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Abstract: Radon gas has long been identified as a human carcinogen. The purpose of this study
was to understand the occurrence of radon gas in the West Rand region, located west of the city
of Johannesburg, South Africa, and to investigate its potential health effects. In this study, the
sampling of rocks, tailings, and construction materials was carried out for geochemical analyses.
For characterisation of radon, 60 radon monitors (RGMs) were installed in indoor and outdoor
environments. The results showed that mine tailings contain high uranium levels, with a maximum of
149.76 ppm and a mean value of 48.87 ppm. The radon levels in the area ranged between 32 Bq/m3 and
1069 Bq/m3 and thus, exceed the typical outdoor radon levels of about 10 Bq/m3. Significantly high
values were obtained from gold tailings dams. In indoor environments, radon concentration ranged
up to a maximum of 174 Bq/m3, which is above the recommended value of 100 Bq/m3. The effective
doses calculated from the obtained radon levels showed a maximum of 16 mSv/y, which is above
the recommended value of 1 mSv/y proposed for public exposure. The estimated doses have an
enormous potential to pose high lung cancer risks to the populations residing nearby tailings.
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1. Introduction

Radon (222Rn) is a naturally occurring radioactive gas, which is inert, colourless, and odourless.
It is generated primarily from radium (226Ra), which results from the radioactive decay of uranium
(238U). Radon disintegrates into a series of short-lived alpha-emitting daughter radionuclides, such as
214Po and 218Po, that is considered a health hazard when inhaled or ingested [1]. It is reported as the
second most significant contributor to lung cancer after smoking [2] and first in lifelong non-smokers.
Radon is considered a carcinogen at all exposure levels [3]. However, the WHO set the guideline
level at 100 Bq/m3 in indoor environments to protect public health [2]. Studies across the world
demonstrate increased lung cancer incidence and death with prolonged exposure to radon and its
progeny [4–8]. Radon occurrence in the environment is mainly related to the uranium and thorium
bearing materials. For radon to be released into the environment, three significant processes need to
take place: emanation, transportation, and exhalation [9]. Once radon is released into the atmosphere, it
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becomes widely dispersed. Its concentration in the atmosphere is mainly controlled by meteorological
processes, such as wind speed, temperature, and atmospheric pressure [10]. The typical outdoor
average radon concentration is equivalent to 10 Bq/m3 in the atmosphere [11]. However, elevated levels
may occur in certain circumstances. Most of the world’s highest radon fluxes are typically associated
with rocks, such as felsic igneous rocks, organic-rich clays and shales, hydrothermal ore deposits in
structural disconformities, carbonatites and phosphates [12,13]. In addition, anthropogenic activities,
such as mining and milling of ores, residuals from nuclear facilities, and industrial discharges, could
result in substantial quantities of radon in the environment, consequently, implying a high risk to
human health [12]. The Witwatersrand basin hosts uranium and gold-bearing deposits and residues,
which could enhance the amount of radon-222 released into the atmosphere. Most of the residues are
abandoned and disposed of in an open space, therefore, leading to the dispersal of radioactive metals
through wind and water. The main concern is that the tailings are situated nearby or directly within
densely populated residential areas in the Johannesburg region in general and the West Rand region in
particular. Therefore, it could affect the health status of individuals residing nearby through the dust
blown from these sites. On the other hand, complaints about respiratory-related diseases are commonly
reported in most communities located nearby the mine wastes in the West Rand region [14,15].
However, not much effort has been dedicated toward the assessment of radon concentration and the
magnitude of its risk to human health in areas where most populations reside proximal to tailings
dams. There are only a few studies available, which give insight into the magnitude of radon exposure
in South Africa [16–19]. In the context of gold and uranium mining in the Witwatersrand Basin, the
focus of most radon-related studies was extensively on the radon exhalation rate [20–23]. Therefore,
the purpose of this study was to understand the occurrence and distribution mechanism of radon gas in
the West Rand region. In addition, to investigate whether the radon gas released from uranium-bearing
geological formations and mining sources result in potential health effects, such as lung cancer, in
the area.

