emission rate (s)
Americium-241 0.060 3.40 1.22 x 10°
Cadmium-109 0.088 15.8 0.577 x 10°
Cobalt-57 0.122 0.562 0.481 x 10°
Cerium-139 0.166 0.699 0.559 x 103
Mercury-203 0.279 1.40 1.14 x 10°
Tin-113 0.392 2.42 1.57 x 108
Strontium-85 0.514 2.77 2.73x10°
Caesium-137 0.662 2.72 2.31x 103
Yttrium-88 0.898 5.11 4.80 x 10°
Cobalt-60 1.173 3.25 3.24 x 10°
Cobalt-60 1.333 3.25 3.25x 103
Yttrium-88 1.836 5.11 5.07 x 10°

Traceability complies with the requirements as set by the National Institute of Standards and
Technology (NIST) under traceability of radioactive standards to the NIST (Montgomery,
1998).
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Figure 3. 12: Sediment analysis with Canberra HPGe detector.

3.9 Determination of uranium in water

In the analysis of water samples, the instrumentation used included a semi-conductor silicon
detector, a charge sensitive amplifier, and a linear amplifier, and data processing was done
through a computer. The samples were placed in the Canberra alpha analyst chambers, as
depicted in Figure 3.13, to be analysed. The source has an alpha emitter deposited on it, then
placed at the bottom whilst the detector is placed above it. The source and detector are then
placed inside a chamber with a vacuum, and a voltage of 100 volts is applied to the detector
(Aggarwal, 2016; Guirguis et al., 2015).
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Figure 3. 13: Alpha analyst chambers for water analysis.

The Eckert and Zeigler isotope products were used to calibrate the standard solution, with the
source being 22U (half-life of 68.9 years + 1.0 years). A weighed aliquot solution was used to
prepare the source for calibration. The activity of the solution (in uCi/g) was determined using
gamma spectrometry. The peak energy of 583.2 keV was used for integration with the
branching ratio of 0.306 gammas per decay. The concentration of the radionuclide was 0.7334
kBg/g.

48



Chapter 4: Results and Discussions

4.1 Uranium isotope activity concentration in sediments

Gamma spectra for sediment samples collected are displayed in Figures 4.1 and 4.2. The
spectra were generated for all samples collected in North West, Mpumalanga, Free State, and
Gauteng provinces. The activity of 238U was determined through the detected 2**™Pa (Shazly et
al., 2012; Vukanac et al., 2022). The isotopic ratios of all three isotopes were used to determine
the activity for 2*U and 2°U (Walencik-Lata et al., 2021).
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Figure 4. 1: Gamma spectrum of a samples collected from Mpumalanga Region.
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Figure 4. 2: Gamma spectrum of a samples collected from Gauteng region.

The energy level at which the element 23*™Pa peaked (approximately at channel 2000) is

displayed in Figures 4.1 and 4.2. The energy line used for the spectrum in Figure 4.1 (herein

referred to as sample 1, collected in Mzimhlophe location) was 1001.03 keV, corresponding to

a 28U activity value of 0.24 Bg/g. The spectrum in Figure 4.2 (sample 2, collected at Peter

wright outlet dam) corresponded to a 23U activity value of 2.54 Bg/g. The activities of isotopes

for sample 1 were calculated as follows:

0.24Bq

U—238 = = 240Bq/kg
U—234 =22289 1 02 = 2222989 _ o45Bg /kg
U — 235 = 22289 0,048 = 22125289 _ 11 52Bq/kg
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Similar calculations were applied for sample 2 and the rest of the samples from the regions of
interest. The results with uncertainties of 24 samples, where each of the four regions is

represented by 6 samples, are presented in tables 4.1 to 4.4.

Table 4. 1: Uranium activity in sediment collected in Welkom.

Date

Welkom 238U (Bg/kg) 235U (Ba/ko) 234y (Bg/ko)
collected

Sample 1 70 £32 32 71 £33
Sep-20

Sample 2 200 £30 10 1 204 £31

Sample 3 67 +25 3+l 68 +26
Dec-20

Sample 4 452 +46 22 +2 461 47

Sample 5 215 29 10 £1 219 +30
Mar-21

Sample 6 116 £32 6 £2 118 +33

Table 4.1 indicates activity of samples collected on three different quarters of the year in
Welkom. The highest activity was 461 Bqg/kg for 2*U in December 2020, whilst the lowest
activity was found to be 3 Bg/kg for 2°U September and December 2020. The uncertainty in
some sample results e.g., sample 1 and sample 3 might be as a result of random and systematic
uncertainties such as uncertainty in net count rates for the 2*°U in the region of interest; moisture

correction; calibration pad and sources (Amestoy et al., 2021; Davis, 2004).
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Figure 4. 3: Uranium activity graph of sediments collected in Welkom.

