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ABSTRACT 
 
The main sources of radon concentration in buildings are the underground surrounding soil and bedrock, 
construction materials and underground water supply. However, the contribution from these sources to the 
indoor radon level depends on many factors, such as type of the building, geology and pedology of the site and 
also the floor level. Focusing on this concern, the present work outlines on the characterization of the radon 
concentration in two different kinds of buildings – slab-on-grade dwellings and apartments on the second floor 
and above - in the Metropolitan Region of Belo Horizonte, Brazil, which is located in a large part on granite 
embasement area, the Granitic Gnaissic Complex. The radon concentration in dwellings and apartments, 
measured by using E-PERM Electrets Ion Chamber, ranged from 18.5 to 1591.0 Bqm-3 (mean value 114.7 ± 5.5 
Bqm-3) and 3.7 to 185.0 Bqm-3 (mean value 70.3 ± 6.7 Bqm-3), respectively. Thus, the highest radon 
concentration is present in dwellings not in apartments, suggesting that the enhanced radon concentration maybe 
was originated mainly from local geological settings instead of other sources. In order to confirm this 
hypothesis, the measurements of the soil gas radon concentration were carried out by using AlphaGUARD 
PQ2000PRO detector and 226Ra (214Bi) and 224Ra (212Pb) specific activity in construction materials were 
determined by using gamma-ray spectrometry HPGe detector. These results confirmed the local geological 
setting as the main radon source. Moreover, radon concentration much higher than United States Environmental 
Protection Agency USEPA action level 148Bq.m-3 occurred only in slab-on-grade dwellings. 
 
 

1. INTRODUCTION 
 
Radon consists of three naturally occurring isotopes: 222Rn, 220Rn and 219Rn from the 238U, 
232Th and 235U natural decay series, respectively. These radionuclides are widely spread in the 
earth’s environment and are present at trace levels in all-geological materials, mainly in rocks 



INAC 2011, Belo Horizonte, MG, Brazil. 

 

and soils [1]. A fraction of the radon atoms emanates from the solid matrix of the material by 
recoil into the air or water filled pore space when the radium decays. The gas migrates 
usually by diffusion or by convection until reaching the surface and escape to atmosphere 
(exhalation) in which it dilutes by vertical convection and turbulence [2]. The atmospheric air 
contains some radon activity although generally reduced about to 14,8 Bqm-3 [3]. 
 
However, radon will enter through any existing construction becoming then a potential 
polluter. In dwellings and others building which have elevated radon concentration, the most 
important entry mechanism is the convection from the underground and surrounding soil and 
bedrock [4]. This process depends on 238U and 226Ra site distribution associated with 
geological and geochemical conditions, appearing at different levels in each region in the 
world; on the soil properties as permeability and porosity; and on the meteorological 
parameters as temperature, humidity and atmospheric pressure. Some constructions materials 
also can affect the indoor radon concentration. They may have the combination of raised 
238U, 226Ra, 232Th and 224Ra level and high porosity, which allow radon emanation and 
exhalation. In some cases, they are natural material like granite and others outcomes of 
industrials processes like phosphogypsum, byproduct of the phosphate industry, 
calcium silicate slag, etc [5]. Another radon source is the water. It is noticed that water radon 
concentration varies considerably, being higher in groundwater, intermediate in water in 
contact with soil and low in surface water. [4] It occurs due to the nature of geological 
formation controls water radon concentration, although when water is transported to public 
supply the radon concentrations are reduced by aeration [6]. 
 
However, the contribution from these sources to the indoor radon level depends on many 
factors, such as, type of building, occurrence of local geological faults, floor level and the 
others [7]. In slab-on-grade dwellings it is estimated that 95% of the indoor radon comes 
from the soil and rocks, 5% comes from construction materials and less than 1% is released 
from the used water. However, the soil becomes negligible in apartments above the second 
floor, where the constructions materials and water supply are the dominant sources [8]. 
 
Indoor radon has been considered an international concern. It is estimated that radon, on 
average, contributes for about half of all human exposure to ionizing radiation from natural 
sources [9]. The dose by radon exposure is attributed to its progeny, which are deposited in 
the lung, especially in the upper respiratory tract, when inhaled. Currently, International 
Agency of Research in Cancer (IARC) classifies radon as a class I carcinogen and prolonged 
exposure to high levels of radon gas can cause lung cancer [10]. 
 
In this way, many surveys involving indoor radon concentration measurements have been 
conducted of the viewpoint of public health protection (2,7,11,12,13,14]. Considering that 
people spend about 65% of their time at home, the knowledge of the indoor radon distribution 
and its origin is essential according to the radiation-protection standards [15]. 
 
