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Abstract

A comprehensive radiological survey was carried out in an open-cut slate stone quarry. The activity of 226Ra, 228Ra and 
40 K in the ore samples were measured as 38 ± 5, 41 ± 6 and 869 ± 52 Bq  kg1, respectively. Outdoor radon and indoor radon 

concentrations were measured from 37 ± 7 to 193 ± 11 Bq  m−3 (77 ± 8 Bq  m−3), and 49 ± 6 to 253 ± 23 Bq  m−3 (131 ± 13 Bq 

 m−3), respectively. The average indoor and outdoor gamma dose were measured as 116 and 84 nSv  h− 1, respectively. The 

annual effective doses were estimated between 1.0 ± 0.1 and 3.3 ± 0.3 mSv  year−1. The annual lung cancer risks were cal-

culated in the range of 3.3 ×  10−2 to 13.12 ×  10−2 % (7.72 ×  10−2%).
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Introduction

In recent years, the potential health risk of radiation has been 

a concern by national and international health organizations, 

so that it requires them to set recommendations and regularly 

update them both for workers and the general population. 

Radon is a carcinogenic gas, in consideration of its short 

half-life decay products, has been recognized as the second 

reason for lung cancer among people after smoking, while 

it is the main path of exposure to ionization radiation among 

other naturally occurring sources [1, 2]. 222Rn  (T1/2 = 3.8 

days) is a progeny of 226Ra in the 238U chain. Uranium-238 

can be found in the Earth crust, rock, and stones, which 

would be a radiation risk for miners. Once radon escaped 

from grains and entered the pores, it moves by diffusion to 

reach the material’s surface and then exhaled from the sur-

face through the cracks, faults, and rock fractures. According 

to IAEA, the annual average radon concentration at work-

places shall not exceed 1000 Bq  m−3. Likewise, the received 

dose from radon and its short-life decay products should 

not be above the value of 20 mSv per year for each worker 

[3]. ICRP and WHO established a recommended value for 

indoor radon concentration as 300 Bq  m−3 and a limit of 20 

mSv  year−1 for received dose in workplaces [2, 4].

Radon is one of the main pathways of occupational 

exposure to ionization radiation in underground and ura-

nium mines [5]. Accumulated radon concentration in the 

mine depends on the mine conditions, e.g., ventilation, 

temperature, humidity, pressure, apart from the geological 

formations of the mine. However, the operating environment 

of open-cut mines is relatively more reliable compared to 

underground mines, it contains several hazards within itself, 

such as naturally radioactive materials releasing in the form 

of dust, hazardous gases such as radioactive radon gas, etc. 

Therefore, radon distribution and its origin in mines are 

essential according to radiation-protection standards.

Slate stones, known as fine-grained sedimentary rock, 

have some uranium and radium, which eventually decay to 

radon and release into ambient air following the diffusion 

and exhalation process. The increased interest in monitoring 

radon concentration slate mines is due to the health hazards 

of radon and its environmental pollutant, leading to the mini-

mization of such radiation exposure in the mine area.

In this study, the authors initially tried to: (1) determine 

the activity of the main natural radionuclides (40 K, 226Ra 

and 228Ra) in ore samples; (2) measure the external gamma 

dose and radon exposure to assess the radiation risk. As 

a result of these measurements, the occupational annual 

effective dose was estimated to compare with the worldwide 
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average value. Likewise, the cancer risk was calculated indi-

vidually for each worker using personal dosimeters.

Methods and measurements

Study area

In this short communication, an open-pit slate stone mine 

located in Kashan, including three separate sites with an area 

of approximately fourteen hectares, was selected to measure 

the radon concentration as a significant contributor to the 

health hazard. The experiment had consisted of fifteen work-

ers—including miners, drivers, engineers, and clerks—who 

were randomly selected from a total of 35 employees as a 

representative group to estimate the occupational exposure 

to the natural radiation sources. Radon concentration in the 

mine atmosphere was measured at four locations (Fig. 1) in 

each site for 30 days.