In figure 4.3, the highest activity concentration was 461 Bg/kg. This value is below the
regulatory exclusion level of 500 Bg/kg set by the National Nuclear Regulator of South Africa
(NNR). The activity concentration of all the samples indicates a general compliance with

regulatory limits.

Table 4. 2: Uranium activity in sediment collected in Klerksdorp.

Date

Klerksdorp 238U (Ba/kg) 235 (Ba/ko) 234 (Ba/ko)
collected

sample 1 248 +19 12 +1 253 19
Sep-20

sample 2 369 +40 18 £2 376 £41

sample 3 578 £72 28 +3 590 £73
Dec-20

sample 4 297 £30 14 +1 303 £30

sample 5 389 +62 19 43 406 £63
Mar-21

sample 6 832 +48 40 +2 849 +49
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Table 4.2 indicates the activity concentration of uranium isotopes in samples collected on three
different quarters of the year in Klerksdorp. The highest activity was 849 Ba/kg for 2%*U in
March 2021, whilst the lowest activity was found to be 12 Bg/kg for 2°U September 2020. An
increasing trend in activity is observed for each radioisotope from September 2020 to March
2021.
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Figure 4. 4: Uranium activity graph of sediments collected in Klerksdorp.

The samples collected in Klerksdorp indicate some activity within regulatory limits. The
highest value was 832 Bg/kg, which is above the 500 Bg/kg exclusion level set by the NNR.
Figure 4.4 displays a relative increasing trend in activity from sample 1 to 6. The sample was
collected near the currently non-operational Shiva Uranium Plant, which focused on the mining

of uranium. This might be the reason for the high activity levels in the samples.
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Table 4. 3: Uranium activity in sediment collected in West Rand.

Date West Rand 238U (Ba/kg) 235U (Ba/kg) 234y (Bg/kg)
collected

sample 1 2550 £165 122 +8 2600 £168
Sep-20

sample 2 344 87 17 £4 351 +89

sample 3 6162 +276 296 £13 6285 +282
Dec-20

sample 4 400 £105 19 £5 408 £107

sample 5 514 +81 25 +4 524 +83
Mar-21

sample 6 1260 £104 60 +5 1290 +106

Table 4.3 indicates the activity concentration of uranium isotopes in samples collected on three

different quarters of the year in West Rand. Here, there is significant activity of 2*U and ?*U
in September 2020 and December 2020. The highest activity was 6285 Ba/kg for 234U in
December 2020, whilst the lowest activity was found to be 17 Bg/kg for 23°U September 2020.
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Figure 4. 5: Uranium activity graph of sediments collected in West Rand.

Figure 4.5 displays the samples collected in West Rand from September 2020 to March 2021.
Although some activity concentrations were below the regulatory exclusion limit of 500 Bg/kg,
the highest value was 6285 Bq/kg, which is above the exclusion limit. A significant jump in
activity from sample 3 can be in figure 4.5. The significance of this activity concentration could

not be verified because the pre-existing background radioactivity levels are unknown.
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Table 4. 4: Uranium activity in sediment collected in East Rand.

Date

East Rand 238U (Bg/kg) 235U (Bgrko) 234y (Bg/ko)
collected

sample 1 86 +33 42 88 +34
Sep-20

sample 2 240 +44 12 +2 245 +45

sample 3 434 +43 21 +2 442 +44
Dec-20

sample 4 96 +24 5+1 98 +24

sample 5 189 +38 9+2 193 +39
Mar-21

sample 6 516 £150 25 +7 526 £153

Table 4.4 indicates the activity concentration of uranium isotopes in samples collected on 3

different quarters of the year in East Rand. Here, there is relatively low activity which is below
exclusion levels of 500 Bg/kg. The highest activity was 526 Bg/kg for 234U in March 2021,
whilst the lowest activity was found to be 4 Bg/kg for 2°U September 2020.
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Figure 4. 6: Uranium activity graph of sediments collected in East Rand.

