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Abstract
Radon (Rn), a radioactive element, has especial interest in medical geology because long-term exposure to high concentra-
tion is related to lung cancer. In this study, outdoor and indoor radon measurements were conducted in dwellings of the 
Piquiri Syenite Massif, located in southern Brazil, given the relative high Rn content in soils of this region. Measurements 
were done using CR-39 detectors and placing them inside and outside dwellings. Moreover, a one-dimensional diffusion 
model was performed in order to quantify the natural transport of Rn to the air in confined and aerated environments. Results 
indicate that the region presents relatively low air Rn concentrations, within the environmental limits; however, the health 
risk might increase in confined and ill-ventilated environments because of transfer from soil and exhalation from ornamen-
tal rock-material often found inside dwellings. The main north facies of the syenite, where most of the rock extractions are 
located, was found to have the highest air Rn concentration because of the higher soil Rn concentration, compared to other 
facies of the syenite.
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Introduction

Radon (Rn) is a noble gas found in the atmosphere, trapped 
between soil grains and dissolved in water. Unlike other 
noble gases, Rn does not have stable isotopes; instead, all of 
its isotopes are radioactive. There are three naturally occur-
ring isotopes of radon, each one associated with a differ-
ent radioactive decay series, 222Rn (radon), which occurs in 
the 238U series, 220Rn (thoron) in the 232Th series and 219Rn 
(actinon) in the 235U series. Their direct parent atoms are 
226Ra, 224Ra and 223Ra, respectively (Sextro 1994; Ferronsky 
and Polyakov 2012).

The occurrence and abundance of radioisotopes in nature 
depend on the instability of the atom, characterized by the 
half-life time, which is the time required for the concentra-
tion of a radionuclide to decay by a one-half of its initial 
concentration. 222Rn has a 3.82 days half-life, while 220Rn 
and 219Rn have very short half-life (56 and 3.92 s, respec-
tively), limiting the indoor concentration of these two iso-
topes and its decay products, especially for the latter isotope 
because of the naturally low abundance of the 235U precursor 
(Sextro 1994; Appleton 2005). Therefore, 222Rn is the most 
abundant radon isotope in nature, transported along higher 
distances than the other Rn isotopes. Its occurrence is related 
with the mobility of 226Ra, which at the same time is related 
with the geochemical behavior of 238U (Appleton 2005).

The decay series of 238U, 232Th, 235U end with the forma-
tion of stable isotopes of 206Pb, 208Pb and 207Pb, respectively 
(Sextro 1994; Ferronsky and Polyakov 2012). The radio-
active decays proceed either by alpha decay, in which the 
unstable nucleus emits an alpha particle, equivalent to a 4He 
nucleus, or beta decay, in which the unstable nucleus emits 
an electron or a positron (Sextro 1994). Decay can also lead 
to the emission of gamma radiation, which exposure can be 
dangerous to humans. Several studies conducted by health 
organizations such as WHO (World Health Organization 
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2009) are focused on environmental impact of Rn to human 
health and it has been well established that exposure to Rn 
causes lung cancer. Nevertheless, the risks due to Rn are not 
fully recognized by the people (Nagda 1994).

Radon is the only element in gas state formed from the 
decay series of 238U, 232Th and 235U, which are common ele-
ments in soils and rocks, being continually produced, from 
where it can migrate through fractures to reach a fluid phase 
(water or air). High concentrations of this element in the 
air are related to occurrence of igneous rocks with alkaline 
affinity, carbonaceous shales, carbonate rocks and phosphate 
rocks that present higher concentrations of uranium and 
radium. In granitic and syenitic rocks, minerals such as zir-
con, apatite, monazite and others present high radon contents 
(Appleton 2005). The emanation rate of radon depends on 
uranium concentration in soil or rock mineralogy. Mineral 
solubility, grain size and mineral internal structure are main 
factors affecting the release of Rn to the atmosphere. There-
fore, it is expected that soils release more Rn than rocks 
(Appleton 2005).

