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Abstract: Currently, the mining industry in Tanzania faces significant challenges including the presence of radionuclides in 

the working environment. In this work, different indices were applied to assess the health risk of people living and working in 

the study area. The radiation hazards in the studied mining areas are compared with the recommended local and international 

guidelines. The health risk and mitigation measures due to radioactive elements exposure to mine workers and people dwelling 

in the mines is established. The hyper pure germanium detector (HPGe) was used for radioactivity analysis. The radon gas 

levels were measured using the Alpha Guard radon monitor. The results on radioactivity; mean effective dose; annual gonadal 

equivalent and absorbed dose; radium equivalent; internal and external hazard indices; alpha and gamma indices; and the radon 

gas revealed high values in mining areas compared to the control area. However, some of the levels of radionuclides along with 

their hazard indices are lower than the recommended international limits. The mitigation measures which include dust 

suppression using water spray and the use protection gears such as masks and gloves are recommended. The present study 

recommends follow up and further studies in the ASGM subsector. 

Keywords: Radionuclides, Mining Pollution, Buhemba Small Scale Gold Miners, Radiological Hazard Indices,  

Risk Assessment, Risk Characterization, Gamma Spectroscopy 

 

1. Introduction 

Natural background radiation is the most significant source 

of radiation exposure to people all over the world especially 

to areas where human activities such as mining are being 

conducted [17]. The principal source of external exposure is 

gamma and alpha emitting radionuclides primarily 
40

K and 

the 
238

U and 
232

Th families, which are found in in the soil, 

water, and air [36]. The decay series of 
238

U give a radon 

(
222

Rn) gas which has a negative health impact when inhaled. 

Two of 
222

Rn daughter (
214

Po, and 
218

Po) are alpha emitters. 
222

Rn is the most significant natural source of radiation that 

exposes members of the public [35]. As a result, 
40

K, 
238

U/
226

Ra, 
232

Th, and 
222

Rn are of relevance in terms of 

radiation protection, and their studies have gained a lot of 

attention around the world. Several studies have been 
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undertaken in the last two decades to quantify radionuclides 

in soil that can be connected to the absorbed dose rate in air 

[3, 5, 6, 21, 23, 26, 32, 38, 39], among others. These findings 

provide a more comprehensive assessment of background 

exposure levels in various countries. 

Furthermore, natural radionuclides have an impact on 

people due to their existence in many environmental matrices 

[16]. Some natural radionuclides, including 
226

Ra, 
232

Th, and 
40

K, are found in rock constituent minerals and contribute to 

ionizing radiation exposure of living organisms on the Earth's 

surface [5]. Due to human exposure to gamma-rays, the 

environmental distribution of radionuclides has apparent 

radiological consequences [32], and specifically the 

assessment of radiation hazard emanating directly or 

indirectly from natural sources, especially soil. As a result, 

assessing gamma radiation dosage from soil or other natural 

sources is critical [35]. The amount of these dose rates is 

proportional to the number of natural radionuclides in the soil 

and the area is considered a health risk, when the incremental 

dose becomes significant than the background values [35]. 

The current study assesses occupational health risks using 

data collected from Buhemba Artisanal and Small-Scale Gold 

Mine (BASGM) in Tanzania as the main case study area. 

Mining has been connected to a rise in radioactive 

elements that were previously at natural background levels 

prior to mining activity [35]. This rise is becoming 

increasingly important for environmental and human health 

protection, particularly in the Artisanal and Small-Scale 

Gold mines (ASGM) sub-sector. This could be due to a lack 

of information and inadequate awareness; inappropriate 

mining techniques; a lack of capital; unsupportive policies, 

rules, and regulations; and inadequate knowledge on proper 

mine waste management by the ASGM operators and 

laborer’s [22, 27, 28]. 

The most frequently reported source of high radioactivity 

in the industrial and mining areas are the naturally occurring 

radionuclides such as 
40

K, 
232

Th, and 
238

U [9, 18, 30]. These 

natural radionuclides contribute a significant amount of 

ionizing radiation to the earth's atmosphere. 
232

Th and 
238

U 

account for around 83% of total human exposure, with the 

primordial radioisotope 
40

K accounting for almost 16% of 

total exposure and artificial radionuclide sources accounting 

for the remaining 1% [4]. Natural radionuclides from the 

environment are typically absorbed by the human body 

through different pathways, including inhalation, ingestion, 

and skin contact [9, 18, 37]. It has been estimated that, the 

ingestion route accounts for around one-eighth of total 

exposures from natural radioactive sources [36]. In addition, 

inhalation (especially for 
222

Rn gas exposure) and dermal 

contact pathways continue to contribute significantly to 

global human exposure doses, particularly in mining areas 

[13, 16]. 

