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ABSTRACT 

 
Natural Radionuclides are present in earth’s environment since its origin. The main radionuclides present are 
40K, as well as, 238U and 232Th with their decay products. These radionuclides occur in minerals in different 
activity concentration associated with geological and geochemical conditions, appearing at different levels from 
point to point in the world.  Underground mines may present a high natural background radiation which is due 
to the presence of these radiogenic heavy minerals.  To address this concern, this work outlines on the 
characterization of the natural radionuclides presence in underground mines in Brazil which are located in many 
cases on higher radiation levels bedrocks. The radon concentration was measured by using E-PERM Electrets 
Ion Chamber, AlphaGUARD and CR-39 track etch detectors. The radon progeny was determined by using 
DOSEman detector. Radon concentration measurement in groundwater was performed by using RAD7 detector. 
The 238U and 232Th activity concentration in ore and soil samples were determined by using Neutron Activation 
Analysis using TRIGA MARK I IPR-R1 Reactor. Gamma spectrometry was used to determine 226Ra, 228Ra and 
40K activity concentrations. The results show that the natural radioactivity varies considerably from mine to 
mine and that there are not risks of radiological damage for exposed workers in these cases. Based on these data, 
recommendations for Brazilian regulatory standards are presented. 
.  
 

1. INTRODUCTION 
 
Natural Radionuclides, also called primordial radionuclides, are present in earth’s 
environment since its origin. The main radionuclides present are 40K, as well as, 238U and       
232Th with their decay products. These radionuclides are widely spread in the earth’s 
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environment and it is present at trace levels in all-geological materials, especially in rocks 
and soils [1]. These radioelements’ distribution differs in terms of activity concentration 
depending on the mineral type and origin [2]. High background areas are found around the 
world and are the result of local geological controls and geochemical effects, appearing at 
different levels in each region in the world. Igneous rocks, such as granite, have high 
radioactivity contents. Low radioactivity can be observed in sedimentary rocks, although 
there are exceptions to this rule, for example, on some shales and phosphate rocks [3]. 
 
Underground workplaces, including mines other than uranium mines, may cause a significant 
increase in exposure of the workers which cannot be disregarded from the radiation 
protection point of view. Miners are internally exposed to radon, thoron and their short-life 
decay products and, externally, to the gamma emitters scattered in the rock and dust of the 
mine. However, radon and their short-lived decay products are recognized as the main 
radiation health risk in mines [4,5].  
 
Radon exposure from mining is relatively important contributor to the per caput dose.  
According to [6], for workers involved in mining, other than coal and excluding uranium 
mining, estimate to receive an average annual effective dose of 2,7 mSv (760000 monitored 
workers) . While to coal mining, estimate an average of 0,7 mSv (3910000 monitored 
workers).Radon concentrations can vary substantially in the atmosphere of underground 
mines depending on: the type of mine, the geological formation, the porosity, the moisture, 
the radon exhalation rate which varies due to alterations in the differential air pressure 
(naturally or mechanically), the uranium and radium levels, the working conditions, and the 
degree of ventilation [7,8,9]. This justifies the necessity to monitoring and control. 
 
In this way, many surveys involving natural radioactivity in underground mines have been 
conducted [2,6,7,8,9,10,11,12,13,14]. Natural radioactivity threatens miners’ health and 
safety and it is so important to assess the radiological hazards of the exposed workers. 
Nowadays, radon levels are being limited in Brazil; there is a proposed action level of 1000 
Bq.m-3 for a working place [15]. 
 
Concerning to the radiological hazards to workers, this paper focuses on the characterization 
of the natural radioactivity in Brazilian non-uranium underground mines. It is note that a lot 
of these mines have uranium and thorium associations [11]. The some Brazilian mines were 
researched and the results were reported by [16]. The set of data will contribute to limit 
occupational radiation exposure of workers and to obtain information and parameters to 
understand the natural radioactivity and its risks. 
 
 

2. MATERIALS AND METHODS 
 
 
2.1. Study Mines 
 
 
The radon concentration was determined in 4 Brazilian mines. These mines include zinc, gold 
and scheelite extraction. The points selected for sampling consist of the active areas of each 
mine, in which we can observe the real working conditions of the miners at the date of 
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collection. Drilling, detonation, transportation of materials, and maintenance of equipments 
and of the mine structure are examples of the typical activities observed in these mines. 
 

2.2. Air Radon Measurement  
 

The radon concentration measurements were performed by two detectors: E - PERM® 
electrets ion chamber (Radelec, Inc) and CR-39 nuclear track detector (Landauer). 
 