Most of the Rn released to the atmosphere does not rep-
resent a risk to human health. However, Rn can be accu-
mulated inside buildings, caves and mines, due to low air 
exchange rate, affecting the health of those who have con-
stant exposure with these environments. Consequently, high 
radon concentrations in closed environments are responsible 
of causing lung cancer in the population. The World Health 
Organization (2009) has established that for residences and 
public buildings the reference indoor Rn concentration per 
year is 100 Bq m−3, recommending a maximum limit of 
300 Bq m−3. On the other hand, the USEPA (2016) set an 
action level of 148 Bq m−3 (4 pCi L−1). The International 
Atomic Energy Agency (2014) has established that in work-
places such as underground mines, the maximum concentra-
tion is 1000 Bq m−3.

In Brazil, lung cancer is one of the most important causes 
of high mortality rates (Castro et al. 2004). In recent years, 
some studies have been developed to determine the concen-
trations of radon in underground mines, groundwater, soil 
and air (Buffon 2002; Silva 2005; Santos 2008; Fianco et al. 
2013; Romero-Mujalli and Roisenberg 2016).

One of the most common devices implemented to deter-
mine indoor Rn concentrations is the use of plastic detec-
tors. However, they often require relative longer measuring 
time for monitoring purpose. Therefore, new techniques 
have been studied: predicting the indoor Rn concentrations 
based on air change rate (McGrath and Byrne 2020); by 
using continuous real-time air quality monitoring devices 
(Tunyagi et al. 2020); or by predicting potential Rn con-
centration based on geology, exhalation rates and charac-
teristic of dwellings (Casey et al. 2015; Florică et al. 2020; 
Haneberg et al. 2020). The latter is the most common appli-
cable, not only because of the lower cost compared with the 

other techniques, but given that it studies the source of Rn, 
which depends on type of rock and determined the potential 
accumulation in dwellings. The present study area repre-
sents an intrusion of rocks with alkaline affinity and high 
concentrations of uranium and large-ion lithophile elements 
(LILE) such as Rb and Cs (Nardi et al. 2007). These rocks 
have been used in construction business and most of this 
material goes to the international market. Romero-Mujalli 
and Roisenberg (2016) studied the natural radiation in soils 
of this region, measuring the Rn concentration in different 
facies of the syenite massif. It was concluded that the high 
Rn concentration in soils might represent a risk to the health 
of the inhabitants of the regions. The present study aims to 
quantify the indoor Rn concentration and its relation to the 
outdoor concentration for different facies of the syenite mas-
sif. In addition, a diffusion model is presented which allows 
the calculation of indoor and outdoor Rn concentration 
expected in confined and ventilated (aerated) environments 
in direct contact with the soil. Given the relatively high Rn 
concentrations in soils of this region, the measured outdoor 
Rn concentration is compared to the simulation results, in 
order to identify the main mechanism controlling Rn con-
centration in air (outdoor).

Material and methods

Study area and geological setting

The study area is located in the central-East region of the 
State of Rio Grande do Sul, Southern Brazil, where the 
Piquiri Syenite Massif (PSM) outcrops (Fig. 1). This area 
is characterized by a subtropical humid climate, with aver-
age temperature of about 18 °C and annual precipitation 
of approximately 1700 mm (Instituto Nacional de Mete-
orologia (INMET 2020)). This area is represented by the 
Sul-Riograndense Shield, which is the result of production 
and deformation of continental crust taken place in Transa-
mazonian and Brazilian Orogeny (760–550 Ma). The last 
orogeny cycle has produced a geological unit named Pelotas 
Batholith, representing a period of crustal reworking, con-
stituted by six granitic suites and the Piquiri Syenite Massif 
(Philipp et al. 2002; Hartmann et al. 2007), which is a semi-
circular intrusion with an approximately area of 150 km2 and 
age of 611 Ma ± 3 Ma (Philipp et al. 2002). This intrusion 
is represented by three main lithological facies with gradual 
contacts (Fig. 2). The main facies represents the main part of 
the intrusion with a predominance of alkali feldspar syenite 
with a coarse equigranular texture, while the border facies 
is composed by fine syenites and quartz monzonite rocks 
of fine grained texture. The third type, located in the centre 
of the intrusion, varies between alkali feldspar granites and 
syenogranites. Moreover, phlogopite-bearing alkali feldspar 
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syenites has been described as showing mingling features 
with the alkali feldspar syenites (Nardi et al. 2007, 2008).