Instrumentations and measurement techniques

A portable radon monitor device, AlphaGUARD PQ 2000 

PRO (ionizing chamber), was used to measure the radon 

concentration. The AlphaGUARD was set up for a 60-min 

diffusion mode, and at the end of each 24 h, data was 

extracted by DataExport software [6]. This measurement 

was carried out to estimate radon concentration in the 

mine area as a control value. This value could be used as 

a tool to identify and distinguish the suspicious results 

from personal dosimetry in such a way that if any result 

were suspiciously higher or lower than the control value, 

it could be eliminated from evaluation.

The surface radon exhalation from mine walls was 

measured using the radon accumulation chamber method 

(can technique) equipped with a solid nuclear track detec-

tor (CR-39). However, this part of the study was carried 

out as a routine process in radiological surveys, the results 

could give an overview relation between the activity of 
226Ra in ore and radon exhalation. A metallic can (11 cm 

depth with a 6 cm diameter, covering a surface area of 

about 95  cm2) was used for this measurement (Fig. 2). The 

measurement was carried out at each site in two differ-

ent locations. The minimum detection limit of the method 

is generally around 0.05 mBq  m−2 s−1 depends on each 

detector background. As Eq. (1) expresses the correlation 

between the exhaled radon from surface and radon growth 

in the can [7, 8]:

Fig. 1  Measurement sites of slate stone mine
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where CRn is the concentration of trapped radon in the can 

(Bq  m−3), S as the surface area covers by the can  (m2), LRn is 

the radon leak fraction during the accumulation time t, V is 

the volume of the can  (m3). And the surface radon exhalation 

rate  (ERn) was estimated using Eq. 2 and the accumulated 

radon concentration from Eq. (1):

A sodium iodide-based detector equipped by Geiger-

Muller tube (GR130, Exploranium Co. Ltd, Canada) was 

used to measure terrestrial and cosmic gamma radiation to 

estimate the total gamma absorbed dose rate.

An HPGe gamma-ray detector (ORTEC GMX40-76), 

with a relative efficiency of about 0.4, and energy resolution 

between 2 keV and 1332 keV, was used to measure the mass 

activity concentrations of three main naturally occurring 

radionuclides (226Ra, 228Ra and 40 K) in the samples. The 

energy calibration was carried out by three closed sources 

of 137Cs, 60Co and 241Am [9, 10]. This measurement was 
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conducted regarding the radiological survey that might help 

to get a sight of the difference in the ingredients of the rocks 

when there is a high variation of 226Ra between the samples 

and it can give a brief perspective of terrestrial gamma radia-

tion contribution.

A mass of 500 g of each sample was separately crushed 

and pulverized to be less than 3 mm. Samples were heated at 

105 °C for 24 h to remove all moisture and reach a constant 

weight. Each sample was sealed into a Marinelli beaker for 

approximately 30 days to reach the equilibrium condition 

between 226Ra and 222Rn and its decay products. The activ-

ity of each radionuclide was determined using its specific 

gamma lines or gamma lines of its decay products recom-

mended by IAEA. For further information, refer to the fol-

lowing references [11, 12].

To estimate the annual effective dose due to the inhala-

tion of radon, a representative group of workers was ran-

domly selected for radon dosimetry [13, 14]. Each worker 

was requested to carry on a personal CR-39 radon dosimeter 

during working time. It was assuring that the detectors were 

sealed into a radon proof zip-lock aluminium foil bag after 

finishing the job until the next working day. Each dosim-

eter had consisted of a radon gas selective chamber (40 mm 

diameter and 32 mm height) and a CR-39 detector in the 

middle (1  cm2). The detectors were sent back to the labora-

tory for evaluation after 60 days. The evaluation process, 

Fig. 2  Graphic image of radon 

exhalation measurement
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including the etching and counting of the tracks, has been 

intensely discussed in our previous publications [15–17]. 

