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ABSTRACT
Copper mining in Kilembe Valley, Western Uganda, between 
1956 and 1982 resulted in multiple tailing sites, raising concerns 
about potential increases in the natural background radiation. In 
this study, the radioactivity concentrations of 226Ra, 232Th, and 
40K in 31 sediments and tailing samples from the Kilembe 
copper mines area were determined using HPGe-based gamma 
spectrometry. The mean activity concentrations of 226Ra, 232Th, 
and 40K in sediment samples were 38.6 ± 8.9, 37.4 ± 7.8, and 
708.0 ± 147.3 Bq kg−1, respectively. While in tailing samples, 
the mean values were 171.3 ± 31.7, 34.8 ± 14.9, and 792.4 ±  
208.2 Bq kg−1, respectively. These values exceeded global 
averages of 35, 30, and 400 Bq kg−1 for 226Ra, 232Th, and 40K, 
respectively. To assess the radiological hazards due to radio
nuclides in sediments and tailings, several parameters such as 
the radium equivalent activity (Raeq), external hazard index 
(Hex), internal hazard index (Hin), gamma representative index 
(Iγ), absorbed dose rate (D), total annual effective dose (Etot), 
and total excess lifetime cancer risk (ELCRtot) were determined. 
In sediments, most of these hazard parameters were above the 
world’s average values, except Raeq, Iγ, Hex, and Hin. While in 
tailings, all the hazard parameters surpassed the global average 
values except Raeq and Hex. Pearson correlation coefficient and 
hierarchical cluster analysis showed that 226Ra was the main 
contributor to the assessed radiological hazards. The study sug
gests potential radiological risks linked to natural radioactivity 
from sediments and mine tailings, especially when used as 
building materials.
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1. Introduction

Naturally occurring radionuclides and their accompanying radioactivity have existed since 
the formation of the universe [1]. This enduring existence suggests that life has evolved in 
the presence of radionuclides, some of which have undergone complete decay. However, 
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those with longer half-lives, such as 238U, 232Th, and 40K, and their daughter isotopes that 
constitute the primordial radionuclides still exist in many environmental matrices at 
varying concentrations [2]. Sources of natural radionuclides include rocks, soil, sediments, 
plants, water, and air [3]. Human exposure to radionuclides can occur through various 
pathways, including inhalation (mostly radon and its progenies), ingestion (via food and 
water consumption), medical procedures, and dermal exposure. The radiation dose 
received by an individual depends on the concentration of natural radionuclides, duration 
of exposure, route of exposure, and the lifestyle of the exposed population. Chronic 
exposure to high gamma radiation doses can increase the risk of lung and kidney cancers 
as well as other health problems [4]. Therefore, measuring the concentration of natural 
radionuclides in the environment is essential to evaluate the potential radiological health 
risks to the public.

Anthropogenic processes such as mining can influence the distribution and concen
tration of natural radioactivity in the environment, raising human health concerns [5]. 
Mining activities involve the production of large quantities of waste material known as 
mine tailings. Over time, these materials undergo weathering and erosion, forming 
sediments that eventually settle out of moving water in rivers, lakes, or oceans. The 
sediments mainly consist of silt, sand, and gravel and these are commonly used as mixing 
materials in construction. Mine tailings, especially from copper [6], iron [7], and gold [8] 
ores, have the potential to partially replace sand or cement in mortar and concrete. 
Despite these economic benefits, sediments and tailings contain natural radionuclides 
of varying concentrations depending on the region’s geological formations, mineral 
composition, physical properties of the environmental matrices, and geographical condi
tions [9,10]. Accordingly, numerous studies across different regions of the world have 
been undertaken to analyse the concentration of radionuclide (238U, 226Ra, 232Th, and 40K) 
and their radiological implications in sediments [11–13] and mine tailings [14–16]. In some 
of the studies, the radionuclide concentrations and the associated radiological hazards 
higher than the world average values were reported in river sediments in Vietnam [13] 
and gold mine tailings in South Africa [14]. Hence, evaluating the concentration of radio
nuclides in these materials is imperative to assess the potential health effects on human 
exposure.