E –PERM Electret Ion Chamber (Radelec, Inc.) consists of a stable electret (a charged Teflon 
disk) and a plastic chamber, acting as a passive integrating ionization monitor. In this 
detector, the radon passes through an input filter by diffusion until its concentration inside the 
chamber is equal to the analyzed environment. The radiation emitted by radon and its 
progeny ionizes the chamber air volume; the negative ions are attracted by positive electret 
surface, decreasing the initial voltage and the positive ions are dissipated by the wall 
chamber. Therefore, the radon concentration was estimated from the reduction in the electret 
potential surface, which is proportional to radon concentration integrated in exposure time. 
The detector’s reading was performed by using the SPER-1 electronic device (Radelec, Inc). 
The voltage difference obtained was converted into radon concentration by using WINSPER 
Data Base and a Pre-programmed Palm Pilot software [17]. These detectors were placed in 
until 10 points in each mine in order to perform initial measurement. Such measurement 
makes it possible to know the radon concentration within a mine. It is simple, produces quick 
results, and allows for decision-making. Radon measurements were taken at each point for at 
least two days (short-term measurement), according to a short-term measurement protocol of 
the Environmental Protection Agency [18,19]. 
 
E-PERMs are also sensitive to ions produced by radiation γ or X [17]. Then, the gamma 
exposure was determined by using RS-230 BGO Super Spec (Radiation Solutions Inc) 
monitor in all sampling points selected.  The readings are given in μSv.h-1. The mean value 
was first converted to μR/h and then to a radon equivalent by E-PERM EIC specific 
constants. The result obtained was subtracted from the radon concentration acquired with 
electrets [17]. 
 
The CR-39 nuclear track detector is made up of allyl diglycol carbonate plastic [7]. The 
detectors (size 1x1.5cm) were attached to the cover of the diffusion chamber, a cylinder with 
a height of 2 cm and a diameter of 4 cm. In this system, the radon passes through an input 
filter which prevents dust particles from entering. The alpha particles, emitted from the radon 
and its progeny, leave tracks in the film due to the Coulomb interactions with the materials 
atoms. In each mine, until 10 points were selected along their full lengths, from the entrance 
of fresh air to its exhaust point. The detectors were exposed for approximately 3 months, 
according to a long-term measurement protocol of the Environmental Protection Agency 
[18,19]. After this time, the detectors were collected, covered in aluminum foil, and returned 
to the Natural Radioactivity Laboratory – LRN/CDTN. The CR-39 detectors were removed 
from the chamber and chemically etched with a 6.25 M solution of NaOH+ 2% of alcohol at 
75o C for 14 hours. The background was determined by processing an unexposed detector 
under identical conditions. The detectors were scanned using an optical microscope 
(ORTHOLUX) at 5x objective lens coupled to a DFC295 camera (Leica Microssystems Ltd.). 
For each detector, 15 images were made using LASV3.8 software. The set of images was 
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processed using QUANTIKOV software, which provides the track density per cm2. A 
conversion factor obtained in calibrated systems allows the conversion of the track density to 
radon concentration [20]. In this present work, the calibration factor                                                                       
56,007 ± 0,752 tracks cm-2kBq-1m3d-1 was determined by exposing the chamber arrangement 
in different radon concentration into calibration systems of the LRN/CDTN that are equipped 
with 226Ra sources (NIST). 
 
2.3. Equilibrium Factor and Effective Dose 
 
In the dose evaluation, in general, the radon concentration is measured and an equilibrium 
factor (F) between radon and its progeny is assumed to be 0.4 [3,21,22]. However, the 
concentration of radon and its progeny may vary considerably within the mine with time and 
place [5,21].  Therefore, the adoption of a mean F is not recommended [2,21]. 
 
Included in this global concern, the radon concentration measurement was carried out with 
AlphaGUARD: a Saphymo GmbH system, model PQ2000PRO, that operates like a pulse 
ionization chamber. The monitor was programmed in diffusion mode at intervals of 10 and 
60 minutes, acting as a continuous passive detector. Records of date, time, temperature, 
relative humidity and barometric pressure were also taken. The AlphaGUARD detection limit 
is 2 Bq/m3 [2]. The data were acquired and treated with DataExpert software. 
 