CR‑39 radon detectors

The detection of Rn in air was made using Allyl Diglycol 
carbonate (ADC; C12H18O7), a polymer made from the mon-
omer CR-39, Columbia Resin #39 (Kukreja et al. 1984). 

These detectors are colourless, with a density of 1.30 g cm−3 
and a thickness of 1.0 mm. As the gas starts to penetrate in 
the chamber, the decay of radon and its descendants is seen 
as microscopic tracks. These tracks are results of the inter-
action of alpha particles with the detector material (Pereira 
et al. 1983). Given that most of the dwellings in this region 
are private, the placement of detectors were done after con-
firming permission from owners. In total, 12 sample points 

Fig. 1   Map representation of 
the study area. The shadowed 
region represents the limits of 
the Piquiri Syenite Massif

Fig. 2   Geological map of the 
Piquiri Syenite Massif (Nardi 
et al. 2008)
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(8 indoors and 4 outdoors) were established to measure 
radon concentration in air, covering three difference regions 
of the Piquiri Syenite Massif, one associated to the border 
and the other two to the main facies (north and south), based 
on in situ soil Rn measurements using the AlphaGUARD 
PQ 2000 PRO equipment (Romero-Mujalli and Roisenberg 
2016), which found that main north facies is concentrated in 
222Rn, whereas in the main south facies the 220Rn isotope is 
dominant. Therefore, eleven CR-39 detectors were distrib-
uted along the intrusion, divided by three types according to 
the syenitic facies: main north (MN), main south (MS) and 
border facies (B).

The detectors were placed in the ground floor for all sam-
pling locations. After 168 to 169 days, the CR-39 detectors 
were collected and etched in a 30% KOH at 80 °C for 6 h. 
The track density was measured in laboratory by optical 
microscopy and related to the radon concentration through 
the following equation:

where d is the track density (track cm−2), S is the detec-
tor sensitivity equivalent to 2.8 ± 0.2 (track cm−2 per kBq h.
m−3), and t is the sampling time (hours).

One‑dimensional diffusion model

A Rn diffusion model from soil to air was constructed based 
on soil Rn concentration (Romero-Mujalli and Roisenberg 
2016), in order to quantify the predicted indoor Rn con-
centrations for each syenite massif facies (northern main 
facies, southern main facies and border facies). Two model 
settings were carried out, one without any air exchange rate 
and the other including an air exchange rate. Table 1 sum-
marizes the parameters implemented in the diffusion model. 
We conducted a Monte-Carlo approach, each simulation was 
calculated 1000 times, to assess uncertainty propagation. 
The results were compared with the measured indoor and 
outdoor Rn concentration obtained in this work for each 
facies of the Syenite Massif.

The diffusion of Rn through porous medium is described 
by Fick’s law as:

where J stands for the radon flux density (Bq m−2), D is 
the diffusion coefficient in the medium (m2 s−1) and C(x,t) 
is the Rn concentration (Bq m−3). This equation describes 
the diffusion flux from high to low concentration along the 
x dimension dependent on time t. Moreover, the differential 
equation for the one dimension diffusion in two different 
mediums is:

(1)CRn =
d

St

(2)J = −D
�C(x,t)

�x

where λ is the decay constant of radon (2.0984 × 10–6 s−1 
for 222Rn and 1.242 × 10–2 s−1 for 220Rn), P(x) the production 
rate of radon in the media and v represent the air exchange 
rate (or ventilation rate in s−1). For the present model, a 
production rate equals to the radioactivity decay (λC[x,t]) 
was considered in the soil medium for x ≤ x0—dx, in order 
to neutralize the effect of radioactive decay in the soil, 
with the exception of the boundary between the air and the 
soil. Moreover, the production rate in air was set equal to 
0 because all the Rn is released from minerals which are 
contained in the soil and in the PSM rocks.