Copper mining in Kilembe, situated in Kasese District, Western Uganda, occurred 
between 1956 and 1982. This subsequently resulted in the creation of multiple mine 
tailing sites, causing environmental pollution [17]. The River Nyamwamba, fed by melting 
glaciers from the Rwenzori Mountains, frequently floods the Kilembe Valley, particularly 
during rainy seasons. Consequently, vast amounts of sediments and degraded soil con
taining tailing waste end up in the gardens and homes of the residents. These residents 
use the sediments and tailings from the gardens and the banks of River Nyamwamba for 
various purposes, including making bricks for house construction and cleaning household 
utensils. However, knowledge of radioactivity concentrations of 226Ra, 232Th, and 40K in 
sediments and non-uranium mine tailings is still scarce, especially in developing countries 
like Uganda. Moreover, information about the radiological health hazards associated with 
exposure to radiations from sediments and tailings in the Kilembe copper mines area 
remains largely unknown.

Therefore, this study aimed to assess the radiological hazards due to natural radio
nuclides in sediments and mine tailings collected along River Nyamwamba in the Kilembe 
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Valley, Western Uganda. The radioactivity concentrations of 226Ra, 232Th, and 40K were 
analysed using gamma-ray spectrometry and the analytical results were used to assess 
the radiological hazard parameters. In addition, multi-statistical analyses were implemen
ted to exhibit the correlations between the measured radionuclide concentrations and 
radiological hazard parameters. The results of this study are expected to serve as 
a reference for further research on radiological hazard assessments and provide crucial 
insights into formulating radiation protection policies.

2. Materials and methods

2.1. Study area

The area of study is situated within the geographical coordinates spanning 0° 13’ 54‘ and 
0° 11’ 4’ north latitudes and 30° 0’ 12‘ and 30° 1’ 25’ east longitudes, which includes 
Kilembe mines, the tailing sites, and River Nyamwamba, as shown in Figure 1. The Kilembe 
mines area is located at 0° 12’ 17’‘ north latitude and 30° 0’ 9’’ east longitude, approxi
mately 10 km from Kasese town, on the foothills of the Rwenzori Mountains in Western 
Uganda. Kilembe Mines is the largest copper mine in Uganda. Although legal mining 
activities ceased in 1982, the government of Uganda has plans to reopen the mine in the 
future. Within the Kilembe mines area are five copper mine tailing sites, with the largest 

Figure 1. Kilembe mines, tailing sites, River Nyamwamba, and surrounding areas with locations of the 
sampling points, sediments (yellow dots), and tailings (purple squares).

INTERNATIONAL JOURNAL OF ENVIRONMENTAL ANALYTICAL CHEMISTRY 2589



covering more than 0.2 km2, located on the bank of River Nyamwamba. The area’s 
topology consists of mainly mountainous and hilly terrains and the river valley. The 
Kilembe mines area is densely populated, predominantly composed of the families of 
former mine workers, with the community largely dependent on subsistence farming for 
their livelihood. The most developed economic sector in the area is tourism.

Geologically, the Kilembe mines area is covered by a stratified sequence of meta
morphic rocks known as the Kilembe series [18]. The rocks form part of the Kilembe schist 
belt within the Precambrian gneissic rocks and metamorphosed volcanic and sedimentary 
rocks south of the Rwenzori Mountain range. Kilembe mine rocks comprise major miner
als such as pyrite, chalcopyrite, pyrrhotite, quartz and feldspar [19,20].