The average concentration of radon exposure was calculated 

from counted tracks and Eq. (3):

where ERn is the radon exposure (Bq  m−3), NT is the counted 

tracks number, NB is the detector background obtained from 

blank detectors (control detectors), T stands for exposure 

time in hours, A is the reading area  (mm2), and E is con-

version factor (Bq  m−3 h  mm−2) that can be calculated by 

Eq. (4):

where E is the calibration factor, RefRn is the reference radon 

concentration in the calibration chamber, N is net tracks and 

1.025 is the reading area  (mm2).

Radiation dose calculations

The annual exposure to radon and its progenies was calcu-

lated from Eq. (5) [1]:

where WLM(Y) is the cumulative radon exposure per year, 

CRn is radon concentration (Bq  m−3), F is equilibrium factor 

(0.4 for indoor or workplaces and 0.6 for outdoor), 0.00027 

is the concentration of radon progenies in equilibrium con-

dition (WL Bq  m−3), h is annual hours and S is a fraction 

of working time for each worker that can be calculated by 

Eq. (6):

where Wt is working time in hours.

Equation (7) was used to estimate the annual effective 

dose contributed due to inhalation of radon [4]:

where HA is the effective dose (mSv  year−1) due to radon 

exposure, WLM  year−1 is annual cumulative radon exposure 

and I is the dose conversion factor as 10 mSv  WLM−1 for 

workers [4]. Finally, the risk of lung cancer was estimated 

by Eq. (8) [1]:

where R is the lung cancer risk per year, D is the exposure 

time (Year), and K is the risk factor as 5 ×  10−4 per WLM 

based on ICRP publication 115 [18].

The calibrations were conducted using the same method 

explained in our previous publication [19–21].
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Results and discussion

Table 1 shows the minimum detectable activity (MDA) and 

the average activity concentrations of 40 K, 226Ra and 228Ra 

in the mine ore samples. The average activity concentration 

of 40 K was measured higher than the worldwide average 

value (412 Bq  kg−1), while 226Ra was just slightly above the 

worldwide average value (32 Bq  kg− 1), which is not signifi-

cant considering the error interval [22].

According to Table 1, the highest amount of 226Ra and 
40 K were found in site three as 39 ± 5 and 895 ± 55 Bq  kg−1 

respectively, while site one has the highest concentration of 
228Ra as 43 ± 6 Bq  kg−1 in ore samples.

The outdoor gamma dose rate was measured between 69 

and 93 nSv  h−1 with an average of 84 ± nSv  h−1. The average 

indoor gamma exposure rate was also estimated at 116 ± nSv 

 h−1.

Table 2 shows the measured radon concentration in dif-

ferent parts of the mine. Low levels of radon concentrations 

were measured in the mine area (37 ± 7 to 193 ± 11 Bq  m−3, 

with an average of 77 ± 8 Bq  m−3). Considering the results, 

the average radon concentration in all selected locations 

(except in three points) is less than 100 Bq  m−3 and below 

the EPA, ICRP and EU-BSS recommendation level [1, 18, 

23].

The daily average radon concentrations per location 

are shown in Fig. 3. The long-term radon concentration 

(30 days) was measured for site one, the largest site, as 

118 ± 12 Bq  m−3, 47 ± 11 Bq  m−3 for site two and 67 ± 11 Bq 

 m−3 for site three. The total average radon concentration in 

slate stone mine was also measured as 77 ± 8 Bq  m−3.

The surface radon exhalation was measured between 

0.47 ± 0.05 and 0.53 ± 0.05 mBq  m−2 s−1, with an average 

of 0.5 ± 0.05 mBq  m−2 s−1, which is given in Table 3 and 

compared with findings of other studies.