1.1. Study Area

The study area forms part of the Mogale City Local Municipality (MCLM) in the West Rand
district of the Gauteng Province in South Africa (Figure 1). The area is situated within the latitudes
(26◦05′ S and 26◦10′ S) and longitudes (27◦43′ E and 27◦49′ E), approximately 30 km west of the city of
Johannesburg. It encompasses the greater parts of Krugersdorp town and Kagiso Township. The study
area covers about 130 km2 and straddles close to Roodepoort and Randfontein towns. Historically, the
area is known as the city of mining in the West Rand region due to the extraction of gold and uranium
for over a century. Currently, the area is dominated by abandoned gold and uranium mine tailings
dams, which are mainly scattered in the central part of the study area (Figure 1). Some parts within
the extent of the area are predominantly used for residential development. The residential areas are
concentrated adjacent to mine residues. The Kagiso Township is a largely populated area with a total of
14.17 km2 size and a population of approximately 115,802 (with a population density of 8172 per km2).

The research area is characterised by a typical highveld climate. It experiences warm to hot
summer months with mean monthly daily temperatures ranging between 18 ◦C and 25 ◦C. The area
generally receives a mean annual rainfall of 701 mm. The average wind speed ranges between 0.9 to
1.6 m/s and gets to a maximum of about 3.5 m/s during the day. The wind direction varies extensively
throughout the year and occurs in all directions, although, Northerly (N) winds prevail. Predominately
the wind alternates in a clockwise direction between NNW and E. The predominant wind direction is
the North–North Westerly (NNW). The wind is the prime parameter that controls the dispersion of
radon gas away from its source area.
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1.2. Geological and Hydrogeological Overview

The geology of the study area is represented by the meta-sedimentary rocks of the West Rand
Group, which belongs to the Witwatersrand Supergroup (3074 and 2714 Ma) [24–26]. The dominant
lithology includes quartzites of the Government, Johannesburg, and Turffontein Subgroups (Figure 2).
Conglomerates that are highly mineralised with uranium-bearing minerals and metal sulphides are
also abundant in the area. The shale units of the Jeppestown and Hospital Hill Subgroup also occupy
large parts of the study area. The Ventersdorp Supergroup rocks (2.714 and 2.665 Ga) that are composed
of lava flows overlay the Witwatersrand Supergroup meta-sedimentary rocks. These rocks are overlain
by the Transvaal Supergroup, which includes the Black Reef Formation with remarkable content of
placer gold [27], denoted by quartzitic sandstones and conglomerates [28]. The exposure of the basal
unit of the Transvaal Supergroup was observed in the eastern part of the study area with the outliers of
Malmani Subgroup dolomites.

The landscape is characterised by elongated ridges and plain to gently sloping areas that play an
essential role in controlling the hydrogeological setting of the area. The fractures, composed of joints and
faults, besides weathered zones formed during deformation serve as the most suitable hydro-structures
to enhance recharge and water circulation within the extent of the study area [29–31]. The major
water-bearing units are characterised by fractured crystalline rocks with groundwater productivity of
approximately 2 L/s and dolomites with high productivity of greater than 5 L/s [30,32]. High productivity
in dolomites is due to the presence of dissolution cavities, which are compartmentalised by strike–slip
faults and cross-cut by dykes. The shale units in the area comprises tight fractures with extremely
low productivity.
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2. Materials and Methods

To determine the geochemical composition, tailings dams, rocks, and construction materials were
collected, and the X-ray fluorescence (XRF) technique was employed. The analysis was conducted at
the EARTH LAB, at the University of the Witwatersrand. The samples were crushed and milled to a
fine powder. For quality control purposes, the crushing and milling machines were cleaned with water,
acetone, and quartz crystals for preparation before every sample. The samples were then prepared into
pressed pellets, whereby the fine powder was ground to a grain size of less than 75 µm and mixed with
a Moviol solution binder. It was then compressed at a pressure range between 20 T and 30 T to form a
homogenous sample pellet and taken for elemental chemical analysis. Standardisation was carried
out using the International Reference Materials USGS series (USA) and NIM series (South Africa).
Precision was determined based on counting time and was taken as 5% for elements in abundance
greater than 100 ppm, and 10% for elements in abundance between 10 and 100 ppm. The instrument
used was the Philips PW2404 X-ray spectrometer, and the detection limits were 0.01 ppm for all the
elements measured.