Figure 4.6 displays the samples collected in East Rand from September 2020 to March 2021.
Although activity concentrations fluctuate from sample 1 to sample 6, the general trend is that

activity concentrations were below the regulatory exclusion limit.
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4.2 Uranium isotope activity concentration in water
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Figure 4. 7: Spectrum of a water sample collected in Klerksdorp.

Figure 4.7 indicates a spectrum of counts (represented on the y-axis) versus channel
(represented on the x-axis) and displays four peaks which identify the radionuclides involved
and the tracer. The first peak represents 23U, the second peak is for 23°U, the third peak is for
233y, and the fourth peak represents the 232U tracer. The red-framed box on the spectrum gives
information on the peak i.e., the nuclide (>*3U); the energy (4184.4 keV); the net area (3314
+57.6); and the activity (6.2 x 10 + 3.32%). Similarly, the peaks in figure 4.8 also represent

these radionuclides in the same order.
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Figure 4. 8: Spectrum of water sample collected in Welkom.

The activity of water samples in the different regions was observed from generated spectrums.
Figures 4.7 and 4.8 show examples of the display of counts (on the y-axis) and channels (on
the x-axis) for 238U, 23U, 34U, and the tracer 232U from different water samples collected in
Klerksdorp and Welkom. It was observed from the two figures that the 238U isotope peaked at
the same channel range (i.e., Channel 242 to 245) with the same energy of 4.17 MeV. Similar

spectra were generated for all other water samples.

The results of activity concentration of 2%U, 23U, and 2%*U with their uncertainties in 24
samples, where each of the four regions represented by 6 samples, are presented in Tables 4.5
to Table 4.8.
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Table 4. 5: Water samples collected in the East Rand.

Date
East Rand 238U (mBq/L) 235U (mBq/L) 234U (mBg/L)
collected
Mar-21 Sample 1 667 +19,81 26 +3,33 690 +20,07
ar-
Sample 2 236 +10,58 6 +1,08 231 +10,36
Se0.20 Sample 3 714 +18,49 33 3,97 686 +18,12
ep-
Sample 4 2435 +35,06 106 +7,29 2439 +35,11
Sample 5 700 +18,19 26 +3,42 691 +18,11
Dec-20
Sample 6 91 +6,81 3+1,1 99 +7,09

Table 4.5 indicates activity concentration in water samples collected in the East Rand from
September 2020 to March 2021. The highest activity was observed to be 2439 mBg/L for 234U
in September 2020, whilst the lowest activity was 3 mBg/L for 2°U in December 2020.
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Figure 4. 9: Nuclide activity in water samples from the East Rand.

Figure 4.9 corresponds to the results in table 4.5, where the highest activity is observed at
sample 4 collected in September 2020, peaking above the rest of the samples in activity. Sample
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6 is also clearly represented as corresponding to the 3 mBg/L in table 4.5 as the lowest activity

concentration.

Table 4. 6: Water samples collected in the West Rand.

Date

West Rand 238 (mBg/L) 235U (mBg/L) 234U (mBq/L)
collected

Sample 1 975 21,75 50 +4,69 959 +21,49
Mar-21

Sample 2 13674 £86,15 707 £19,51 14968 £89,81

Sample 3 1148 £23,43 45 14,61 1189 +23,79
Sep-20

Sample 4 1171 £23,54 46 +4,64 1152 £23,27

Sample 5 1126 +£22,29 48 +4,57 1102 +22,03
Dec-20

Sample 6 25489 +150,39 1218 +32,88 28195 +157,89

Table 4.6 indicates activity concentration in water samples collected in the West Rand from
September 2020 to March 2021. The highest activity was observed to be 28195 mBg/L for 234U
in December 2020, whilst the lowest activity was 45 mBg/L for 2%U in September 2020. The
235U activity is lowest in sample 1,3,4 and 5. This is generally expected since 2**U is the most

soluble of the isotopes in water as explained in section 2.4.
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Figure 4. 10: Nuclide activity in water samples collected in the West Rand.

Figure 4.10 corresponds to the results in table 4.6, where the highest activity is observed at
sample 6 collected in December 2020, peaking above the rest of the samples in activity. The
rest of the samples are also clearly represented to be relatively low except for sample 2 which
indicated the second highest activity in table 4.6 as well. The significant increase for sample 2
and sample 6 could be due to the discharge schedule of process water from mining operations
near Peter Wright Dam.
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Table 4. 7: Water samples collected in Welkom.