The Metropolitan Region of Belo Horizonte - RMBH is located in Minas Gerais,  in the 
central region of Brazil. It has about five millions inhabitants and is constituted by 34 cities, 
which cover an area equal to 9486.7 Km2 (Fig. 1). The population of this region is 
concentrated in cities such as Belo Horizonte, Betim, Contagem, Santa Luzia and Ribeirão 
das Neves. Therefore, the most part of inhabitants lives on the granite bedrock, the Granitic 
Gnaissic Complex (Fig. 1) [16]. Je et al (1999) apud Yoon et al (2010) found that that on 
average soil-gas radon concentration by geological type show the highest results in granite 
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samples [2]. This study suggests that the RMBH can provide areas with high indoor radon 
concentration from soils and bedrock.  
 
On this concern, the authors aimed at assessing the indoor radon concentration and at 
characterizing radon concentration in two different kinds of buildings – slab-on-grade 
dwellings and apartments on the second floor and above - in the RMBH. For this, the 
measurements of the soil gas radon concentration were carried out with detector 
AlphaGUARD PQ2000PRO and 226Ra (214Bi) and 224Ra (212Pb) specific activity in 
construction materials were determined by using gamma-ray spectrometry HPGe detector. 
The set of data will contribute to assess the radon origin in the RMBH. 
 
 

2. MATERIALS AND METHODS 
  

2.1. Indoor Radon Measurement 

 

The radon concentration measurements were performed by E –PERM Electret Ion Chamber 
(Radelec, Inc.), which consists of a stable electret (a charged Teflon disk) and a plastic 
chamber, acting as a passive integrating ionization monitor. In this detector, by diffusion the 
radon passes through an input filter until its concentration inside the chamber is equals to the 
one analyzed in the 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 the exposure time. The reading of the 
detector was performed by using the SPER-1 electronic device (Radelec, Inc). The obtained 
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 500 
dwellings and others buildings distributed in the RMBH (Fig. 2), in closed condition, for at 
least two days (short-term measurement), according to a short-term measurement protocol of 
the Environmental Protection Agency [3,18].  
 
In the first part of this t research, indoor radon measurements were carried out in dwellings 
and other buildings whose owners are partially known by the authors of this paper. However, 
a geographic (spatial) analysis of the data shows that indoor radon measurements did not 
cover adequately all urban areas of the RMBH. Then, the authors prepared specific 
campaigns to reach the interest points based on some characteristics of the RMBH, such as, 
demography density, urban area, main roads (ease access) and type of occupation (checked 
by satellite images). Consequently, rural areas with low population density had little or did 
not have sampling points because radon exposure did not represent significant radiological 
impact. On the other hand, areas of high densities as Belo Horizonte, for example, received 
considerable attention in this work. 
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Figure 1. Study Area – RMBH 

 
 
 
E-PERMs are also sensible to ions produced by radiation γ or X [17]. Thus, for gamma 
background measurement it was used the RADOS instantaneous detector in 30 sampling 
points selected. The mean value of the 10µR/h was converted in E-PERM radon equivalent 
(0.87Bqm-3) and the obtained result was subtracted from the radon concentration acquired 
with electrets [17]. 
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2.2. Soil gas Radon Measurement 
  

In order to measure the radon concentration in soil gas, 24 sampling points were defined 
based on gamma background and indoor radon concentration above international first actions 
level of the United States Environmental Protection Agency (USEPA) and also of the 
International Commission of Radiological Protection (ICRP), which are 148 and 200 Bqm−3, 
respectively [3,9]. Soil gas radon concentration measurements were made by AlphaGUARD 
PQ2000PRO, a pulse ionization chamber, in flow mode at intervals of 1 minute. In this case, 
the technique consisted of positioning a metal probe into the soil to the depth of 70 cm in 
open circuit (Fig.3). 
 

2.3. Measurement of 226Ra and 224Ra activity concentrations in construction materials 
  

Samples were collected in the construction materials industry in RMBH, which are 
responsible by a significant percentage of the distribution market. The analyzed samples 
were: gravel, brick mixture, tile, granite, cement and plaster. From each industry, just a 
composed sample was collected. 
 
The samples of the construction materials 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 the 224Ra and its progeny a much shorter time 
would be enough. 
 