Radon measurement was performed using a solid-state nuclear track device (RGMS). The device
comprised a white membrane at the base of the monitor, which is used as the filter material to allow only
gases to enter the monitor. It has a 1 mm CR-39 plastic material, which is a polyallyl diglycol carbonate
(PADC) known to be highly sensitive to alpha particles. Each monitor has its bar code specification
(Figure 3). The device operates in such a way that radon diffuses into the device where alpha particles
are generated, which strike the device, thus leaving microscopic areas of damage on the film. It is
simple to utilise at a relatively low cost. In total, 60 radon gas monitors (RGMS) were installed across
the Krugersdorp and surrounding areas during two different periods. The first 30 radon monitors
were left in the field from late August to late November 2017, and the second field installation was
conducted on 10 March 2018, and monitors were collected on 10 June 2018 for analysis. The monitors
were left in the field for three months during each period. For a three-month exposure period, the
monitor has a lower limit of detection of 5 Bq·m−3 with an associated error of 19%. The radon monitors
were retrieved and submitted to the PARC RGM laboratory, Pretoria. The etching process of the sheets
by NaOH solution enhances the visibility of alpha tracks on the film and thus makes them observable
by the use of light microscopy. The tracks are then individually counted through the use of visual
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detection and a computer-automated system. For radon, the level of radioactivity measured represents
the quantity of radioactivity in air volume for a definite period. As such, the number of tracks per
unit area is proportional to radon exposure in Bq·h/m3, which gives the number of Becquerels (Bq)
in a cubic metre of air (m3) for a specified period (h), in this case, hours. To change to the standard
unit of Bq/m3, which gives radon concentration, the values were divided by the total number of hours
placed in the field, which is equivalent to 3 months (2208 h). For quality control purposes, analyses
were subjected to rigorous quality checks, including two background readings and exposure of two
random samples from each sheet to a fixed radon atmosphere. The calibration factor was determined
from regular monitor exposures in the radon chamber at HSE in the UK. The laboratory participates in
interlaboratory comparisons, the most recent being in December 2018. These control measures serve as
validation of the radon measurements performed in this study.
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To assess the radiation exposure received by the public from the inhalation of radon, annual
effective doses were calculated using the recommendations from the International Commission on
Radiological Protection (ICRP) 115 [33]. The procedure employed is explained below:

A radon dose occurs due to the radiation from radon daughters associated with a given radon
concentration. Equilibrium radon concentration EEC is defined as:

EEC = F × C (1)

with F the equilibrium factor and C the measured radon concentration.
1 WL is defined as the alpha energy delivered to the lungs by a mixture of radon daughters in

equilibrium (F = 1) with 3700 Bq·m−3 of radon.

WL = EEC/3700 = F × C/3700, (2)

1 WL is equivalent to 2.08 × 10−2 m J·m−3 (energy per unit lung volume). (3)

Historically a unit of WLM was defined, 1 WLM is defined as 3.6 mJ·m−3
·h of alpha energy

delivered (from dose to mine workers).
Let F = 1 and C = 1 Bq·m−3. Then from (2) and (3):

1 WL is equivalent to (1/3700) × 2.08 × 10−2 = 5.62 × 10−6 m J·m−3/Bq·m−3. (4)
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This is the energy deposited from 1 Bq·m−3 of radon at F = 1.
ICRP 115 proposes a nominal risk coefficient of 5.00 × 10−4 per WLM.
Dose per WLM = Nominal risk coefficient/Risk detriment.
Therefore, an effective dose per WLM is equivalent to 8.77 mSv/WLM or 8.77 mSv /3.6 mJ·m−3

·h =

2.44 mSv·h−1/mJ·m−3; From 4, this is a dose per unit radon concentration of: 2.44 mSv·h−1/mJ·m−3
×

5.62 × 10−6 mJ·m−3/Bq·m−3 = 1.37 × 10−5 mSv·h−1/Bq·m−3.
For an annual outdoor occupation time of 1760 h this is an annual dose of:

2.41 × 10−2 mSv·y−1/Bq·m−3. (5)

For F factor of 1. The outdoor F factor is 0.6. Therefore, the annual outdoor dose conversion
factor is

1.45 × 10−2 mSv·y−1/Bq·m−3. (6)

The experiment measured average outdoor radon concentration, which is used directly in
Equation (7) and multiplies the annual outdoor dose conversion factor. The following equation was
used to calculate the annual effective dose due to outdoor radon exposure:

E = C×D (7)

where E: Annual effective dose (mSv/y); C: Radon concentration (Bq·m−3); D: Annual outdoor dose
conversion factor (1.45 × 10−2 mSv·y−1/Bq·m−3).