Date

Welkom 28y (mBg/L)  2*°U (mBq/L) 234U (mBg/L)
collected

Sample 1 1936 +31,56 80 +6,17 1993 +£32,09
Mar-21

Sample 2 1801 +31,87 77 £6,32 1790 £31,67

Sample 3 2008 £35,33 164 +10,08 2109 £36,28
Sep-20

Sample 4 1391 +£26,71 64 £5,74 1387 £26,77

Sample 5 4834 £50,76 192 +10,02 4771 £50,09
Dec-20

Sample 6 2106 £45,49 94 +9,4 2048 £44,86

Table 4.7 indicates activity concentration in water samples collected in Welkom from
September 2020 to March 2021. The highest activity was observed to be 2109 mBg/L for 234U
in September 2020, whilst the lowest activity was 64 mBg/L for 23°U in September 2020.
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Figure 4. 11: Nuclide activity in water samples collected in Welkom.
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Figure 4.11 corresponds to the results in table 4.7, where the highest activity is observed at

sample 5 collected in September 2020, peaking above the rest of the samples in activity.
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The rest of the samples are also clearly represented to be similar in activity throughout the
months, displaying activities which are bordering the 2000 mBg/L for 24U and #8U whilst
235U still has the lowest activity in all samples over the months.

Table 4. 8: Water samples collected in Klerksdorp

Date
Klerksdorp 238 (mBg/L) 235U (mBg/L) 234U (mBg/L)
collected
Sample 1 1058 £23,38 44 +4 .33 1102 £23,8
Mar-21
Sample 2 1485 £28,06 67 +5,62 1575 £28,98
Sen.20 Sample 3 3127 £54,41 109 £10,14 3574 £57,89
ep-
Sample 4 1312 £25,19 52 4,95 1379 £25,78
20 Sample 5 1299 £25,21 39 4,33 1450 £26,53
Dec-
Sample 6 3045 +37,46 119 £7,37 3554 £40,52

Table 4.8 indicates activity concentration in water samples collected in Klerksdorp from
September 2020 to March 2021. The highest activity was observed to be 3574 mBg/L for 234U
in September 2020, whilst the lowest activity was 39 mBg/L for 2*°U in December 2020.

64



4000

3500

3000

2500

2000 mU-238
mU-235

I
1500 I I u-234
1000 =
50

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

Activity concentration (mBq/L)

o

Figure 4. 12: Nuclide activity concentration in water samples from Klerksdorp.

Figure 4.12 represents the results in table 4.8, where high activity of almost the same
concentration is observed at sample 3 collected in September 2020 and sample 6 collected in
December 2020. This sample was collected from Bob Gardner Dam next to uranium mining
operations (which are currently not taking place). The rest of the samples are also clearly
represented to be similar in activity throughout the months, displaying activities which are
bordering the 1500 mBg/L for 2**U and 23U whilst *°U continues to have the lowest activity

in all samples over the months.
4.3 Distribution coefficient and uranium ratio in water

The distribution coefficient of uranium in water and sediment was calculated for samples in
the 4 regions using equation [1]. Calculations for the distribution coefficient between 2 samples
(1 water and 1 sediment) from the four regions, Klerksdorp, Welkom, East Rand, and West
Rand are demonstrated in equation [12]-[15]. The distribution coefficient for each sample is
presented in Table 4.9.

Klerksdorp:

Cs _ [U8+U?351U234|mBg/g _ [389+19+406]mBg/g

K, = = =
d ™ ¢, T [U2384+U235+U234|mB/L  [1058+44+1102]mBq/L

= 0,3693g. L1 [12]
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Welkom:

Cs _ [u8+U?3541U234|mBg/g _ [215+10+219]mBg/g

_ _ -1
Ka = Cc;  [U?384+U2354y234\mB/L  [1936+80+1993]mBq/L 0,1107g.L [13]
West Rand:
_Cs _ [U238+U2354+U%34|mBg/g _ [514+25+524lmBg/g _ 1
Ka = Cc;  [U2384+y2354y234|mB/L  [975+50+959]mBq/L 0,5358g.L [14]
East Rand:
238 235 234
K, = Gs _ [U238+U235+U%34|mBg/g _ [189+9+193]mBg/g _ 0,2827g.L_1 [15]

Cq [U238+U235+U234)mB/L - [667+26+690]mBq/L

Table 4. 9: Distribution coefficient (Kq) of uranium in sediment and water.