The short-lived radon progeny concentration is given in terms of the Potential Alpha Energy 
Concentration (PAEC). The PAEC can be expressed as Equilibrium Equivalent 
Concentration (EEC) [22]. PAEC and EEC measurements were carried out by alpha 
spectrometry using a solid state alpha detector, DOSEman PRO (Sarad). The detector was 
programmed at intervals of 60 minutes. The data were acquired and treated with Doseman 
1.16 software. 
 
The AlphaGUARD and DOSEman were installed together in underground mines for approxi
mately 2 days. The sampling points were places where miners had maximum occupancy time 
and the equipments remained safe.  
 
The Equilibrium Factor - F (ratio of the EEC to the activity concentration of the radon) was 
estimated using the following formula [22]: 
 

,
o

e

C

C
F 

               
(1) 

where, Ce is the Equilibrium Equivalent Concentration and Co is the radon activity 
concentration in the air. 
 
The effective dose for radon and its progeny was calculated using methodology from the 
UNSCEAR 2000 Report, which is derived from epidemiological studies and physical 
dosimetry [3]: 
 

,kTFCH o                 (2) 
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where, T (hours per year) is the occupancy in mines, T=2000 h [21] and k is the conversion 
factor, k = 9 nSv (Bq.h.m3)-1 established value used by UNSCEAR effective dose calculation 
[3].  
 

2.4. Measurement of 226Ra, 228Ra, 40K and 238U e 232Th Activity Concentrations 
 

Samples of the different geological material that make up each mine were collected. This 
analysis aims to obtain information to support the study of the origin of radon levels inside 
mines. 
  
The analytical technique used for 226Ra, 228Ra, 40K  was gamma spectrometry, using a hyper-
pure germanium detector (HPGe), coaxial geometry and 15% efficiency - a system from 
CANBERRA. 
 
The rock and soil samples were powdered, sieved and transferred to Marinelli beakers (1L). 
Each recipient remained tight sealed for 30 days in order to restore secular equilibrium 
between 226Ra and its progeny. For 232Th and its progeny, a much shorter time would be 
enough. The counting time is around 86400 seconds and the analytical uncertainty of 
measurements is around 10 % in the worst case. 
 
The energy resolution (FWHM) is 1.9 keV at 1332 keV of a 60Co source. The detector is 
surrounded by a 777A Ultra Low-Background lead shielding, which has a bulk shield of the 
175 mm with the innermost of  25mm having 210Pb content of less than 25 Bq/kg. It is cooled 
to liquid nitrogen temperatures and coupled to a Canberra amplifier and multichannel 
analyzer. The data were acquired and treated with Genie 2000 software. All system is located 
in a special counting room that has one of the lowest backgrounds in the world. 
 
Considering the equilibrium, 226Ra activity concentration is measured by gamma-ray lines of 
214Bi (609,3 keV – 46,3%), while the activity  concentration of 228Ra is calculated by using 
the gamma-ray lines of 212Pb ( 238,6 keV – 44,6%). The 40K activity concentration is 
measured directly through its 1460,8 keV (10,66%) peak. In addition, the equilibrium 
condition is verified by measuring the gamma-ray lines of some natural series members, for 
example, 214Bi and 214Pb for 238U and 228Ac, 212Pb and 208Tl for 232Th. 
 
The activities concentration of 238U and 232Th in ore and soil samples were measured using 
the TRIGA MARK I IPR-R1 Reactor by Instrumental Neutron Activation Analysis. In this 
method, the samples were bombarded with neutron originating isotopes of several elements. 
These isotopes were recognized by gamma spectrometry. 
 
 
2.5. Groundwater Radon Measurement 
 
 
Groundwater radon concentration measurements were made by RAD7 (Durridge Company 
Inc.) to obtain the radon origin inside mines.  
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The RAD7 is a solid state silicon alpha detector. It requires an accessory kit, denominated 
RAD H2O, in closed circuit, to measure water radon concentration. Wat-40 and Wat-250 
protocols make calculations in 40 mL and 250 mL, respectively. We used the Wat-250 
protocol that has one cycle constituted of five recycles: the first step is to aerate the water 
under controlled conditions and the others 4 intervals are to measure polonium activity (alpha 
spectrometry). The radon concentration is calculated based on its progeny. 
 
The groundwater should be collected in special conditions: directly from the rocks, without 
contact with air. 
 