2.2. Sample collection and processing

In the present study, 31 samples, comprising 18 sediments and 13 tailings, were collected 
between October 2022 and March 2023 from Kilembe Valley along River Nyamwamba, as 
shown in Figure 1 with yellow dots (sediments) and purple squares (tailings). The sedi
ment samples were collected using a hand coring tool down to 0–20 cm depth. The tailing 
samples were obtained from five mine tailing heaps along River Nyamwamba, with 4 to 5 
cores randomly combined at each sampling point to create a composite sample of 
approximately 1.0 kg wet mass. This approach aimed to enhance sample representation 
and measurement reliability. Subsequently, the samples were sorted to remove foreign 
objects, placed in self-locking plastic bags, and coded for identification before transporta
tion to the laboratory for processing and measurement. The samples were spread out on 
clean plastic sheets and sun-dried for 2–3 days in a low-background radiation area at the 
laboratory and then ground into fine powder using a stainless-steel electric grinder. The 
samples were then oven-dried at 105°C until there was no detectable change in weight. 
The samples were then sieved through a 2.0-millimetre mesh and homogenised to 
prevent low-energy self-absorption. The prepared samples were accurately weighed 
and packaged in 500 cm3 Marinelli beakers, which were hermetically sealed using adhe
sive sellotape to prevent gas formic radon (222Rn) escape. The beakers containing the 
samples were stored at room temperature for 30–35 days to allow radioactivity secular 
equilibrium between 226Ra, 232Th, and their daughter isotopes [21]. The samples were 
meticulously handled during sampling, processing and analysis to avoid cross- 
contamination.

2.3. Measurement of radionuclide concentrations

The 226Ra, 232Th, and 40K radioactivity concentrations were analysed using a high-purity 
germanium (HPGe) detector (model GC-2018, Canberra), maintained at a liquid nitrogen 
temperature (77 K). A customised rectangular cage containing 5 cm thick lead blocks 
shielded the detector from background radiation interference. The cage has a 1.0 mm 
copper inner lining to attenuate the low-energy X-rays emitted by the lead blocks. The 
HPGe detector has a capacity of 104 cm3, with a relative detection efficiency of 20% and 
a resolution of 1.8 keV (FWHM) for the 1.33 MeV gamma-ray emission line of 60Co. Data 
acquisition and spectral peak fitting were executed using a computer-controlled multi- 
channel analyser of the Canberra brand, coupled to the detector. The energy and detector 
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efficiency calibrations were performed using known standard point sources such as 60Co 
and 137Cs. The samples were counted for 6000 s, which was sufficient to obtain reasonable 
statistical uncertainties. The background radiation was measured using an empty sealed 
Marinelli beaker under identical experimental conditions as the samples. Subsequent 
spectral analyses and background radiation subtraction were performed using the 
Genie-2000 software package. The radioactivity concentrations of 226Ra and 232Th were 
determined by calculating the geometric mean of the activity concentrations of their 
daughter isotopes using the characteristic gamma lines listed in Table 1 [22]. The radio
activity concentration of 40K was measured from its single gamma line at 1460.8 keV [14]. 
The activity concentration of the radionuclides in the analysed samples was determined 
utilising Equation (1) [14]: 

where Ai Bq kg� 1ð Þ is the radionuclide activity concentration, Ni represents the net peak 
area (background corrected) of the respective full-energy peak, η Eð Þ represents detector 
efficiency relative to the photo peak energy, Pγ represents the absolute gamma emission 
transition probability, m represents the sample dry mass, and t is the measurement time 
(s). The minimum detectable activity was calculated from the peak areas of the back
ground spectrum (B) at a 95% confidence level using Equation (2) [23,24]: 

The minimum detectable activities for 226Ra, 232Th and 40K in the samples were deter
mined to be 1.8, 1.5 and 9.1 Bq kg−1, respectively.

2.4. Radiological hazards and dose parameters

2.4.1. Radium equivalent activity
The uneven distribution of 226Ra, 232Th and 40K in sediments and mine tailings significantly 
influences the radioactivity concentrations, much like in other environmental matrices. To 
evaluate the radiological risk to human health due to the different radionuclides in the 
samples, radium equivalent activity, Raeq, index is often used. This index provides 
a standardised measure by assuming that the specific activities of each of 226Ra, 232Th 
and 40K produce an equal radiation dosage. The Raeq was evaluated using Equation (3), as 

Table 1. Decay characteristics of the measured radionuclides.
Radionuclide 
of interest

Detectable 
radionuclide Half-life (s) γ-ray energy (keV) Branching ratio (%) Radionuclide source

226Ra 214Pb 1608 295.2 19.2 238U(226Ra) series
351.9 37.2

214Bi 1194 609.3 46.3
232Th 228Ac 22140 1120.3 15.1 232Th series

1764.5 15.8
911.6 27.7
969.1 16.6

40K 212Pb 38304 238.6 44.6
40K 3.94 × 1016 1460.8 10.7 Primordial
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stated in [25]. For radiation exposure safety, the recommended upper limit of Raeq is 370  
Bq kg−1. 

where ARa, ATh and AK are the mean radionuclide activity concentrations in Bq kg−1 of 
226Ra, 232Th and 40K, respectively.