The yearly effective dose due to the inhalation of radon 

is shown in Table 4 regarding each worker based on their 

working hours. The annual working time was calculated 

Table 1  MDA and mass activity concentration of radionuclides in ore 

samples

Site Activity concentration (Bq  kg−1)

226Ra 228Ra 40K

MDA 1.3 2.3 46

One 38 ± 5 43 ± 6 825 ± 47

Two 36 ± 4 40 ± 5 887 ± 53

Three 39 ± 5 41 ± 8 895 ± 55

Minimum 36 ± 4 40 ± 5 825 ± 47

Maximum 39 ± 5 43 ± 6 895 ± 55

Mean 38 ± 5 41 ± 6 869 ± 52
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approximately between 1600 and 2010  h. The lowest 

radon exposure was recorded for transportation driver as 

49 ± 6 Bq  m−3 and the highest one as 253 ± 22 Bq  m−3 for 

who works at the office. The office employees were among 

the most likely to be exposed to higher radon concentration 

(which might be due to the building materials and poor ven-

tilation system) by an average of 211 ± 20 Bq  m−3. In con-

trast, the drivers were exposed to the lowest level of radon 

concentration (51 ± 6 Bq  m−3). It was assumed that the sea-

sonal changes would not be significant (as it was confirmed 

by another study in the same type of mine in India [25]). 

Therefore, the yearly effective dose was assumed in fact of 

seasonal dose.

With annually 1600 working hours, the transport drivers 

were the lowest labour worker and the miners, with an aver-

age of 2010 working hours per year, were the most prolific 

workers. As a matter of fact, the lowest dose was obtained 

for drivers (0.8 ± 0.1 mSv  year−1) while the officers got the 

highest dose (3.1 ± 0.3 mSv  year−1). The average total effec-

tive dose for all workers was calculated as 2.0 ± 0.2 mSv 

 year−1, which is below the recommended value considers 

by the national standard in case of exposure to radon and its 

decay products (6 mSv  year−1 or 1000 Bq  m−3). According 

to the data obtained by this study, no miner exceeded the 

occupational maximum annual effective dose limit (5 mSv 

 year−1). The excess yearly lung cancer risk was calculated 

between 0.3 ×  10−2 and 1.3 ×  10− 2 with an average of 0.8 × 

 10−2 per 100 individuals based on the total annual effective 

dose. Table 4 presents the lung cancer risks due to exposure 

to radon and its progenies for each worker.

Figures 4 and 5 show the correlation between the annual 

effective dose and the risk of lung cancer considering the 

working hours in terms of profession. It is revealed that there 

is a strong positive correlation between working hours and 

receiving dose  (R2 = 0.817).

The employees who work at offices were exposed to the 

highest radon concentration level but still below the recom-

mended level. In contrast, miners were exposed to the lowest 

radon level among all other workers (except drivers who 

spend most of their time out of the mine’s environment).

Table 2  Radon concentration in 

the mine’s open area
Location Radon concentration (Bq  m−3)

Point 1 SD Point 2 SD Point 3 SD Point 4 SD Mean

Site one 83 12 193 11 104 10 94 16 118

Site two 38 12 49 9 46 13 53 12 47

Site three 37 7 39 9 58 10 132 19 67

Fig. 3  Daily average of radon 

concentrations per site

Table 3  Surface radon exhalation rate

Location Surface radon 

exhalation (mBq 

 m−2 s−1)

Site one 0.50 ± 0.05

0.48 ± 0.05

Site two 0.47 ± 0.05

0.49 ± 0.05

Site three 0.52 ± 0.05

0.53 ± 0.05

Another study [24] 0.1–0.53 (0.34)



146 Journal of Radioanalytical and Nuclear Chemistry (2021) 329:141–148

1 3

The findings of this study are similar to the other research 

in India, and the slight difference in estimated dose might 

be due to the measurement method. In the current research, 

personal radon dosimetry was used, while in another study, 

the average radon concentration at the mine environment 

had been considered for dose estimation. Table 5 shows a 

comparison between this study’s findings and the data from 

other studies to overview the obtained results.