Mining activities especially in the ASGM sub-sector 

have been reported to increase the level of natural 

radionuclides [13, 35]. This results to the need for 

regulatory control for environmental intensive care and 

radiation safety. Radiation protection and control are two of 

the most pressing areas of research. Radionuclides can 

accumulate in aerosols, causing damage to land, water, and 

food before reaching the human body. Radionuclides can 

build up in a variety of organs in the human body, creating a 

health risk. Humans’ exposure to incremental dose from the 

natural radionuclides have been associated to cancer risks, 

haemorrhage, early aging and mortality, leukemia, shorter 

lifespan, anemia, and cardiovascular difficulties [19]. In the 

field of radiation protection, the danger of cancer from low 

doses of ionizing radiation has been the topic of a long-

running controversy [21]. 

Gold mining has been linked to significant quantities of 

radiation, mostly from the isotopes 
238

U, 
40

K, and 
232

Th, as 

well as their offspring [36]. Different authors [17, 24, 29] 

have reported elevated concentrations of 
226

Ra, 
232

Th, and 
40

K 

above the background/ control and world average values in 

gold mine samples from South Africa, Rwanda, and Brazil, 

respectively. These results are supported by the findings 

reported at Rwamagasa ASGM in Geita region, Tanzania [9]. 

Gold mine tailings have further been reported to have higher 

quantities of 
226

Ra, 
232

Th, and 
40

K than ordinary soil [13]. 

This suggests that unmonitored gold mining wastes could be 

a significant source of natural radionuclide exposure for 

people living near or within gold mining sites. 

Significant levels of radionuclides were reported by [25] 

from Zamfara State in Nigeria. [25] found that the average 

activity levels of 
40

K, 
232

Th, 
238

U, and 
226

Ra in soil, rocks, and 

sediments samples in Bq/Kg were 380.34 ± 116.41, 151.15 ± 

21.09, 41.60 ± 11.06, and 37.94 ± 6.01, correspondingly, 

reporting higher values in rock samples. The external and 

internal hazard indices of 1.53 and 1.35, respectively was 

reported. The external and internal hazard indices values 

were greater than unity suggesting a high level of risk. The 

mean radium equivalent was 499.18 Bq/kg, and the 

radioactivity level index was 3.24. The reported gamma dose 

rate was 221 ± 35 nGy/h, and the radioactivity level index 

was 3.24. The annual effective dose equivalents for indoor 

and outdoor were 985.39 Sv/y and 271.03 Sv/y, respectively. 

The estimated values were above the allowed limits and the 

world mean values [36]. [25] concluded that the ASGM 

played a substantial role in the heightened levels of 

radionuclides, putting people working and living in the 

mining region at occupational health risk. 

2. Material and Methods 

2.1. Study Area 

This research was carried out at Buhemba ASGM in 

Tanzania's Mara region (Figure 1). Mara is in the Lake Victoria 

Goldfields (LVGF); a gold-rich region of Tanzania [9]. As a 

result, the study location was chosen for its lengthy history of 

mineral extraction by both ASGM and LSGM in East Africa's 

gold-rich countries. The study locations may give valuable 

data on radioactivity levels and distribution, allowing 

researchers to assess the long-term effects of ASGM on the 

ecosystem and human health in the area. 
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Figure 1. The map of Buhemba small-scale gold mine area showing mining pits where samples were collected. 

2.2. Radon Measurements 

The levels of radon were measured in 12 mining pits at the 

BASGM. Also, five measurements were taken from five 

offices at Mwalimu J. K Nyerere University as a control area 

(about 30 km from BASGM). At each sampling point, radon 

detection device (Alpha Guard, Genitron 1998) was set to 

measure the radon concentrations, temperature, pressure, and 

relative humidity after every ten minutes cycle for six hours. 

The instrument was placed at least 1 meter from any obstacle 

to allow easy air flow into the device. The hourly and overall 

means were recorded. 

The intake (I) of activity of the radon daughter for a 

subject exposure to 1 WLM was estimated using equation (1) 

[36]. 

� � ����
��

	
� �  ����  ��	



�� �            (1) 

where, CRn, P, and R, are the Radon concentration, exposure 

period and Breathing rate, respectively. The exposure period 

is estimated to be 170 hours and the breathing rate for the 

underground workers is estimated by [36] to be 1.3 m
3
/h. 

The inhaled dose (D) due to radon gas was estimated using 

Equation 2 [36]. 

��	�� �� � ���⁄  ��  ����  �  �	���        (2) 

where CRn, Df, P, F and T, are Radon concentration, Dose 

conversion factor, Occupancy factor, Equilibrium factor and 

Occupancy time, respectively. The dose conversion factor of 

9 × 10
-6

 Sv (Bqhm
3
)

-1
, the occupancy factor of 0.8, the 

equilibrium factor of 0.4 and the exposure time adjusted to 

one year (in hours) of 2000 hours for workers were adapted 

from [36]. 