2.4.2. Hazard indices
The external hazard index (Hex) was calculated using Equation (4) [26] to assess the 
radiological hazard due to gamma radiation exposure from sediments and mine 
tailings. 

Similarly, the internal radiation exposure due to inhalation of airborne radioactive 
particles (mostly radon and its progenies) in the samples was assessed using the internal 
hazard index (Hin) according to Equation (5) [1,26]: 

2.4.3. Gamma representative index
Considering the prevalent use of sediments and tailings as building materials in the 
Kilembe mines area, the gamma representative index, Iγ; has been proposed as another 
parameter to assess the radiation hazard in these materials. This was calculated using 
Equation (6) [27]: 

2.4.4. Absorbed dose rates
The outdoor absorbed radiation dosage Dout nGyh� 1� �

received by human beings in air at 
a height of 1 metre above the ground level was estimated using Equation (7), as reported 
in [23]: 

The indoor absorbed dosage Din nGyh� 1� �
was evaluated according to Equation (8) [28]: 

2.4.5. Annual effective dose
The annual effective dose from gamma radiation outdoor (Eout) and indoor (Ein) exposures 
were determined based on the absorbed radiation dose rates. Typically, residents spend 
20% of their time outdoors and the remaining 80% indoors. Accordingly, the occupancy 
factors were set at 0.2 and 0.8 for external and indoor radiation exposures, respectively. 

2592 E. R. S. TURYAHABWA ET AL.



Equations (9) and (10)were used to calculate Eout and Ein, with 0.7 Sv Gy−1 as a conversion 
factor [27,28]: 

2.4.6. Excess lifetime cancer risk
To evaluate the probability that an individual continuously exposed to a specified radia
tion level would develop cancer, a parameter known as excess lifetime cancer risk (ELCR) 
is often used. Outdoor and indoor ELCR associated with the gamma radiation from 
sediments and mine tailings were evaluated using Equations (11) and (12) [29]: 

where Rf is the stochastic cancer risk factor, set at 0.05 Sv−1 for the general public, and Alt 

is the average lifespan expectancy, taken as 70 years in this study. [1]

2.5. Statistical analysis

Data processing and statistical analysis were performed using Origin (version 2018). 
Pearson’s correlation coefficient and hierarchical cluster analysis were used to exhibit 
and identify patterns in the relationship between the measured radioactivity concentra
tions and the estimated radiological hazards.

3. Results and discussion

3.1. Radionuclide activity concentrations

The statistical summary (mean ± SD, minimum and maximum) of 226Ra, 232Th, and 
40K activity concentrations in sediments and tailing samples is presented in Table 2 (full 
details are provided in Tables S1 and S2, Supplementary Information). The mean activity 
concentrations of 226Ra, 232Th and 40K in sediments were 38.6, 37.4, and 708.0 Bq kg−1, 
respectively. In the case of tailings, the mean activity concentrations were 171.3, 34.8, and 

Table 2. Radioactivity concentrations in sediments and mine tailings.

Sample No.