To assess the human health effects attributable to radon in the area, the study relied primarily
on the statistical data on lung cancer incidences and mortality. Existing information on lung cancer
has been collected from the National Cancer Registry to obtain statistics on lung cancer incidences,
and also from Statistics South Africa (StatsSA) to obtain statistics on deaths related to lung cancer.
Thereafter, the statistics obtained were used to assess the probable risk that could be associated with
radon exposure. To further compare lung cancer rates and maintain the quality of the findings, two
municipalities with the highest and least population statistics in the Eastern Cape were selected as
controls. The selection criterion for controls was based on the fact that the areas are located in a region
with less mining activities that could be linked to radon exposure.

In this study, a combination of comparative approach for radon levels obtained at various localities,
statistical, and spatial analyses were employed to determine significant controls on radon concentration
and distribution. Descriptive statistical analysis, which includes the computation of minimum, median,
arithmetic mean, geometric mean, range, and standard deviations were used to obtain an overview
of the distribution and variability of the data set. This was also useful in determining outliers.
The calculated figures obtained were then compared with the recommended limits (guideline values).
Linear regression analysis and Spearman’s correlation were used to identify the relationship between
uranium and radon.

Spatial analysis was also used to establish the distribution of radon and to find the correlation
between radon and other parameters. ArcGIS (version 10.5) was used for this analysis. The inverse
distance weighted (IDW) interpolation method was employed to show the spatial distribution of radon
in the study area. This method was selected as the most appropriate as it assumes that the influence of
the mapped variable decreases with distance from its point of measurement. Thus, give more weight
to the sampled points.

3. Results

3.1. Uranium and Thorium Content in Rocks and Tailings

The uranium and thorium concentration in rocks and tailings from XRF analysis are presented
in Table 1. Concerning uranium, concentration ranged between a detection limit, 0.01 ppm, and a
maximum of 149.76 ppm with a mean value of 48.87 ppm in the tailings dams. To the greatest extent,
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uranium content in tailings exceeded the concentration found in rocks, which could also indicate the
presence of higher concentrations when compared to a typical natural background value of about 2 ppm
to 4 ppm found in the Earth’s crust [12,34]. Similarly, thorium in tailings varied from a minimum of
below detection limit to 90.61 ppm, with an average 16.69 ppm. In rocks, thorium showed a maximum
concentration of 4.47 ppm with an average of 1.28 ppm, which falls well within the average thorium
concentration of about 10 ppm found naturally in the earth’s crust [12].

3.2. Outdoor Radon Concentration

Table 2 summarises the outdoor 222Rn levels measured in the study area. The average outdoor
radon levels were highly variable and ranged between 32 Bq/m3 to 1069 Bq/m3, with an average of
147 Bq/m3. Significantly high values with an average of 187 Bq/m3 and the geometric mean of 93
Bq/m3 were obtained directly from the tailings dams (Figure 4). In areas proximal to tailings, radon
concentrations showed an average of 86 Bq/m3 and a geometric mean of 65 Bq/m3. The background
localities showed an average of 148 Bq/m3 with a geometric mean of 77 Bq/m3 and lowest value of
40 Bq/m3; yet, one locality yielded significantly higher radon concentration of 688 Bq/m3. However,
with the exclusion of the outlier measurement, the background concentration averaged at 58 Bq/m3

with a geometric mean of 53 Bq/m3 (Table 2). The lowest radon levels were found in areas outside the
vicinity of mining operations and residues, averaging 34 Bq/m3. It is noted that the radon levels in the
background localities were approximately two times greater than the average levels found in control
measurements (Table 2). In general, there is a gradual decline in radon concentration with increasing
distance from the tailings dams dominated region (Figure 5). Furthermore, in distal regions from the
mine residues dominated region, particularly in the South, the highest radon levels were found with
regard to other directions (Figure 6). This is the direction opposite to the prevailing dominant wind
direction (N-NNW).
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Table 1. Uranium and thorium concentration found in tailings and rock samples collected in the study area.