The initial conditions of concentration of Rn in air were 
set as 0, and the concentration in the soil was set following 
the measured concentrations (Romero-Mujalli and Roisen-
berg 2016), summarized in Table 2. The upper (at xmax) 
and bottom (xmin) boundary conditions were established 
equal as the adjacent point as C(xmax,t) = C(xmax-1,t-1) and 
C(xmin,t) = Csoil.

The radon flux density (Eq.  2) must be continuous 
across the boundary between soil and air, hence Jsoil = Jair 
at x = 0 (x0, interface soil-air). And the concentration was 
calculated by:

The radon diffusion coefficient (Dsoil) in soil was esti-
mated using the equation provided by Rogers and Nielson 
(1991) which is written as follows:

(3)
�C(x,t)

�t
= D

�
2C(x,t)

�x2
− �C(x,t) + P(x) − vC(x,t)

(4)C(x0,t) =
D

soil
C(x0−dx,t) + D

air
C(x0+dx,t)

D
air

+ D
soil

Table 1   Configuration and parameters used to build the diffusion 
model

Deviation for air exchange rate was taken to be 50%. Air exchange 
rates were set based on Andersen (2001) and Chao et al. (1997)

Parameter/variable Symbol Value

Number of random calculations N 1000
Porosity Θ 0.5 ± 0.2 m3 m−3

Moisture saturation m From 0.3 to 0.55
222Rn decay constant λ222 2.0984 × 10–6 s−1

220Rn decay constant λ220 1.242 × 10–2 s−1

Air diffusion coefficient Dair 1 × 10–5 m2 s−1

Maximum height of model Xmax 2 m
Minimum height of model Xmin -0.5 m
Interface Soil-Air x0 0 m
Grid size Dx 0.01 m
Time step Dt 60 s
Simulation time T 24 h
Ventilation rate or air exchange 

rate
V 1 × 10–5 and 8 × 10–4 s−1
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where Dair is the radon diffusion coefficient in air with value 
of 1 × 10–5 m2 s−1, θ is the porosity of the soil, and m is the 
volume fraction of moisture saturation in the soil. The poros-
ity and the soil moisture fraction were randomly selected 
based on qualitative observations in field and assuming 
that the soil water content is proportional to the relative air 
humidity in soil at constant temperature.

A finite difference method (FDM) was performed to solve 
the diffusion equation, calculating the central difference for 
the derivative and using the Crank–Nicolson scheme to solve 
numerically. The simulations stored the information when 
a concentration of 0.1 kBq m−3 was reached at x = 1.9 m, in 
order to compare the time among the different facies studied. 
Moreover, a sensitivity test was conducted and a stochastic 
simulation was performed, establishing the confidence limit 
for simulations with air ventilation rate greater than 0 and 
simulations with no ventilation rate.

(5)D
soil

= D
air
�e

−6m−6

(

m

�

)14� Results

Radon indoor results

The outdoor Rn concentration obtained using the CR-39 
detectors varies between 0.008 and 0.018 kBq  m−3 that 
might represent the natural concentration expected in 
the region. Indoor Rn concentration varies from 0.013 to 
0.22 kBq m−3. From seven indoor measurements, only two 
(1109 and 1112 detectors) exceed the public health refer-
ence level of 0.1 kBq m−3 recommended by World Health 
Organization (2009), with values of 0.22 and 0.11 kBq m−3, 
located in the southern and northern main facies, respec-
tively (Table 3). However, it is worth noticing that in this 
study all indoor Rn concentrations measured by CR-39 
detectors are lower than the maximum recommended limit 
of 0.3 kBq m−3 (World Health Organization 2009), which is 
equivalent to 10 mSv a−1. Moreover, the offices and stores 
are not frequently used, only during working hours of the 