2.3. Soil Radioactivity 

2.3.1. Sample Collection and Preparation 

Thirty soil samples were considered for radioactivity. 

Twenty-five samples were taken from the mining pits, 

another five samples were taken from the control area about 

30 km from the mined area. To speed up the drying process, 

soil samples were first fractured into reduced aggregates, 

then thoroughly dried at a temperature of 50°C [5]. After 

that, the dry samples were crushed with a mortar and pestle, 

sieved through a steel 2 mm sieve, stored in sealed canisters, 

and held for at least 28 days to achieve secular equilibrium 

for gamma ray spectrometry analysis [11]. 
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2.3.2. Radioactivity Analysis 

A lead-shielded coaxial high-purity germanium detector 

(HPGe, serial number 57-P51572A, ORTEC, USA) was used 

to assess radioactivity levels. To prevent background 

radiation in the counting environment, three liners of Pb, Cd, 

and Cu, each 100 mm, 3 mm, and 30 mm thick, respectively 

were used as the shielding materials. At an energy of 0.662 

MeV (
137

Cs), the system has a relative efficiency of about 

51% and a resolution of about 7.2% at Full-Width Half 

Maximum (FWHM), which is sufficient to resolve the 

gamma-ray energies of interest. Before the measurement 

process, multi-nuclide sources of 
137

Cs, 
133

Ba, 
57

Co, 
109

Cd, 
60

Co, 
22

Na, and 
54

Mn were used to calibrate the gamma-ray 

energy. The Genie 2000 software's in-situ object counting 

technology was used to standardize efficiency [8]. The 

associated gamma-ray lines originating from the decay 

products were used to determine the activity concentrations 

of the radionuclides in the samples. 
40

K was calculated using 

the 1460.8 keV gamma line. 
232

Th was calculated using the 

weighted mean activity levels of gamma lines of 583.1 keV 

(
212

Pb), 2614.5 keV (
208

Tl), and 911.1 keV (
228

Ac). 
226

Ra was 

determined using gamma lines of 609.3 keV (
214

Bi), 1764 

keV (
214

Bi), 295.2 keV (
214

Pb), and 186.1 keV (
226

Ra). 

2.3.3. Activity Determination 

Equation (3) [36] was used to compute the activity (A) in 

Bq/kg of the samples based on the net area under the photo 

peaks. 

� �
��

��� �!�"#
                                (3) 

where ms is the mass of the sample in kg, η (E) is the 

efficiency of the detector, T is the counting time, $%  is the 

absolute transition probability, and Nc is the net count rate. 

2.3.4. Exposure from Gamma Rays 

Equation 4 [34] was used to estimate the average dose D 

(nGy/h). The estimation was based solely on the levels of 
226

Ra, 
232

Th, and 
40

K, presuming that levels of other 

additional radioactive elements such as 
90

Sr, 
137

Cs, and the 

decay series of 
235

U could be ignored due to small 

concentration contributions to the overall background 

dosages [20]. 

� � 0.043�* + 0.662��. + 0.427��0            (4) 

where AK, ATh and ARa are the activity levels of 
40

K, 
232

Th and 
226

Ra in Bq/kg, respectively. 

2.3.5. Radium Equivalent Dose 

The radium equivalent level was estimated to evaluate the 

risk of gamma radiation exposure to persons associated with 

interactions with soil from the mining site. Equation 5 [15] 

was used to estimate the radium equivalent activity. 

�123 � 0.077�* + 1.43�. + ��0                (5) 

where AK, ATh and ARa, are the activity concentration of 
40

K, 
232

Th and 
226

Ra, respectively. 

2.3.6. The Internal Hazard Index 

Equation (6) [36] was used to estimate the internal risks 

(Hin) due to unintentionally consumed soil. 

56� �
78
9:;<

+
7=>
?@A

+
7BC
;:@

	≤ 1                     (6) 

where CK, CTh and CRa are the activity levels of 
40

K, 
232

Th 

and 
226

Ra, respectively. 

2.3.7. The External Hazard Index 

Equation 7 was used to estimate the risk of natural gamma 

radiations contacting the human body externally [36]. This 

value must be kept lower than unity for safety reasons. 

52EF �
GBC

H<

+
G=>
?@A

+
G8
9:;<

	≤ 1                     (7) 

where ARa, ATh and AK are radioactivity levels in Bq/kg of 

radium-226, thorium-232, and potassium-40, respectively. 

2.3.8. Representative Gamma Index 

The gamma activity value index (Iγ) was estimated using 

Equation 8 [1]. This value is used to determine if soil is 

suitable for building materials such as bricks. The building 

materials are safe if the value is less than unity. 