Elements
(ppm)

Tailings Samples Collected in the Field

PB01T PB02T PB03T PB04T PB07T PB09T PB10T PB11T PB12T PB15T PB19T/B PB19T/B Mean SD

U 42.65 51.02 7.38 74.3 28.03 15.88 17.47 0.01 113.79 149.76 85.94 0.25 48.87 48.09

Th 13.41 12.53 0.01 12.06 11.3 8.00 7.86 0.01 90.61 15.00 29.46 0.01 16.69 24.67

Elements
(ppm)

Rock samples collected in the field

PB01R PB04R PB07R PB08R PB10R PB12R PB14R PB16R PB17R PB18R Mean SD

U 0.01 0.01 0.01 0.01 0.01 1.4 0.01 0.01 0.01 0.01 0.15 0.44

Th 0.01 2.9 0.39 0.65 0.01 4.47 0.01 0.01 1.26 3.11 1.28 1.63

ppm is parts per million. SD stands for standard deviation.

Table 2. Outdoor radon levels measured in Krugersdorp and surrounding areas, all reported in Bq/m3.

Measurement Location No of Measurements Range Arithmetic Mean Geometric Mean Median Standard Deviation

Directly on tailings 19 37–1069 187 93 58 298
Proximity to tailings 13 32–333 86 65 50 85

All background measurements 7 40–688 148 77 42 240
Background (exclusion to outlier) 6 40–111 58 53 43 28

Control 3 3037 34 34 35 3
All measurements (except controls) 39 32–1069 147 80 55 236
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Figure 6. Distribution of radon (Bq/m3) in different directions from the tailings dominated region,
which is denoted as the central point on the plot.

The histogram in Figure 7 shows that most of the values fall between intervals of 30 Bq/m3 to
45 Bq/m3, which mainly corresponds to the levels found in regions away from tailings. The expected
typical outdoor average radon concentration is 10 Bq/m3 [11]. The overall values for the whole dataset
indicated radon levels above the world mean radon concentration in outdoor environments and
are also higher when compared to levels found in other studies [35,36]. The obtained radon levels
that are higher than average could be enhanced by elevated uranium and associated radionuclides
contained in tailings residues, whereas the wide variability observed could be explained by the
diversity of mineralisation in source-terms. However, the results from linear regression analysis, as
shown in Figure 8, revealed a weak positive correlation (R2 = 0.1483), which also coincides with the
results obtained from Spearman Correlation analysis (rs = 0.09440). The selection criteria for the
presented correlation coefficients were based on uranium and radon levels measured in the same
locations. Furthermore, it is worth noting that there are few pairs of values of uranium and radon
under this criterion.
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Figure 8. Regression analysis results showing a correlation between uranium and radon.

3.3. Spatial Distribution of Radon

The results from spatial analysis indicated that radon concentration depicts a wide spatial
variability even within relatively small areas (Figure 9). The highest radon zones are located at the
central and southern parts of the study area that are largely dominated by gold mine tailings dams.
These high radon areas cover the densely populated region, such as the Kagiso township, with a
population of approximately 115,802. The levels spatially decrease with an increasing distance from
high concentration zones, which correlates with the findings presented in Figure 5. The low radon
zones are in the northern part of the study area, where the area is mostly covered by rocks. In addition,
spatial analysis indicated that there are no elevated radon levels confined to any rock type (Figure 10a),
but rather to the tailings dams (Figure 10b).
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3.4. Indoor Radon Levels

The small-scale indoor radon results are presented in Table 3. In areas dominated by tailings dams,
the levels ranged up to 174 Bq/m3, which is above the recommended value of 100 Bq/m3 [2]. Again, in
the Krugersdorp area, the study documented radon levels in the range of 273 Bq/m3 [17], which also
falls above the recommended values. In unexposed houses in the control areas, radon levels showed
an average of 41 Bq/m3 with a maximum value of 51 Bq/m3, which is much lower when compared to
the levels obtained in the mining area and falls below the recommended value of 100 Bq/m3 [2].

Table 3. Indoor radon levels obtained in occupied dwellings at various locations.