Radioactivity concentration (Bq kg−1)
226Ra 232Th 40K

Sediments 18 Min 28.4 21.1 455.3
Max 56.9 48.9 1040.0

Mean ± SD 38.6 ± 8.9 37.4 ± 7.8 708.0 ± 147.3
Tailings 13 Min 102.7 16.1 436.2

Max 212.4 63.6 1176.4
Mean ± SD 171.3 ± 31.7 34.8 ± 14.9 792.4 ± 208.2

SD: standard deviation.
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792.4 Bq kg−1 for 226Ra, 232Th and 40K, respectively. The mean activity concentrations of 
226Ra and 40K in tailings were higher than those in sediments. The mean radionuclide 
activity concentrations in both sediments and tailing samples followed the order 232Th < 
226Ra < 40K. The high specific activity of 40K compared to 226Ra and 232Th signifies the 
relative natural abundance of potassium in igneous and metamorphic rocks, which are 
commonly associated with copper deposits [30]. Moreover, minerals such as quartz and 
feldspar that accumulate 40K over time have been documented in the Kilembe mines area, 
as reported in the relevant literature [19,20]. According to UNSEAR, the global average 
activity concentrations of radionuclides 226Ra, 232Th, and 40K are 35, 30, and 400 Bq kg−1, 
respectively [1]. It was observed that the mean activity concentrations of 226Ra and 232Th 
in sediments were slightly higher than the world average values whereas that of 40K was 
significantly higher than the UNSEAR value. In tailing samples, the mean activity concen
tration of 226Ra and 40K were significantly higher than the global average values whereas 
that of 232Th was close to the UNSEAR value. The high activity concentration of 226Ra 
observed in the tailing samples is likely attributed to the presence of uranium-rich 
minerals such as uraninite and monazite commonly found in copper ores [31]. Given 
that 226Ra is a decay product of 238U, its abundance in the copper mine tailings would be 
expected due to the mineral composition of the ore. Nevertheless, the high radionuclide 
activity concentrations in both sediments and tailing samples can generally be attributed 
to several factors including erosion, weathering of rocks, clay minerals, and mining by- 
products at specific places in the study area. Furthermore, higher concentrations of heavy 
metals like cobalt, copper, nickel and lead were reported in soil and mine tailings within 
the study area [17,32]. Heavy metals can contribute to increased radionuclide mobility, 
potentially influencing their concentrations [33]. 

As can be observed in Figure 2, there was heterogeneity in the concentration of 
radionuclides in both the sediments and tailing samples, which could be due to the 
geological and geochemical mineralisation disparities in the Kilembe copper mines area 
[17,20]. 

The radionuclide activity concentrations in our samples were compared with those 
reported in other countries, as presented in Table 3. The mean activity concentration of 
226Ra in sediments was lower than those reported in other countries, except Iraq, 

Figure 2. Radioactivity concentrations of 226Ra, 232Th and 40K in (a) sediments and (b) tailings. Insets 
show zoomed 226Ra and 232Th activity concentrations. Dots represent individual data sampling points 
(18 sediments and 13 tailings), and bars represent mean ± SD.
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Bangladesh and Italy. For 232Th, the mean value was higher or comparable with those in 
Iraq, Greece, Bangladesh and Italy but lower than the values reported in other countries 
(Table 3). The mean activity concentration of 40K was higher than those reported in the 
listed countries, except India and Italy. In tailings, the mean activity concentration of 226Ra 
was higher than the values reported in other countries except South Africa (Table 3). The 
mean activity concentration of 232Th was lower than the values documented in most 
countries except Peru and Portugal. For 40K, the mean activity concentration was higher 
than the ones reported in previous studies in Kenya, South Africa and Peru but lower than 
those from Nigeria and Portugal. The observed discrepancies in the radionuclide activity 
concentrations reported in different countries can be attributed to the differences in the 
geological formations and mineral compositions. In addition, mining techniques, ore raw 
materials and extraction processes vary from country to country, which may influence the 
distribution and concentration of radionuclides.

3.2. Radiological hazard parameters

The associated radiological hazard parameters were calculated to estimate the dose 
impact of radionuclides in sediments and tailings on human health. The statistical 
summary of the radiological hazard parameters is presented in Table 4 (full details 
are provided in Tables S3 and S4, Supplementary Information). The average radium 
equivalent activity (Raeq) in sediments was 146.5 Bq kg−1. Meanwhile, in tailings, the 
mean Raeq value was 282.1 Bq kg−1. These values closely align with those reported 
previously, such as a study in river sediments from India, where the mean Raeq value 
was 179.6 Bq kg−1 [34], and a gold mine tailings study from Nigeria, where the 
average Raeq value was 238.5 Bq kg−1 [38]. More importantly, the mean Raeq values 
in the present study’s sediments and tailing samples were below the internationally 
recommended upper limit of 370 Bq kg−1 (Figure 3(a); Table 4).