The used analytical techniques, for 226Ra (238U chain) and 224Ra (232Th chain), were gamma 
spectrometry, by using a hyper-pure germanium detector (HPGe) and coaxial geometry, 15% 
efficiency - a system from CANBERRA. The data were acquired and treated with Genie 2000 
software. Considering the equilibrium, the 226Ra activity concentration was measured by 
gamma-ray lines of 214Bi (609.3 keV – 46.3%), while the activity of 224Ra was calculated by 
using the gamma-ray lines of 212Pb ( 238.6 keV – 44.6%). In addition, the equilibrium 
condition was observed by measuring the gamma-rays lines of some natural series members, 

for example, 214Bi and 214Pb for 238U and 228Ac, 212Pb, 212Bi and 208Tl for 232Th [1].  
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Figure 2. Distribution of radon monitoring points in the RMBH 
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Figure 3. Schematic arrangement to measure soil radon concentration 

 
 
 

3. RESULTS AND DISCUSS 
 

The radon concentration distribution for slab-on-grade dwellings and apartments on the 
second floor and above is presented in Fig. 4. It was found that the radon concentration in 
dwellings and apartments ranged from 18.5 to 1591.0 Bqm-3, mean value of 114.7 ± 5.5 Bqm-

3 and 3.7 to 185.0 Bqm-3, mean value of 70.3 ± 6.7 Bqm-3, respectively. A statistical test 
showed that the difference of the mean is significant at the 0.05 level. In Table 1, it was 
observed that slab-on-grade dwellings in RMBH presented geometric mean value higher than 
the other studies made in Brazil.  
 
As shown in Fig. 4, the blue line represents the USEPA action level of the 148 Bqm-3 and the 
red line represents the ICRP action level of the 200 Bqm-3, both established for indoor 
environmental. There are some slab-on-grade dwellings where the radon concentration 
exceeds the proposed action levels. About 18% of these dwellings showed values above the 
action level of USEPA and 10% above action level of ICRP. Even though, just one of the 
apartments on the second floor and above presented value slightly above the USEPA action 
level and none of them above ICRP action level. Fig. 2 presents the spatial distribution of the 
measured points inside the study area. In addition, the used methodology effectiveness can be 
seen in Fig. 5.  
 
These considerations suggested that the enhanced indoor radon concentration can be 
originated from local geological settings instead of other sources. In order to verify this, the 
results of the 226Ra (214Bi) and 224Ra (212Pb) specific activity of the construction material and 
soil gas radon concentration are present next. 
 
Radon measurements in soil gas carried out in 24 places of urban area with AlphaGUARD 
PQ2000PRO range from 32.0 to 187.0 kBqm-3 for total radon (222Rn+220Rn) with average 
value of 86.0 ± 8.0 kBqm-3, from 7.0  to 93.0 kBqm-3 for 222Rn with average value of 34,0 ± 
4.0 kBqm-3 and from 17,0 to 149,0 kBqm-3 for 220Rn  with average value of 53.0 ±6.0kBqm-3. 
It is observed that in some points it presented significant 222Rn concentration; these values are 
above of the typical range of 4.0 to 40.0 kBqm-3 [19] radon natural occurrence in soils (Fig.6) 
and are above the limit value of the 50 kBqm-3, established by Åkerblom (1994) [20]. The 
international action levels can be exceeded in dwellings located in areas where the radon 
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(A) 

concentration in soil gas is above this value (50 kBqm-3) and present rocks with high or 
intermediate permeability [12]. In the other regions, the 220Rn concentrations were higher 
than 222Rn concentrations. 220Rn half-life is of 55s and, due to that, the amount of 220Rn that 
entering in the atmosphere and in dwellings can be neglected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. (A) Radon distribution in slab-on-grade dwellings in RMBH (B) Radon 
distribution in apartments above the second floor 

 
 
 

Table 1. Radon Concentration in Belo Horizonte, Rio de Janeiro and Poços de Caldas 

Poços de Caldas

Slab-on-grade 
Dwellings

 Apartments 
above second 

floor
Urban areab

Geometric mean (SDG) 92 (1.0) 59 (1.1) 40 (2.2) 61 (2.4)
Range 19 - 1591 4 - 185 <5 - 200 12 - 920
N 467 35 48 95
a Magalhães et al  (2003)
b Veiga et al  (1999) apud  Magalhães (2003)

Rio de Janeiroa

RMBH

Indoor radon concentration (Bq.m-3)
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Figue 5. Measured points in RMBH overlayed demography density 

 
 
 
The measured specific activities of 226Ra and 224Ra in construction materials samples are 
presented in Table 2. All samples had a significant 226Ra and 224Ra specific activity, except 
plaster. However, the 224Ra activity in gravel, brick, mixture of brick, tile and granite were 
higher than 226Ra activity, respectively, which could be waited because 232Th is more 
abundant in crustal rocks [21]. The cement sample presented the highest 226Ra activity and 
the lowest 224Ra activity. The comparison of these values with the worldwide average 
concentration of 232Th and 226Ra in construction material reported by UNSCEAR (1993) as 
50 Bq kg-1 is shown in Fig. 7 [22].  
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Figure 6. Radon Distribution in soil in the RMBH 