�� �
G8
;@<<

+
G=>
;<<

+
GBC
;@<

                              (8) 

2.3.9. Annual Gonadal Equivalent Dose 

Some human organs are reported to be very sensitive to 

radiations. Organs such as gonads, bone surface cells, 

breasts, and active bone marrow are reported to be the organs 

of attention in radiation protection [36]. Equation (9) was 

used to calculate the annual gonadal equivalent dose (AGED 

mSv/y) for mine workers at BASGM. 

�IJ� � 0.314�K + 3.09��0 + 4.18��.             (9) 

where AK, ARa and ATh are the activity concentration of 
40

K, 
226

Ra and 
232

Th, respectively. 

2.4. Risk Characterization 

Risk characterization gives a wider view of the existing 

problem, instead of just reporting the results of exposure and 

the dose-response analysis, further, its synthesis on the 

potential hazards that address the need and interest of 

decision makers regarding the problem. 

Among other mathematical models used to evaluate risk, 

also, different factors were considered. Factors such as 

population, routes of exposure, people’s behaviors, time of 

exposure, frequency of exposure, age groups, concentrations 

and doses all contribute to risk. 

The lifetime cancer risk due to soil exposure (LCRsoil) was 

estimated using equation 10. Equation 11 was used to estimate 

the annual effective dose to the lungs (EDL) due to inhalation 

of radon gas and its daughters. To calculate the lifetime cancer 

risk due to radon inhalation (LCR radon), equation 12 was used. 

The number of lung cancer cases per year per million people 

(LCC) was estimated using equation 13. 
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N��OP6Q � �J�J  NJ  ��                         (10) 

J�N � �6�.��R� S� S�	                  (11) 

N��T0UP� � �6�.��R�  NJ  ��                   (12) 

N�� � �6�.��R�  18  10VW                   (13) 

Where, LE is the life expectance taken to be 65 years, 

RF is the fatal risk factor per sievert (0.05), WR is the 

radiation-weighting factor (20 for α-particles), WT is the 

tissue weighting factor (0.12 for the lungs), AEDE is 

annual effective dose equivalent estimated using equation 

14 [14]. 

�J�J � ��RI��XV;�  8760��X�V;�  0.8  0.7�Y�I�V;�  10VW                              (14) 

The risk due to radionuclides exposure is gauged by 

referring to the incremental dose, where, the incremental 

dose, is the dose above the background, which in our case are 

the levels and dose of the control area. 

2.5. Risk Management 

Cost benefit analysis is a decision-making process that 

analyse mitigation measures alternatives and select course of 

action in terms of proper mix of mitigation measures. 

Decision making process involve three steps: assess the 

threat to health as a function of exposure to the agent, 

measure the value of reducing mortality or morbidity rates as 

a function of control levels, estimate the cost of 

implementing each level of control. The analysis consist of 6 

steps which are: identification of all non-trivial effect, 

separate these effect into benefits and costs, quantify the 

value of each benefit and cost, assign to each benefit and cost 

value a monetary value, consider future costs and benefits 

(put them on a common basis), sum costs and benefits to 

ascertain which one is greater, opponents of cost-benefit 

analysis urge that one cannot put monetary value to life, yet 

the cost-benefit analysis remain an important tool for risk 

managers in making rational decision. 

2.6. Limitations of the Study 

Samples acquired from human subjects would be 

extremely useful in a study including exposure and human 

health risk. Risk assessments based on blood and other 

human samples would yield more accurate results than those 

based solely on environmental samples. Another limitation in 

this study is that element concentrations in soils were 

determined and utilized as the foundation for risk analysis. 

High quantities of radioactivity in soils, on the other hand, do 

not always imply that those levels are directly causing harm 

to human. The current study suggests that more research be 

done in this area, specifically on organ damage. 

3. Results and Discussion 

3.1. Radon from Buhemba ASGM 

The radon concentrations from randomly selected mining 

pits and intake computed values and annual doses to which 

the mine workers are exposed, are presented in Table 1. 

Table 1. Mean radon concentrations (Bq/m3), Intake (Bq) and Dose (mS/y) and other Environmental Parameters. 

Pit number Location Levels (Bq/m3) Intake (Bq) Dose (mS/y) Temperature (°C) 
Pressure 

(Mbar) 

Humidity 

(%) 