Table 3. Average radioactivity concentrations in sediment and tailing samples from different 
countries.

Country Sample Detector

Radioactivity concentration (Bq kg−1)

Reference226Ra 232Th 40K

India Sediments NaI(TI) 40.8 51.8 838.1 [34]
Vietnam Sediments HPGe 59.4 83.4 681.0 [13]
Iraq Sediments NaI(TI) 9.9 23.1 232.9 [35]
Italy Sediments HPGe 20.8 36.4 907.1 [12]
Greece Sediments HPGe 42.0 28.0 480.0 [11]
Namibia Sediments HPGe 175.5 40.1 349.6 [36]
Bangladesh Sediments HPGe 23.7 37.2 445.1 [37]
Uganda Sediments HPGe 38.6 37.4 708.0 This study
South Africa Tailings BEGe 485.3 43.9 427.0 [14]
Nigeria Tailings ICPMS 86.3 64.5 1133.0 [38]
Peru Tailings NaI(TI) 11.5 8.8 497.1 [16]
Portugal Tailings BEGe 158.0 32.2 917.0 [39]
Kenya Tailings NaI(TI) 84.0 123.0 263.0 [10]
Uganda Tailings HPGe 171.3 34.8 792.4 This study

HPGe: high purity germanium detector, NaI(TI): thallium activated sodium iodide detector, ICPMS: inductively coupled 
plasma mass spectrometer, and BEGe: broad energy germanium detector.
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The mean values of external (Hex) and internal (Hin) hazard indices in sediments were 
0.40 and 0.50, respectively. These values were below the global averages, suggesting that 
sediments pose minimal hazardous effects. Conversely, the mean Hex and Hin values were 
0.76 and 1.23 for tailings, respectively. While the mean Hex was below the permissible limit 
for public exposure, Hin was greater than the internationally recommended unity value 
(Figure 3(b); Table 4). Consequently, the potential health hazards due to internal radiation 

Figure 3. Calculated radiological hazard parameters due to radionuclides in sediments and tailing 
samples. (a) Radium equivalent activity, (b) hazard indices, (c) gamma representative index, (d) 
radiation absorbed dose rates, (e) annual effective dose rates and (f) excess lifetime cancer risk. 
Dots: individual data sampling points (18 sediment and 13 tailing samples), bars: mean ± SD, PL: 
permissible limit and WA: world average.
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exposure through 222Rn gas and its progenies cannot be overlooked, making the tailings 
unsuitable for use as building materials.

The calculated mean value of the gamma representative index, Iγ, in sediments was 0.55. 
While in tailings, the mean Iγ value was 1.01, slightly exceeding the global average permissible 
limit (Figure 3(c); Table 4). Additionally, 38% of the sampled tailings showed Iγ values greater 
than unity.

The calculated average outdoor radiation dose rate (Dout) for sediments was 71.8 
nGy h−1, while the indoor dose rate (Din) was 133.2 nGy h−1 (Figure 3(d); Table 4). It 
is worth pointing out that 83% of the sampled sediments had Dout values higher 
than the global average of 59 nGy h−1, recommended by UNSCEAR [1]. Additionally, 
in all the sediment samples, the Din values exceeded the recommended limit of 84 
nGy h−1 1. The average Dout value in tailings was 130.4 nGy h−1, while the Din value 
was 259.3 nGy h−1. These values were higher than the recommended permissible 
limits of 59 and 84 nGy h−1 for Dout and Din by 2.2 and 3.1 times, respectively. These 
elevated dose rates are indicators of the unsuitability of the sampled tailings as 
construction materials.