 

3. RESULTS AND DISCUSSION 

 
 
The radon concentrations (average, maximum and minimum) obtained with the EPERM and 
CR-39 detectors for each mine are presented in Table 1. It was found that radon concentration 
varies considerably from mine to mine and within the same mine. Many surveys involving 
radon concentration measurements in underground mines have verified this phenomenon 
[2,8,11]. Such results are a consequence of some factors being different in each mine 
including: specific activities of the radon’s precursors in rocks and soil; permeability and 
porosity; ventilation and parameters such as temperature, humidity and pressure. According 
to [2], the most important factor is ventilation (natural or mechanical), because it is different 
in all mines and at each point within a mine. As shown in Table 1, the mines do not present 
points where radon concentration exceeded the proposed action level by the National 
Commission of Nuclear Energy and International Commission for Radiological Protection 
(ICRP) of 1000 Bq.m-3 for a working place [10,15]. Based on the values obtained with E-
PERRM, it was possible to decide the time that CR-39 detectors would stay in the mines: 
approximately 3 month because of the low radon concentration. Santos et al (2014) 
conducted similar research in 6 Brazilian underground mines. However, only 2 mines did 
have points where the radon concentration exceeded the proposed action level mentioned. It 
was noted that higher concentrations were verified in the middle and end galleries because of 
the transport of radon-enriched air from the entrance of the mine to the air exhaust.  This have 
an explanation: in the current mines the ventilation are so better; for example in Mine IV 
there are some points where it is possible to see the surface. 
 
 The radon concentration measured with AlphaGUARD, the radon progeny concentration 
measured with Doseman, and the equilibrium factor determined for each mine, are shown in 
Table 2, highlighting the mean value of the magnitudes of each mine. As can be observed, the 
equilibrium was measured only in two mines: mine III and mine IV, which are: 0,7 and 0,2, 
respectively, with a mean value of 0.4.  This factor depends on the ventilation rate, the age of 
air in the mine, the radon exhalation and the dilution rate. Although, the low radon 
concentration, mine III has lower radon concentration, it has the highest equilibrium factor. 
Certain mining activities such as detonation generate large amounts of aerosols inside 
galleries in this mine. Consequently, these values indicate that adopting the average for 
equilibrium factor in order to assess a dose is not recommended. It is so important to 
determine this factor in each case as recommended by [16]. 
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Table 1:  Radon Concentration obtained by EPERM Short-Term Measurement and CR-
39 Long-Term Measurement in Underground Mines in Brazil 

 
                 n = number of measurement 

 
 
Table 2:  Radon Concentration (AlphaGUARD), Equilibrium Equivalent Concentration 

(Doseman) and  Equilibrium Factor 
 

 
a Defective equipment 

 
 
The effective dose to miners was calculated using Equation 2 and the values range from 0,7-
4,2 mSv.a-1 (Table 3). For effective dose assessment, it was used the radon concentration 
obtained with CR-39 detectors because is a long-term measurement. The annual effective 
dose is limited to 7 mSv.a-1, adopting equilibrium factor of the 0.4 and 222Rn concentration of 
the 1000 Bq.m-3 [10]. As shown in Table 1, in all mines the effective dose due exposure from 
222Rn and its progeny (E) is below the limit proposed by ICRP. In addition, the total annual 
effective dose to miners in these mines does not exceed the limit of 20 mSv.a-1 for 
occupationally exposed individuals in Brazil [23]. Santos et al (2014) found no uranium 
mining with effective dose above of the 20 mSv.a-1. 
 
 
 
 

E-PERM                                      
[mean (min-max)]

CR-39                                          
[mean (min-max)]

Mine I operating
187 (48-477)             

n =8 
65 (33-110)                

n = 6

Mine II operating
244 (19-722)          

n=8
95 (26-166)                    

n=3

Mine III operating
325 (130-836)       

n=9
100 (28-336)                   

n=7

Mine IV operating
8 (4-15)                           

n=10
63 (12-181)                        

n = 7

222Rn Concentration (Bq.m-3)
Mine Mine situation

Mine I Operating 47 *a *

Mine II Operating 43 *a *

Mine III Operating 326 213 0,7

Mine IV Operating 60 12 0,2

Equilibrium 
Factor F

Mine 
Situation

Mine

Radon Concentration (Bq.m-3) 
obtained with          

AlphaGUARD Continuous 
Detector

Equilibrium Equivalent 

Concentration (Bq.m-3) 
obtained with Doseman 

Working Level Detector    
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Table 3. Effective Dose in Brazilian Underground Mines 

 
a 

In these cases, it was used F = 0,4 as recommended by UNSCEAR (2000) only to have idea of the dose.  