 
 
 
Table 2. Specific Activities of 226Ra and 224Ra in the construction material of RMBH 

Specific Activity (Bq.Kg
-1

)
238

U  series
232

Th  series

214
Bi (

226
Ra)

212
Pb (

224
Ra)

Gravel 31.8 ± 0.8 136.6 ± 0.9

Brick 48.7 ± 0.9 153.3 ± 0.9

Mixture of brick 38.4 ± 0.7 139.9 ± 0.9

Tile 75.5 ± 1.4 101.4 ± 1.1

Granite 33.2 ± 1.2 110.9 ± 1.2

Cement 204.5 ± 2.2 37.0 ± 0.8

Plaster 0.7 ± 0.1 0.6 ± 0.1

Construction 

Materials
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Figure 7. (A) The comparison between the specific activities obtained and the 232Th 
worldwide average in construction material (B) 226Ra 

 
 
 
The diffusive flux (JD) of 222Rn  through these materials can be calculated using the following 
formula [4]: 
 

( )LdLfC sRnRaD /tanh..... ρλ=J               . (1) 
 
Where CRa is the radium concentration (Bq.kg-1), λRn is radon decay constant (2,1.10-6s), f is 
emanation fraction (f= 0,1), ρs is grains density (1600 Kg.m-3) and d is half of the thickness 
material (d=0,1m for all materials). The diffusion length (L) is equal (Dc/ λRn)

1/2, where Dc 
corresponds to the effective diffusion coefficient of wall (Dc=7.10-8 m2s-1). These values are 
established by UNSCEAR (2000) for dwelling reference, which has area of the SB= 450 m2 
and volume of the V=250 m3 [4]. 
 
Thus, entry rate of the 222Rn and in dwellings (U=Bq.m-3.h-1) proposed by UNSCEAR (2000) 
can be given as [4]: 
 

VJSU DB /10.6,3 3=               . (2) 

 
Where SB is the surface area of the walls and V is the volume of the dwelling or of the 
apartment. 
 
The calculated results are shown in Table 3. Only the tile and cement represent significant 

222Rn sources, a desirable aspect according to the radiological protection point of view. The 
measured protocol of the used indoor radon refers only to 222Rn and, then, the entry rate of the 
220Rn was not calculated. Therefore, such construction materials are not the major source of 

Gravel BrickMixture of brick Tile Granite Cement
0

20

40

60

80

100

120

140

160

180
23

2 T
h 

ac
tiv

ity
 (

B
q.

kg
-1
)

RMBH Contruction Material 

 232Th mean activity in construction material

(A) (B) 



INAC 2011, Belo Horizonte, MG, Brazil. 

 

the higher radon concentrations observed in dwellings than in apartments on the second floor 
and above of the RMBH. 
 
 
 

Table 1. 220Rn and 222Rn diffusive flux (JD) in construction material and entry rate of 
the 220Rn and 222Rn in dwellings (U) 

JD (mBq.m
-2

.s
-1

) U (Bq.m
-3

.h)

Gravel 1 ± 0.02 6 ± 0.16
Brick 1 ± 0.03 10 ± 0.18
Mixture of Brick 1 ± 0.02 8 ± 0.14
Tile 2 ± 0.04 15 ± 0.28
Granite 1 ± 0.04 7 ± 0.24
Cement 6 ± 0.07 41 ± 0.44

Construction 

Material

222
Rn

 
 
 

 
4. CONCLUSION 

 
Radon concentration much higher than USEPA and ICRP actions level occurred in the slab-
on-grade dwellings. Only one of the apartments on the second floor and above it had radon 
concentration slightly above USEPA action level and none above ICRP action level. These 
results together with those shown and discussed above, confirm the local geological setting as 
main radon source in RMBH. These values are in accordance with literature. 
 
Thus, the mean radon concentrations in dwellings of the RMBH (114.7 ± 5.5 Bqm-3) were 
significantly higher than the suggested ones by UNSCEAR which was of 40 Bqm-3 to low 
background areas. This mean value also is significantly higher when compared with similar 
studies as well. 
 
Some indoor environments show values above the action levels of the USEPA and ICRP, 
which indicate the existence of radon prone areas. However, it is the necessary to have more 
radon measurement points in soil gas and in dwellings indoor air with radon passive detectors 
of short and long term in these areas. 
 
Some regions of the RMBH were not investigated. However, it has 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 RMBH. It is important to realize the existence of radon 
prone areas, to characterize and to assess these areas and the corresponding radon risk. 
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