The average annual effective dose (Eout) from outdoor gamma radiation, calculated 
for sediments, was 0.09 mSv y−1, and the indoor dose (Ein) was 0.65 mSv y−1 (Figure 
3(e); Table 4). Most of the sampled sediments exhibited Eout and Ein values greater 
than the global average limits of 0.07 and 0.41 mSv y−1, respectively. This demon
strates that prolonged exposure to gamma radiation from these sediments could 
pose health risks. However, the total effective dose in individual samples was less 
than the safety limit of 1 mSv y−1 [40]. Therefore, these sediments could still be used 
in construction materials under regulated conditions. The average Eout resulting from 
gamma radiation in tailing samples was 0.16 mSv y−1, while the mean Ein value was 
1.27 mSv y−1 (Figure 3(e); Table 4). The mean Eout and Ein values were 2.3 and 3.1 
greater than the global average limits of 0.07 and 0.41 mSv y−1, respectively. 
Moreover, for all the individual tailing samples, the sum of Eout and Ein exceeded 
the safe dose criterion of 1 mSv y−1 [40]. This further indicates that the sampled mine 
tailings are unsafe for construction materials.

The average outdoor excess lifetime cancer risk (ELCRout) in sediments was 0.31 
� 10−3, while the indoor (ELCRin) was 2.29 � 10−3 (Figure 3(f); Table 4). The total 
excess lifetime cancer risk (ELCRt) was 2.60 � 10−3. These mean ELCRout, ELCRin and 
ELCRt values exceeded the recommended values of 0.29 � 10−3, 1.16 � 10−3 and 
1.45 � 10−3 by 1.1, 2.0 and 1.8 times, respectively [41]. On the other hand, the 
ELCRout average value in tailings was 0.56 � 10−3. The mean ELCRin value was 4.45 
� 10−3, while the mean ELCRt value was 5.01 � 10−3. The mean ELCRout, ELCRin 

and ELCRt values in tailing samples were higher than the recommended values of 
0.29 � 10−3, 1.16 � 10−3 and 1.45 � 10−3 by 1.9, 3.8 and 3.5 times, respectively 
[41]. The elevated mean ELCRt values observed in both sediments and tailings 
indicate an increase in the likelihood of developing cancer for individuals residing 
in buildings constructed using these materials, depending on the exposure time.
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3.3. Statistical analysis

We performed a Pearson correlation analysis to understand the relationship between 
the measured radioactivity concentrations and the estimated radiological hazard 
parameters. The Pearson correlation coefficients were categorised into weak (0.00– 
0.39), moderate (0.40–0.59), strong (0.60–0.79), and very strong (0.80–1.00) correla
tions [42]. A significance level of 0.01 was applied for this analysis. As manifested in 
Figure 4(a), all the variables in the analysed sediment samples originate from similar 
natural sources. However, a moderate correlation between 40K and 232Th indicates 
that these radionuclides may be influenced by slightly different natural processes 
[43]. In addition, very strong correlations exist between the radioactivity of 226Ra, 
232Th, and 40K with the computed radiological hazard parameters, along with very 
strong correlations among the radiological hazard parameters themselves. This indi
cates that 226Ra, 232Th, and 40K are pivotal in the radiological hazards and subse
quent risks to human health, mainly from the gamma radiation emitted by natural 
radionuclides in the analysed samples.

Figure 4(b) displays the Pearson correlation between the radionuclides measured in 
tailings and concomitant radiological hazard parameters. Notably, distinct associations 
among the radionuclides were observed in the tailings. Specifically, 232Th and 
40K showed a weak negative correlation with 226Ra. The negative correlation 
between 40K and 226Ra is explained by the fact that 40K does not originate from the 
decay chains of 238U and 232Th [22,44]. Rather, as a naturally occurring radioactive 
isotope, 40K undergoes independent decay, resulting in a weak correlation with other 
radionuclides in the samples.