Table 2   Mean values of soil 
radon concentrations (Romero-
Mujalli and Roisenberg 2016) 
and air radon concentrations 
for each facies of the Piquiri 
Syenite Massif

The given uncertainty represents the standard deviation calculated for each syenitic facies

Facies Soil Rn conc. (kBq m−3) Air Rn conc. (kBq m−3)

Total Rn 220Rn 222Rn Relative air 
humidity in soil 
(%)

Outdoor Indoor

Main north 300 ± 200 110 ± 100 200 ± 100 40 ± 6 0.009 ± 0.002 0.06 ± 0.06
Main south 300 ± 200 300 ± 200 5 ± 4 40 ± 10 0.0087 ± 0.0006 0.1 ± 0.1
Border 110 ± 70 60 ± 50 50 ± 30 45 ± 10 0.018 ± 0.001 0.03 ± 0.02

Table 3   Location of CR-39 detectors and air radon concentration for the main north (MN), south (MS) and border facies (B) of the Piquiri Syen-
ite Massif

MN main north facies of the Piquiri Syenite Massif, MS main south facies of the Piquiri Syenite Massif, B border facies of the Piquiri Syenite 
Massif
a Height above ground floor

Code Lon Lat Rn Description Facies Heighta Set up date Collected on
22 J (mE) (mS) (kBq m−3) (± 0.1 m) (dd.mm.yyyy) (dd.mm.yyyy)

1116 331,297 6,644,080 0.048 ± 0.003 Indoor (living room) B 1.7 14.10.2014 31.03.2015
1097 331,297 6,644,080 0.018 ± 0.001 Outdoor (open shed) B 1.9 14.10.2014 31.03.2015
1101 330,887 6,643,962 0.013 ± 0.001 Indoor (living room) B 1.7 14.10.2014 31.03.2015
1122 330,887 6,643,962 0.015 ± 0.001 Indoor (office) B 1.7 14.10.2014 31.03.2015
1114 331,017 6,642,159 0.020 ± 0.001 Indoor (store) MN 1.7 13.10.2014 31.03.2015
1105 332,008 6,641,917 0.0107 ± 0.0008 Outdoor (open shed) MN 1.9 13.10.2014 31.03.2015
1118 331,955 6,641,485 0.0077 ± 0.0006 Outdoor (container) MN 1.5 13.10.2014 31.03.2015
1112 331,955 6,641,485 0.105 ± 0.008 Indoor (office) MN 1.9 13.10.2014 31.03.2015
1121 327,658 6,634,213 0.052 ± 0.004 Indoor (living room) MS 1.7 13.10.2014 31.03.2015
1109 328,200 6,630,761 0.22 ± 0.02 Indoor (kitchen) MS 1.6 13.10.2014 31.03.2015
1123 328,200 6,630,761 0.0087 ± 0.0006 Outdoor (open shed) MS 1.9 13.10.2014 31.03.2015
1102 328,200 6,630,761 0.036 ± 0.001 Indoor (store) MS 1.7 13.10.2014 31.03.2015
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week; therefore, the relative exposure to Rn is decreased 
compared to other dwellings that are more frequently occu-
pied. The office room identified by the detector 1112 is char-
acterized by the constant use of air conditioner without a 
natural ventilation through windows. For other dwellings, no 
air conditioner was identified. In general, the living rooms 
for the studied dwellings were occupied mostly during after-
noon and they were naturally ventilated by the opening of 
windows. However, this study did not include the winter sea-
son, where the ventilation conditions might be different. In 
sampling location of the detector 1109, placed in the kitchen, 
it was noticed that the rocks used as ornamental material are 
from the Piquiri syenitic massif.