4 S-1.79875° E34.09281° 74 ± 11 6541.6 ± 972 0.43 28 864 28 

7 S-1.79885° E34.09046° 72 ± 11 6364.8 ± 972 0.42 28 864 28 

9A S-1.79886° E34.09436° 121 ± 27 10696.4 ± 2386 0.70 26 862 26 

9B S-1.79648° E34.09636° 140 ± 29 12376 ± 2563 0.80 27 861 21 

9C S-1.79804° E34.09548° 121 ± 27 10696.4 ± 2386 0.70 26 862 99 

14 S-1.79432° E34.09844° 69 ± 8 6099.6 ± 707 0.40 25 860 96 

28B S-1.79381° E34.09806° 76 ± 12 6718.4 ± 1060.8 0.44 24 863 99 

44 S-1.79708° E34.09855° 161 ± 21 14232.4 ± 1856.4 0.93 26 860 99 

52 S-1.79708° E34.09855° 148 ± 46 13083.2 ± 4066.4 0.90 31 863 96 

71 S-1.79744° E34.09309° 66 ± 11 5834.4 ± 972.4 0.38 24 864 98 

156 S-1.79708° E34.09855° 215 ± 24 19006 ± 2121.6 1.23 26 860 80 

176 S-1.79708° E34.09855° 698 ± 54 61703.2 ± 4773.6 4.02 27 858 93 

Average   163.42 ± 23 14445.98 ± 2070 0.95 26.5 861.75 71.9 

Minimum   66 ±11 5834.4 ± 707 0.38 24 858 21 

Maximum   698 ± 54 61703.2 ± 4773.6 4.02 31 864 99 

C-1 S-1.79743° E33.97378° 30 ± 4 2448 ± 326 0.1728 30 918 67 

C-2 S-1.79758° E33.97393° 62 ± 7 5059.2 ± 571 0.3571 27 919 72 

C-3 S-1.79792° E33.97317° 28 ± 3 2284.8 ± 245 0.1613 26 920 73 

C-4 S-1.79787° E33.97399° 41 ± 4 3345.6 ± 326 0.2362 27 919 73 

C-5 S-1.79798° E33.97346° 59 ± 5 4814.4 ± 408 0.3398 27 920 71 

Average   44 ± 4.6 3590.4 ± 375 0.2534 27.4 919.2 71.2 

Minimum   28 ± 3 2284.8 ± 245 0.1613 26 918 67 

Maximum   62 ± 7 5059.2 ± 571 0.3571 30 920 73 

 

The international limits for radon according to the [14] and 

[37] are 200 Bq/m
3
 and 100 Bq/m

3
, respectively. It is clearly 

seen from Table 1 that the average indoor radon 

concentrations from the selected mining pits is 163.42 ± 23 



 International Journal of Environmental Protection and Policy 2022; 10(3): 48-58 53 

 

Bq/m
3
, with the highest value (698 ± 54 Bq/m

3
) observed in 

pit number 176. The results further show that 58% of the pits 

have concentrations higher than the permissible amount of 

100 Bq/m
3
 [37]. The results (Table 1) further reveal that, the 

average radon level at BASGM mining pits is 163.42 ± 23 

Bq/m
3
 which is 4 times higher than in the control area 

average (C-AVR) value of (44 ± 4.6 Bq/m
3
) (Figure 2). 

 

Figure 2. Radon gas concentration measured in different underground 

mining pits at BASGM compared to the average levels (C-AVR) measured at 

MJNUAT as a control. 

Radon concentrations in the pits ranged from 66 ± 11 to 698 

± 54 Bq/ m
3
, compared to 28 ± 3 to 62 ± 7 Bq/ m

3
 in the 

control area. In the mining pits, the yearly effective dose 

ranged from 0.38 to 4.02 mSv, with a mean value of 0.95 mSv. 

These dose values from pits were greater than the control 

results (Figure 3), which ranged from 0.16 to 0.36 mSv with an 

average of 0.25 mSv. The intakes followed the same pattern as 

the dose results. The acceptable average yearly effective dose 

from inhalation of radon and its decay products is 1.26 mSv 

[36]. Therefore, these findings inform the need for radiation 

protection and control measures at BASGM. 

 

Figure 3. The estimated annual doses inhaled due to radon gas in different 

mining pits at Buhemba mines compared to the dose estimated from the 

control area (C-AVR) at MJNUAT. 

It is also noted that two mining pits (number 156 and 

176) have dose values higher than the acceptable value of 

200 Bq/m
3
 [14]. Higher levels of radon in the mining pits 

might be due to poor ventilation (present study field 

observation). These results highlight the need for the 

responsible authorities to oversee the improvement of 

ventilation systems for the cited mining pits, while 

frequently monitoring the performance of ventilation 

systems in all the mining pits. 

3.2. Soil Radioactivity 

3.2.1. Radionuclide’s Concentrations 

The detailed information of geo-references, activity 

concentrations, minimum and maximum values of soil 

radionuclides from different sampling points are presented in 

Table 2. The average activity levels of 
226

Ra, 
232

Th and 
40

K 

are presented in Figure 4. 

Table 2. Levels of Radioactivity from the Control and Mining Pit Areas. 