Similarly, 226Ra and 232Th exhibited a weak negative correlation. This observation 
can be attributed to geochemical heterogeneity and differential mobility patterns of 
226Ra and 232Th in the tailing’s complex matrix. Moreover, these two radionuclides 
belong to different decay chains. The calculated radiological hazard parameters in 

Figure 4. The heatmap visualisation of Pearson correlation analysis between radioactivity concentra
tions and the concomitant radiological hazard parameters in (a) sediment and (b) tailing samples. 
Positive correlations are indicated in red, while negative correlations are in blue. The colour’s intensity 
reflects the correlation’s strength, with darker colours indicating stronger associations. Circle size 
corresponds to correlation strengths, with smaller circles indicating weaker correlations. The Pearson 
correlation coefficients are indicated in the lower triangular part.
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tailings generally showed a moderate to strong correlation with 226Ra and 232Th. An 
exception was Hin, which manifested a stronger correlation with 226Ra and a weaker 
correlation with 232Th. Meanwhile, a moderate to weak association with radiological 
parameters was observed for 40K, which suggests that this particular radionuclide has 
negligible influence on the radiological risks due to gamma radiation exposure from 
tailings.

Hierarchical cluster analysis (HCA) effectively identifies patterns and connections 
between the radioactivity in the analysed samples and the radiological hazard para
meters. HCA consists of a set of multivariate algorithms that recursively group similar 
variables in the same cluster. The most similar variables are grouped first, and the process 
continues until all the data is organised into clusters based on their similarity. 
A dendrogram is constructed based on the degree of similarity, where 100% indicates 
zero linkage distance between the respective variables, and 0% denotes the maximal 
linkage distance (dissimilar variables). Figure 5 illustrates dendrograms for the analysed 
samples. Within both sediments and tailings, three distinct clusters were identified. In 
Figure 5(a), cluster I comprise 226Ra and the radiological hazard parameters. Cluster II, 
linked to cluster I, consists of 40K, while cluster III contains 232Th.

Similarly, in tailings, cluster I comprises 226Ra and the radiological hazard parameters 
(Figure 5(b)). Cluster II consists of 232Th, while 40K is in Cluster III at a significantly longer 
linkage distance. This observation implies that 40K has minimal contribution to the 
radiological hazards in the tailing samples. Importantly, the HCA results are qualitatively 
in agreement with the Pearson correlation analysis.

Figure 5. Dendrograms for the hierarchical cluster analysis exhibiting the patterns in the correlation 
between the measured radionuclides and the radiological hazard parameters in (a) sediment and (b) 
tailing samples.
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4. Conclusion

This study assessed the activity concentrations of 226Ra, 232Th and 40K and associated 
radiological hazards such as Raeq, Hex, Hin, Iγ, Dout, Din, Eout Ein, ELCRout and ELCRin in 
sediments and tailings from the Kilembe copper mines area using an HPGe gamma-ray 
spectrometer. The results were compared with the global average values according to 
UNSCEAR 2000. In sediments, the mean activity concentrations of 226Ra and 232Th were 
close to the global average values whereas that of 40K was higher than the global average 
value. The mean activity concentrations of 226Ra and 40K in tailings were significantly 
higher than the global average values whereas that of 232Th was similar to the global 
average value. The majority of the calculated radiological hazard parameters in sediments 
were above the world’s average values, except Raeq, Iγ, Hex and Hin. While in tailings, all the 
hazard parameters surpassed the global average values except Raeq and Hex. 
Consequently, using these sediments and tailings for construction or domestic utensil 
cleaning by the local community in the Kilembe copper mines is unsafe. Statistical analysis 
suggested that 226Ra is the main contributor to the assessed radiological hazards in the 
analysed samples.

4.1. Recommendations

The study findings suggest that there is a need for:

● Assessing the actual risks to human health due to natural radionuclides and possible 
remediations for safely using sediments and tailings as building materials.

● Assessing the radionuclide concentrations in water, soil, and plants around the 
Kilembe copper mines area.

● Evaluating the concentration of radon in the construction materials, such as bricks 
and blocks used in the Kilembe area. This evaluation will contribute to understand
ing the potential radiation exposure pathways in the study area.

● Establishment of appropriate action measures for the effective management and 
utilisation of sediments and tailings in the area. These measures are important for 
ensuring the safety and well-being of the local population and the environment.
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