The main north facies presents a mean outdoor and indoor 
Rn concentration of 0.009 kBq m−3 and 0.06 kBq  m−3, 
respectively, while the main south facies presents mean 
outdoor Rn concentration of 0.0087 kBq m−3 and indoor 

Rn concentration of 0.1 kBq m−3, significantly higher than 
expected, taking into account that in the main south facies 
the predominant Rn isotope is 220Rn, which cannot concen-
trate in the air without a high production rate. On the other 
hand, the mean outdoor and indoor Rn concentration in the 
border facies is 0.018 and 0.03 kBq m−3. This facies has the 
lowest concentration of Rn in the soil (Romero-Mujalli and 
Roisenberg 2016), and the indoor measurements performed 
in this study suggest that this area represents lower risk to 
human health than compared to the main facies.

Results of the diffusion model

Figures 3, 4, and 5 are the simulations for border, main 
north and south facies, respectively. All figures show the 
Rn concentration at time 24 h of simulation; the deviation 
on Rn concentration due to random simulation is included. 
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Fig. 3   Model results of the border facies (B) at time 24  h for 1000 
random samples and three different simulation settings: (a) without 
ventilation rate, (b) ventilation rate (v) of 1 × 10–5 s−1, and (c) simula-
tion with ventilation rate (v) of 8 × 10–4  s−1. Blue line stands for the 

average of 1000 samples, red lines represent the probability range of 
approximately 0.9 and green dash dot line represents the interface 
between soil and air
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without ventilation rate, (b) ventilation rate (v) of 1 × 10–5 s−1, and (c) 
simulation with ventilation rate (v) of 8 × 10–4  s−1. Blue line stands 
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The different simulations conducted using the 1-D diffu-
sion model described in Sect. 2.3 indicate that the time 
required to reach the reference air Rn concentration of 
0.1 kBq  m−3 depends, mainly, on the concentration of 
222Rn in the soil and the diffusion coefficient of the soil 
system, when no air exchange rate is considered. On the 
contrary, the simulations for 220Rn indicates that this iso-
tope does not accumulate in the air due to its fast decay 
kinetic. Moreover, the time required to reach a signifi-
cant higher Rn concentration with respect to the reference 
value of 0.1 kBq m−3, in a closed environment (without 
air exchange rate), is 10 ± 3 h, 7 ± 3 h and 16 ± 3 h for the 
border facies, main north facies and main south facies, 
respectively (Figs. 3a, 4a, 5a). In ill-ventilated environ-
ments, air exchange rate of 1 × 10–5 s−1, the required time 
to arrive to the same reference value changes slightly to 
10 ± 3 h, 8 ± 3 h and 18 ± 3 h for the border facies, main 
north facies and main south facies, respectively (Figs. 3b, 
4b, 5b). Moreover, for high air exchange rate scenarios, air 
exchange rate of 8 × 10–4 s−1, the Rn concentration in air 
decreases significantly, reaching a concentration compara-
ble to the ones measured outdoor using the Rn detectors. 
Therefore, in all facies, the reference value of 0.1 kBq m−3 
is not reached (Figs. 3c, 4c and 5c).

The significant larger time required to concentrate Rn 
in the air located in the main south facies (MS) is related, 
mainly, to the concentration of 222Rn in the soil, because 
the soil diffusion coefficient estimated to this region is simi-
lar to the one in the MN. Furthermore, although randomly 
selected values, the higher soil moisture saturation in the 
border facies (B) with respect to the other syenitic facies 
leads to a lower soil diffusion coefficient, as represented by 
Eq. 5. Soil porosity might also display a strong control on 

diffusion coefficient. In this study, the same range of soil 
porosity was assumed for all syenitic facies.

Discussion

Outdoor radon concentrations in the study area present no 
risk to the health of the inhabitants compared to referenced 
levels. Indoor Rn concentrations, however, can be more 
than 10 times higher than the outdoor concentrations due to 
low ventilation and to Rn exhalation rate from ornamental 
material. The northern main facies of the syenitic massif 
presents the highest risk to human health compared to the 
other facies because of higher Rn concentrations in the soil. 
The high fracture densities observed in the field and in aerial 
photographs facilitate the transport of Rn from the soil to the 
atmosphere (Romero-Mujalli and Roisenberg 2016). This 
type of transport might be by advective fluids (Hoff 1997), 
facilitating the accumulation of Rn in ill-ventilated envi-
ronments than the one that would have been calculated due 
to diffusive fluids. The results presented in this study sup-
port the application of modeling approaches to explore the 
potential indoor Rn concentration based on soil and dwelling 
characteristics, instead of the application of in situ indoor 
measurements that can be more expensive.