Table 4  222Rn concentration and occupational dose in related to working place

Worker Working hours 222Rn concentra-

tion (Bq  m− 3)

Annual effective dose (mSv  year−1) Annual effective 

dose (mSv  year−1)

Annual risk 

of lung cancer 

(×10−5)Exposure to radon Exposure to 

gamma radiation

Miner 2010 80 ± 8 1.5 ± 0.2 0.18 1.7 ± 0.2 6.38 ± 0.78

Miner 2010 72 ± 7 1.4 ± 0.2 0.18 1.6 ± 0.2 5.75 ± 0.67

Miner 2010 113 ± 11 2.26 ± 0.2 0.19 2.5 ± 0.5 9.01 ± 1.05

Miner 2010 95 ± 10 1.8 ± 0.2 0.19 2.0 ± 0.3 7.58 ± 0.97

Miner 2010 77 ± 8 1.5 ± 0.2 0.14 1.1 ± 0.2 6.15 ± 0.77

Miner 2010 56 ± 6 1.0 ± 0.1 0.14 1.2 ± 0.1 4.47 ± 0.59

Officer 1960 253 ± 22 3.1 ± 0.3 0.23 3.4 ± 0.3 13.12 ± 1.40

Officer 1960 179 ± 17 2.2 ± 0.3 0.23 2.4 ± 0.3 9.29 ± 1.07

Officer 1960 173 ± 16 2.1 ± 0.2 0.23 2.4 ± 0.2 8.97 ± 1.0

Officer 1960 247 ± 22 3.1 ± 0.3 0.23 3.3 ± 0.3 12.81 ± 1.41

Officer 1960 202 ± 21 2.5 ± 0.3 0.23 2.7 ± 0.3 10.48 ± 1.29

Engineer 1820 154 ± 15 1.8 ± 0.2 0.21 2.±0.2 7.42 ± 0.89

Engineer 1670 162 ± 16 1.7 ± 0.2 0.19 1.9 ± 0.2 7.16 ± 0.88

Driver 1600 52 ± 6 0.8 ± 0.1 0.14 0.9 ± 0.1 3.30 ± 0.47

Driver 2010 49 ± 6 0.9 ± 0.1 0.19 1.1 ± 0.1 3.91 ± 0.58

Average 131 ± 13 1.8 ± 0.2 0.17 2.0 ± 0.2 7.72 ± 0.92

Min 49 ± 6 0.8 ± 0.1 0.11 0.9 ± 0.1 3.30 ± 0.47

Max 253 ± 22 3.1 ± 0.3 0.23 3.3 ± 0.3 13.12 ± 1.40

Fig. 4  The correlation between the annual effective doses and annual excess lung cancer risk with the job position
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Conclusions

The average activity concentration of 226Ra, 228Ra and 
40 K was measured as 38 ± 5, 41 ± 6 and 869 ± 52 Bq  kg−1, 

respectively. The surface radon exhalation was measured 

between 0.47 ± 0.05 and 0.53 ± 0.05 mBq  m−2 s−1, with 

an average of 0.50 ± 0.05 mBq  m−2 s−1. Low levels of 
222Rn concentration were measured at the mine area (from 

37 ± 7 to 193 ± 11 Bq  m−3 with an average of 77 ± 8 Bq 

 m−3). The drivers were exposed to the lowest radon con-

centration (49 ± 6  Bq  m−3), while the employees who 

worked at the offices were exposed to the highest radon 

concentration (253 ± 22 Bq  m−3). Therefore, the total aver-

age annual effective dose was estimated, based on work-

place, and working time, in the range of 0.94 ± 0.11 mSv 

 year−1 (drivers) to 3.38 ± 0.33 mSv  year−1 (officers), with a 

mean value of 2.04 ± 0.22 mSv  year−1 which is lower than 

ICRP and national recommended value (5 mSv  year−1). 

The annual lung cancer risk was calculated with an aver-

age of 7.72 ×  10−2%. Further study is recommended to 

measure the actual equilibrium factor in the mine area and 

its influence on the dose and investigate the other exposure 

pathways, such as dust inhalation.
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