Exposed Range Mean
222Rn (Bq/m3) 37–174 105

Unexposed
222Rn (Bq/m3) 30–51 41

Exposed: Houses located near tailings (±1 km); Unexposed: Houses located far away from tailings (±30 km).
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3.5. Effective Dose

It was found that the effective dose estimated to be received by the public from outdoor exposure
in different regions ranges between 0.5 mSv/y to 16 mSv/y (Figure 11). The values are highly
variable such that some areas depict levels that fall within the limit of 1 mSv/y recommended for
public exposure [37,38], whereas others show high effective doses exceeding the dose constraints.
Exceptionally high doses coincide with areas of high radon concentration in the central and southern
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regions of the study area where the most densely populated residential areas are located. Therefore,
these could indicate a greater probability of health problems, such as lung cancer, that is associated
with substantial exposure to high radiological doses from radon.
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3.6. Radon Associated Health Impacts

Based on the latest nationwide lung cancer cases recorded in 2014, a total of 2727 incidences were
registered in South Africa by the National Cancer Registry. For the same year, a total of 79 lung cancer
deaths were documented in the West Rand Municipality, of which 70 deaths occurred in the Mogale
City Local Municipality, where the study area (Krugersdorp, Kagiso) is situated. In the Mogale City
Local Municipality, high death rates relative to neighbouring municipalities were observed (Figure 12).
The figures were comparable to the total lung cancer deaths within the West Rand Municipality as a
whole. There were fluctuations throughout the years from 1997 to 2016, with increased rates from 2010
and the highest in 2015 (Figure 12). To further compare lung cancer rates and maintain the quality of
the findings, municipalities in mining (target) and non-mining regions (reference sites) were compared
(Figure 13). The comparative plots indicate that the highest lung cancer deaths were in the target
population of the Mogale City Local Municipality as compared to the reference site with comparable
demographics. Furthermore, the lung cancer deaths were generally high even when compared to the
reference site with a population number that is about four times higher than that of the Mogale City
Local Municipality (Figure 13).
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Figure 12. Lung cancer deaths in various municipalities of the West Rand, whereby the Mogale
City Local Municipality show higher rates than Merafong and Rand West Local Municipality (Data
source: StatsSA).
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Figure 13. Comparison between lung cancer deaths in both radon exposed and non-exposed areas.
Target—Mogale City with a population of about (362,421) in the West Rand, where the study area is
located. Reference site1—Joe Gqabi district municipality away from mining activities with a comparable
population number to the exposed region (349,768) (Data source: StatsSA); Reference site2—The highly
populated OR Tambo district municipality away from mining activities with population number
(1,364,943) (Data source: StatsSA).

4. Discussion

4.1. Characterisation of Prominent Radon Sources and Distribution in The Outdoor Environment

The amount of radon concentration in the environment is controlled by multiple attributes, such
as the concentration of the parent radionuclide in source-terms, nature and permeability of the source,
and meteorological processes [10,39,40]. To characterise prominent radon sources and controls, radon
values, which originate from various measurement points, were compared with variable parameters.
In this study, the overall findings showed that exceptionally higher radon levels were concentrated
in tailings, and the levels decrease with an increasing distance from the tailings dominated region
(Figures 5 and 9). Despite the gradual decrease, radon levels in the background localities were
approximately two times greater than the average levels found in control measurements (Table 2).
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Comparable values were expected to occur since both areas lie on similar rock types. Radon has the
ability to escape readily from its potential source without any chemical interference and be widely
dispersed in the air [39–41]. This could imply that through air circulation, the radon-rich air released
from tailings probably gets dispersed to greater distances depending on wind speed and wind direction
and dilute with radon-poor air in background localities. This gives a possible explanation to the
elevated radon levels found in the direction opposite to the prevailing dominant wind direction
(N-NNW) in relation to other directions in regions away from the mine residues dominated region
(Figure 6). Spatial analysis indicated that there were no elevated radon levels confined to any rock type
(Figure 10a), but rather to the tailings (Figure 10b). These findings indicate that tailings dams found to
have the highest radon exhalations as the significant source with the greatest strength and have a direct
input towards increasing radon levels in surrounding areas, though; the impact strongly depends
upon the distance relative to tailings and atmospheric wind effects. In addition, tailings dams were
found to be highly enriched with uranium (Table 1), which was the primitive parent radionuclide of
radon. Although radon levels in the control areas were low when compared to levels found in tailings
dams dominated regions, they showed levels that deviate sharply from the typical outdoor mean
radon concentration of about 10 Bq/m3. This relation reveals that the high fraction of radon released
possibly corresponds to the transuranic elements found in the rocks of the Witwatersrand Supergroup.
The collected rock samples contained low values of uranium (Table 1); however, the levels obtained
may not represent the whole area as sampling was limited to outcropping rocks. However, detailed
geochemical studies demonstrated levels of up to 4.5 ppm for certain geological formations within the
Witwatersrand Supergroup [42,43]. Studies revealed that rocks with uranium content of about 2 ppm
hold great potential to results in significant radon contributions [44,45]. These observations ascertain
that the rocks of the Witwatersrand Supergroup solely make significant radon contributions of about
34 Bq/m3 in the outdoor environment, which can, therefore, be characterised as the baseline value for
areas with a similar geological makeup.