Coordinates Sample ID 

226Ra 232Th 40K 

(Bq/kg) (Bq/kg) (Bq/kg) 

S-1.79752° E33.97281° C-1 3.98 ± 0.69 1.09 ± 0.10 206.03 ± 15.62 

S-1.79830° E33.97334° C-2 4.23 ± 0.36 2.13 ± 0.23 199.12 ± 14.71 

S-1.79981° E33.97432° C-3 3.89 ± 0.42 1.50 ± 0.11 205 ± 15.23 

S-1.79780° E33.98121° C-4 4.32 ± 0.59 3.08 ± 0.29 212 ± 16.07 

S-1.79642° E33.98240° C-5 2.16 ± 0.19 1.08 ± 0.12 215 ± 17.76 

S-1.80063° E34.09636° BHB00059 4.35±0.94 2.67±0.8 205.01±14.18 

S-1.80004° E34.09802° BHB0067 2.21±0.8 ND 18.59±7.96 

S-1.79708° E34.09855° BHB00084 7.07±1.14 3.61±0.62 335.63±20.13 

S-1.80224° E34.09818° MIR 2.99±0.94 2.05±0.84 116.21±11.5 

S-1.80148° E34.09766° MIM 6.29±0.99 3.33±0.7 108.62±10.0 

S-1.80121° E34.09986° MR1R 3.94±0.72 2.56±0.64 104.66±10.46 

S-1.80039° E34.09811° MRJIR 2.84±0.65 1.67±0.68 325.67±19.21 

S-1.79978° E34.09732° P09 2.62±0.61 ND 41.21±7.08 

S-1.79875° E34.09281° P4 7.37±0.85 16.53±1.18 85.94±9.79 
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Coordinates Sample ID 

226Ra 232Th 40K 

(Bq/kg) (Bq/kg) (Bq/kg) 

S-1.80029° E34.09619° P4A 10.89±1.3 6.86±0.74 87.44±8.53 

S-1.79804° E34.09548° P6 2.9±0.63 17.56±1.2 187±13.27 

S-1.79885° E34.09046° P7A 6.17±0.83 9.94±1.02 370.4±22.07 

S-1.79886° E34.09281° P8 3.12±0.62 4.5±0.69 22.71±6.26 

S-1.80115° E34.09972° P14A 5.89±0.85 7.33±0.82 87.37±9.07 

S-1.80014° E34.09802° P28B 7.03±0.82 5.54±0.78 306.15±18.61 

S-1.79708° E34.09855° P44 10.03±1.06 5.14±0.8 86.23±9.6 

S-1.79709° E34.09857° P52 4.48±0.78 4.16±0.71 383.29±22.53 

S-1.79744° E34.09309° P71 7.6±1.0 20.44±1.34 143.01±11.63 

S-1.79648° E34.09636° P71A 3.23±0.74 5.52±1.35 193.62±14.46 

S-1.79432° E34.09844° P139 9.13±1.35 6.78±0.77 99.31±9.3 

S-1.79469° E34.09860° P140 10.63±1.3 6.95±0.88 375.14±21.11 

S-1.79708° E34.09855° P156 8.53±1.52 5.48±0.92 445.06±25.8 

S-1.79381° E34.09806° P158 8.09±1.13 8.73±0.85 158.08±12.56 

S-1.79708° E34.09855° P176 7.97±1.31 6.55±0.74 275.55±16.81 

S-1.80148° E34.09818° S1R 4.19±0.97 2.08±0.72 122.08±11.13 

 

 

Figure 4. Average Concentrations of Radionuclides from the Control and 

Mining Pits. 

Results in Figure 4 shows that, higher levels of 
238

U and 
232

Th were detected in the mining pits compared to the 

control samples. This observation might be due to the fact 

that, 
238

U and 
232

Th are expected in the phosphate rocks, 

therefore, probably the area has the uranium-and thorium-

rich rocks [26]. Furthermore, it is noted in Table 2 that, the 

highest activity concentration of 
226

Ra was detected in P4A 

(10.89 ± 1.3 Bq/kg) and the highest activity of 
232

Th (20.44 ± 

1.3 Bq/kg) was revealed in P71. This observation might be 

due to the chemistry of 
226

Ra, 
232

Th, and 
238

U that, as 
232

Th 

disintegrates, gives radiation and produce decay daughters 

that include 
228

Th and 
228

Ra [1] as P4A and P71 were 

adjacent and about 5 meters from each other. As shown in 

Table 2 and Figure 4, the average activity concentration of 
226

Ra in the mining pits was 5.98 ± 0.94 Bq/kg while in the 

control area the concentration of 
226

Ra was 3.72 ± 0.45 

Bq/kg. For 
232

Th, the average activity concentrations were 

11.17 ± 0.93 Bq/kg and 1.78 ± 0.17 Bq/kg in mining pits and 

control areas, respectively. The mean activity of 
40

K in the 

mining pits was 187.36 ± 13.72 Bq/kg while the control area 

revealed a value of 207.43 ± 15.88 Bq/kg. High value of 
40

K 

revealed in the control area might be due to potassium 

fertilizer used in agricultural activities, since some 

agricultural activities were undertaken in the control areas in 

the recent past. 