) Mar-21 Dec-20 Sep-20
Region Samples
Ka(g.LY)

Sample 1 0,11 0,01 0,03
Welkom

Sample 2 0,07 0,22 0,15

Sample 1 0,37 0,43 0,08
Klerksdorp

Sample 2 0,55 0,09 0,28

Sample 1 0,54 5,6 2,21
West Rand

Sample 2 0,09 0,02 0,3

Sample 1 0,28 0,63 0,12
East Rand

Sample 2 2,26 1,03 0,1

The distribution of radionuclides between solid and liquid phases influences their migration
rate (Payne et al., 2011). The distribution coefficient Kq gives the ratio of the radionuclide
concentration in sediment (Cs) to its concentration in water (C1). The calculation of Kgq in the
four regions of interest indicated a low distribution of radionuclide from sediment to water for
most of the regions as indicated in table 4.9. The highest distribution coefficient calculated was
5,60 g.L in the West Rand and the lowest was 0,01 g.L-1 in Welkom, both samples collected
in the December 2020 period.

66



4.4 Ratio of 234U/?%8U in water samples

The ratio of radionuclide isotopes of uranium was calculated for the four regions. The samples
collected in March 2021 were selected to demonstrate the ratios and Table 4.10 indicates the
values calculated. An example is shown in equation [16]:

U23*  1102mBq/L
U238~ 1058mBq/L

=1,0416 [16]

Table 4. 10: Ratio values of 23*U/?®U water samples.

] Mar-21 Dec-20 Sep-20
Region Samples
234U/238U

Sample 1 1,03 0,99 1,05
Welkom

Sample 2 0,99 0,97 1

Sample 1 1,04 1,12 1,14
Klerksdorp

Sample 2 1,06 1,17 1,05

Sample 1 0,98 0,98 1,04
West Rand

Sample 2 1,09 1,11 0,98

Sample 1 1,03 0,99 0,96
East Rand

Sample 2 0,98 1,09 1

The ratios in Table 4.10 ranged from 0,96 to 1,14, with an average of 1,01 in Welkom; 1,10 in
Klerksdorp; 1,03 in West Rand; and 1,01 in East Rand. Radioisotopes which are formed by the
decay of 228U in crystalline mineral phase experiences recoil forces. The daughter nuclide 234U
is oxidized into the hexavalent stage once its parent nuclide Thorium-234 (>3*Th) moves out of
its crystal lattice, this enables 2**U to be more soluble in water than 23U (Krachler et al., 2018).
This then causes activity ratios of 22*U/?*8U to be more than 1 in natural waters (Borylo &
Skwarzec, 2014; Zielinski et al., 2000) and the ratios in groundwater to be 20 and more
(Carvalho & Fajgelj, 2013). The ratios are thus in the expected range for natural waters. This
is an indication that activity concentrations found for water and sediment are not significantly

hazardous.
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Chapter 5: Conclusions

The uranium concentration and its partitioning in sediment and water in different surface water

bodies around mining operations in different regions of various provinces in South Africa have

been determined. A total of 48 samples, including water and sediment samples were collected

and analysed. Alpha and gamma spectroscopy were used as analysing methods described in
Sections 2.7.1 and 2.7.4 for the detection of 28U, #°U, and **U and their activity

concentrations. The following conclusions can be made from the results of the analysed

samples:
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The highest concentration of 222U, 2°U, and 2**U in water was found to be in the West
Rand. The activity concentration for 23U ranged from 975 mBg/L to 25489 mBq/L.
The activity concentration for 2°U ranged from 45mBg/L to 1218 mBg/L and that of
233y ranged from 959 mBg/L to 28195 mBg/L.

The highest concentration of 23U, 25U, and 2**U in sediment was also found to be in
the West Rand. The concentration for 238U ranged from 344 Bq/kg to 6162 Bg/kg. The
activity concentration for 2%U ranged from 17 Bg/kg to 296 Bag/kg and that of 24U
ranged from 351 Bg/kg to 6285 Bag/kg.

The high concentrations found in the West Rand are due to released process water from
mining operations. The samples were taken at the Peter Wright outlet dam. The increase
in concentration can be seen in the results from September 2020 to December 2020 at
this sampling point. However, a significant drop was also observed in March 2021
possibly from the rainy season which will impact some level of dilution in
concentration.

The ratio of 2*U/?8U for the samples collected ranged from 0,96 to 1,14. This is
indicative of the similar characteristics in contamination due to the shared gold bearing

basin of the Witwatersrand by the 4 regions under study as described in section 2.1.
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