 
On the other hand, Table 4 shows the groundwater 222Rn concentration and activity                       
concentration of 238U, 226Ra, 232Th, 228Ra, 40K in rocks and soils samples collected in the        
surveyed  mines. The values to worldwide average concentration of 226Ra, 232Th and 40K in    
soil, just for comparison, reported by [3], are 32, 45 and 420 Bq.kg-1, respectively. In mines I, 
II and III the natural radionuclides activity concentrations are close   to  the normal radiation 
background, exception the 40K activity concentration, in mine I and   II, that is the highest in 
one sample. It was also possible to verify that these mines have lower 222Rn concentration in t
he groundwater too. This together ventilation justifies the 222Rn concentration decreased in    
such mines. The mine IV has at least one sample with   significant natural radionuclides activi
ty concentrations. Even though low  222Rn  concentration have been  found there consequence 
the of long ventilation pathways and of the surface contact in some mine places. 
 
 

Table 4: Natural Radionuclides in Brazilian Underground Mines 

 

 
N = number of measurement 
a Do not have water inside mine 

 
 
 
 
 

Mine Ia
Operating 110 0,4 0,8

Mine IIa Operating 166 0,4 1,2

Mine III Operating 336 0,7 4,2
Mine IV Operating 181 0,2 0,7

Mine
Mine 

Situation

Radon Concentration (Bq.m-3) 
obtained with CR-39 detectors 

(long-term measurement)

Equilibrium 
Factor F

Effective Dose                  

(mSv.a-1)

222Rn (kBq.m--3)  238U (Bq.kg-1)  226Ra (Bq.kg-1)  232Th (Bq.kg-1)  228Ra (Bq.kg-1)  40K(Bq.kg-1)

RAD7                                  
[mean (min-max)]

    TRIGA 
MARK I IPR-R1 

Reactor                                
[mean (min-max)]

HPGe                                      
[mean (min-

max)]

TRIGA                 
MARK I IPR-R1 

Reactor                                    
[mean (min-max)]

HPGe                                      
[mean (min-

max)]

HPGe                                      
[mean (min-

max)]

Mine 
I

1                                             
n=1

16 (12 - 25)              
n=3

12 (1 - 20)                                 
n=3

14 (2 - 34)                                   
n=3

17 (1 - 26)                              
n=3

205(8-492)                              
n=3

Mine 
II

3                                               
n=2

12 (<12 - 12)                          
n=3

5 (2 - 7)                                   
n=3

7 (2 - 11)                                    
n=3

6 (3-10)                                     
n = 3

257 (64 - 610)                         
n=3

Mine 
III

2 (2 - 4)                               
n = 3

12 (<12 - 12)                          
n=4

13 (5 -35)                               
n=4

7 (2 - 9)                                    
n =4 

10 (3-29)                                
n=4

91 (25 - 243)                        
n = 4

Mine 
IV * a 61 (12 -135)                         

n=6
55 (11 - 133)                         

n= 6
24 (7 - 49)                                    

n=6
13 (2 - 36)                            

n=6
399 (11 - 1510)                      

n= 6

Mine
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3. CONCLUSIONS  
 
 
According to results shown and discussed above, radon concentration varies considerably 
from mine to mine and within the same mine. These values are in accordance with the 
literature. Radon concentration higher than ICRP actions level does not have occurred in the 
any mines. Remedial action is not necessary to be taken in these mines. However, mines 
evolve and need to be controlled and monitoring periodically. Considering 222Rn below the 
action level in all cases, the monitoring can be to perform every two year (Santos,2015). 
 

Equilibrium Factors were different in mine III and IV. In mines I and II, it was not possible to 
measure. The mean value was 0.4. These results suggest that using a mean value for 
equilibrium factor to assess dose is not recommended. It is so important to realize a 
characteristic assessment. 

 

Thus, the effective dose estimated for workers of the Brazilian underground mines varies 
from 0,7 – 4,2 mSv.a-1. No mine had effective dose above the highest level suggested by 
ICRP and the limit of 20 mSv.a-1 for occupationally exposed individual in Brazil. 
 

These results, including the variability, suggest that radon and its progeny measurements 
should be conducted periodically. It is very important to ensure health and safety standards. 
Some mines were not investigated; however, they have been part of the Authors’ researches. 
Further studies will also be carried out for a better comprehension of the radioactivity from 
the radon in the mines. It is important to identify the existence of higher radon concentration 
points and their causes, to characterize the equilibrium factor and aerosol characteristics for 
different reference condition of occupational exposure and to assess the corresponding radon 
risk. 
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