The observed higher levels of radioactivity for 
232

Th and 
226

Ra in mining pits than in the control area may confirm the 

findings reported in the literature that mining activities, if not 

well controlled, elevates the radioactivity levels in the 

environment [1, 2, 36]). These high levels of radionuclides 

might be detrimental to workers and the public at BASGM. 

Also, in the present study, field observation discovered that 

soil was not wetted during its handling including 

transportation from pits to processing areas, this might add 

up the risk, as the soil is being packed and transported from 

the pit areas to the processing areas. This observation might 

lead to an increase of radioactivity levels in the mining area 

[10]. Furthermore, the blasting of rocks and transportation of 

mined soil, might contribute to the higher level of 

radionuclides in the pits compared to the control area. 

Although the activity levels of 
226

Ra, 
232

Th, and 
40

K in in the 

mining pits were lower compared to the world recommended 

values of 35 Bq/kg, 45 Bq/kg and 420 Bq/kg, respectively; 

the values from the mining pits are higher compared to those 

in the control areas. Figure 4 indicates that, the average 

values of 
226

Ra, and 
232

Th from the mining pits, are 2 and 10 

times higher than the control values. The observed high 

levels of radionuclides in the mining pit samples, might be a 

result of not watering mine rock piles and excavated soils. 

The vulnerable groups such as children, women, and aged 

people at BASGM, might be at a high risk of these 

radiations. The fast-growing cells and cell divisions for 

children and the most sensitive parts to radiations for women 

(breasts) are reported to be affected more [7, 33]. Therefore, 

workers of Buhemba Mines and women and children in and 

the surrounding community may be subjected to higher 

cancer risks. 
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3.2.2. Radiological Hazard Assessment 

Using Equation (8), the Doses (Ds) were estimated using 

activities of 
40

K, 
232

Th, and 
238

U and presented in Figure 5. It 

has been assumed that, the contribution from other naturally 

occurring radionuclides and cosmic radiation at the locations 

are insignificant as reported elsewhere [2]. Figure 5 also 

present other calculated radiation indices. 

 

Figure 5. Mean absorbed dose rate, the annual gonadal equivalent dose and radium equivalent, internal hazard index, the external hazard index, gamma 

index and alpha index from the study area. 

The average hazard index in the mining pits Ds, Raeq, Hin, 

Hex, Iγ, and the AGED were at 18.01 ± 1.61 nGy/h, 36.39 ± 

3.34 Bq/kg, 0.11 ± 0.01, 0.1 ± 0.01, 0.28 ± 0.03, and 124.02 

± 11.14 mSv/y, correspondingly (Figure 5); were higher than 

values obtained in the control samples at 11. 68 ± 0.99 nGy/h, 

22.23 ± 1.92 Bq/kg, 0.07 ± 0.01, 0.06 ± 0.02, 0.18 ± 0.02, 

and 84.04 ± 7.09 mSv/y in that order. Although the estimated 

Buhemba mines risk values were lower than the world 

suggested mean values [3], the results suggest the health risk 

due to the incremental values obtained when comparing the 

results from the control area as the background levels to the 

estimated levels from the mining pits. These incremental 

values might be hazardous to the public and mining workers, 

and others who resides close to the BASGM. Higher values 

in the mining pits might affect more men adults who work 

long hours in the mining pits during materials excavation and 

transportation at BASGM. The gonads, which are very 

sensitive organs in men, are reported to be more affected by 

radiations [4]. In order to reduce the risks associated with the 

mining activities at BASGM, public and occupational health 

education ought to be given to mining chain actors as well as 

the general public in the area. 

The estimated radiological hazards from BASGM prove 

the need for the responsible radiation protection and 

regulatory bodies of Tanzania to work close with the 

workers and the public at BASGM in providing adequate 

education on public, environmental and workplace 

education. This is due to the fact that prolonged exposure to 

incremental levels even in small quantities may result to 

health effects [5]. Also, radiation protection education is 

important because radioactivity is site specific in a sense 

that miners might reach rocks with higher levels of 

radionuclides than the obtained from the present study. This 

will help in the pushing of the need for the Tanzanian 

government and world of attaining the Sustainable 

Development Goals (SDGs). 

3.3. Risk Characterization 

Risk characterization has different dimensions to consider. 

It has also to be noted that risk is additive, therefore, a broad 

consideration is required during the process of risk 

characterization. The process can be performed using 

different mathematical models but also various factors that 

might lead to risk should also be evaluated. 