The uranium content in source-terms was the most important factor in determining the occurrence
of radon in the environment [46,47]. The results from statistical analyses, however, indicated a weak
correlation between uranium and radon (Figure 8). This could indicate that radon concentration in the
environment was not solely controlled by the amount of uranium (U-238) but by the intermediary
radionuclides, such as Th-234, Pa-234, U-234, Th-230, Ra-226, following the decaying order. In addition,
the relationship observed could also show that the radon concentration may be proportional to the
concentration of the immediate parent radium-226 radionuclide than the primitive uranium-238
radionuclide. As such, it would be more relevant for future studies to focus on detailed analysis on
radium-226 in finding the relation between radon concentration and parent radionuclide, as during
uranium mininglarge quantities of uranium were extracted, however not so for radium-226.

4.2. Indoor Radon Concentration

The results showed that residential areas nearby tailings dams were exposed to elevated levels
of radon as compared to those away from the tailings dams (Table 3). In this study, elevated radon
levels in outdoor environments were found in areas dominated by tailings dams; therefore, this could
serve as the primary source to predispose dwellings to elevated radon levels since the houses are in
proximity to tailings dams. The possible entry mechanism that results in high radon accumulation
in indoor environments may be through the entry of radon bearing air released from tailings dams
provided that favourable conditions for air exchange exist, and also through the underlying soils which
may probably be enriched with radium-226 leached from tailings residues nearby. In addition, the
building material used could account for substantial contributions due to their reasonable uranium
content of up to 10.14 ppm, which may be associated with radium-226. Nonetheless, the amount that
infiltrates into dwellings was dependent on the construction characteristics of the house and living
style of inhabitants.
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4.3. Radon Associated Health Impacts

The exposure to radon is considered as the ultimate cause of lung cancer in lifelong non-smokers
and second among individuals who smoke [2]. Multiple studies revealed a strong positive correlation
between radon and lung cancer [4–7,48,49]. The results obtained show high lung cancer rates in the
Mogale City Local Municipality (MCLM) when compared to neighbouring municipalities in the West
Rand area and when compared to the statistics in control areas (Figures 12 and 13). The driving factor
to the increased lung cancer mortality in the area could be that a large number of the population within
the MCLM resides in the Kagiso area, which was characterised by high radon levels and effective
doses (Figures 9 and 11). To validate these findings, detailed epidemiological investigations and
measurements of individual radon exposures on a large scale should be performed.

5. Conclusions

The results obtained in this study revealed that the abandoned gold and uranium mine tailings
dams are responsible for elevated radon levels. This is also in agreement with the results from the
geochemical analysis, whereby tailings dams contain a high concentration of uranium than the rock
samples. It was also observed that factors, such as the relative distance from tailings dams and wind
effects, hold a great influence on radon concentration and distribution in outdoor environments. It is
evident that the atmospheric radon concentration is controlled by the interdependence of different
parameters. Lung cancer deaths were found to be more common in the study area. Therefore, a
detailed epidemiological study should be performed to link radon and lung cancer. The findings
revealed that the radon prone areas were delineated in densely populated areas; as such, the effective
management of mine waste materials is essential in the area and public awareness on radon exposure.
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