At BASGM, different factors that might contribute to 

occupational risk were determined. Buhemba ASGM has a 

population of about 500 workers and about 1200 people 

living in the vicinity of the project (information given by 

mine leaders). In risk characterization with a radiation point 

of view, exposure to high number of people is regarded as 

high risk. Also, different routes of exposure to radionuclides 

at the study area suggest high risk to workers. It is evidenced 

that three routes (inhalation, ingestion, and dermal contact) 

all contribute to the radionuclide exposure to workers. Not 

only that but also the living behaviors of residents in the 

study area question their occupational safety. Different social 

economic activities taking place within the area and people 

residing near and within the mining site might accelerate the 

high risk due to radionuclides. In radiation protection, time 

and the frequency of exposure play a big role in accelerating 

or reducing the risk. At BASGM, it was noted that people 

work long hours and throughout a week. This accelerates the 

risk due to radionuclides. Radiations act differently from age 

groups. Children are more vulnerable to radiations than 

adults. Therefore, children who happen to come across with 

radioactive materials at BASGM are expected to be at higher 

risk. Also, the concentration levels of radioactivity and the 

doses estimated tell the level of risk due to radionuclides. 
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The high concentration levels and doses estimated from the 

mining area than that from the control area (taken as baseline 

in this work) inform higher risk due to radionuclides to 

people at BASGM. 

The results for the risk characterization for soil exposure 

and radon gas are presented in Table 3. The average 

estimated lifetime cancer risk of 0.32 from the excess gamma 

radiation from the mining pits’ soil is higher than the 

allowable world value of 0.0029 [35]. This should inform the 

ASGM workers at the study area to minimize the time for 

their stay in the mining pits. Also, all other workers for 

example soil washers and those working in the crushing areas 

are reminded to use protections and reduce the period of their 

stay at working areas. 

The average EDL estimated due to radon gas is 2.28 

mSv/y a less value compared to the world average (3mSv/y). 

The lung cancer cases per year per million persons (LCC) 

due to inhalation of radon gas and its daughters was found to 

be 1.7 × 10
-5

. The LCC average per million persons per year 

is less than the recommended average value of 3.6 × 10
-5

 [14]. 

Table 3. Risk characterization values of soil and radon gas. 

Item AEDE (mSv) LCR LCC EDL (mSv/y) 

Soil 0.10 0.32   

Radon  3.45 1.7 x 10-5 2.28 

 

3.4. Mitigation Measures 

Considering the established risks which cumulatively 

exceed the acceptable risks, a number of mitigations 

measures are being put forward for the purpose of reducing 

the risks. Crashing and milling areas should be located far 

from residential areas for the purpose of reducing the level of 

inhaled particulate, the number of people exposed to 

radioactive materials. The crashing and milling processes 

should be located downwind with the reference to the mining 

area. The land use plan of the Buhemba should be developed 

with consideration of dominant wind direction, with a 

purpose reducing additional risks for the general population 

of the area. The use protective gears such as gloves and 

masks should be emphasized. Engineering pollution control 

facilities which include fabric filters, Electrostatic 

Precipitators (ESP), and cyclones should be locally designed, 

fabricated, and installed; with a purpose of controlling air 

pollution, and enabling the recycling of dusts. Proper design 

and operation of ventilation systems in the mining pits, 

crushing, and milling facilities; should be instituted. Also, 

sufficient ventilation in residential houses in the vicinity of 

the mines should be emphasized through awareness 

campaigns. To reduce the level of dust emission, the use of 

wet milling methods is encouraged. Water from the mining 

pits which is normally pumped out and lost, should be 

recycled, and used to spray off dusts but also in the wet 

processes. After a day work, miners, and other workers such 

as gold extractors using water and mercury, should be 

required to change clothes when leaving the working place. 

This should be done through awareness campaigns. 

Considering the established constituent of soil in the area, 

people should not use waste rocks and tailings in building 

constructions. 

4. Conclusions 

Natural radionuclides in the study area were spatially 

distributed. Samples from the mining area had higher levels 

compared to samples from the control area. the estimated 

hazard index values are greater compared to that from the 

control samples and some even higher than the world 

permissible levels [35]. Results show also that the mining 

activities contribute to higher level of radionuclides. Other 

than the world and other international permissible limits, the 

incremental value of radionuclides level, dose and index 

revealed in the mining area against those from the control 

area suggest occupational health risk measures at Buhemba 

ASGM. 

5. Recommendations 

Considering results obtained in the present study, some 

among other recommendations are presented. Follow up 

studies are suggested to be done on season variations. Also, 

future and follow up studies may consider a re-calculation 

(using own data) of the occupancy factor based on gender, 

age, and people’s habits in the study area and not relying on 

international estimates in calculating different risk indices. 

Moreover, establishment of national radioactivity baselines, 

and dose limits in soil, water and food basing on Tanzania 

backgrounds is highly recommended. Not only that but also, 

we suggest other follow up and further studies to use samples 

from human subjects. Moreover, more studies are 

recommended to be done in other ASGM centers to get the 

complete mapping throughout the region and other areas in 

Tanzania. 
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