The significantly lower Rn concentrations in air with 
respect to the soil is the results of the difference on diffu-
sion coefficient, which is given by the permeability and the 
water content in the soil, plus the removal of Rn in air due to 
the ventilation, parameters that strongly depend on weather 
conditions. Therefore, the Rn concentration in the air is 
transport controlled and the production and the destruction 
(the decay) of 222Rn seem not to be the controlling factors 
as for the case of 220Rn. The weather conditions did not vary 

0 2 4 6 8
Rn concentration (kBq m-3)

-0.5

0

0.5

1

1.5

2

H
ei

gh
t (

m
)

(a)

(Soil)

(Air)

Mean
0.90  range
Soil-Air interface

0 2 4 6 8
Rn concentration (kBq m-3)

-0.5

0

0.5

1

1.5

2 (b)

(Soil)

(Air)

Mean
0.90  range
Soil-Air interface

0 2 4 6 8
Rn concentration (kBq m-3)

-0.5

0

0.5

1

1.5

2 (c)

(Soil)

(Air)

Mean
0.90  range
Soil-Air interface
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among sampling locations and no extreme event was record 
during the sampling campaign.

The main source of Rn into the buildings might be a com-
bination of the transport from the soil and the exhalation of 
Rn from ornamental material. Specifically, indoor Rn con-
centrations increase by the use of ornamental rocks and the 
risk to human health will increase significantly in closed 
to ill-ventilated environments, as found in several studies 
(Chen et al. 2010; Moura et al. 2011; Amaral et al. 2015). 
The simulations conducted in this study demonstrate that the 
main mechanism to decreasing outdoor Rn concentration is 
the removal by wind ventilation, highlighting the importance 
of a well-ventilated environment for each day as a preven-
tion technique.

The use of isolating materials at the bottom of the build-
ings can significantly reduce indoor Rn concentrations 
(Keller and Hoffmann 2000). For instance, one sample 
point (1118, Table 3), located inside a container in a min-
ing area, presents low Rn concentration as compared to the 
indoor concentration in the office (1112, Table 3) with only 
few meters apart. In fact, this sample has the lowest air Rn 
concentration measured in this study. The low indoor Rn 
concentration in the container is mainly due to its composi-
tion, steel made, inhibiting the transport of Rn through its 
relative thin layer.

Despite that some studies have found that the less afflu-
ent homes present lower indoor Rn concentration than the 
more affluent ones in England (Kendall et al. 2016), in the 
study area, this case might not be applicable because most 
of the homes use the syenitic rocks as ornamental material. 
Moreover, in this region the use of air conditioner, which is 
common in the more affluent homes, can reduce indoor Rn 
concentrations (Lee and Yu 2000).

Indoor Rn concentrations can be potentially greater dur-
ing winter due to ill-ventilated environments (Ramola et al. 
1998; Kozak et al. 2011; Stojanovska et al. 2011). However, 
exhalation of Rn from the soil might be lower due to a lower 
soil temperature gradient (Dueñas et al. 1997). Another 
potential radiation sources with significant health risk are 
the 228Ra and 226Ra and 222Rn concentration in groundwater 
(Schönhofer 1989; de Oliveira et al. 2001; Auvinen et al. 
2002; Baykara and Dogru 2006). Natural waters of the 
Piquiri Syenite Massif, however not sampled in this study, 
are hypothesized to present relative high radioactive Ra and 
Rn concentrations. The Rn risk to human health, however 
not quantified in this study, should be determined by includ-
ing the occupancy in dwellings and by measuring ventilation 
rate, which are key parameters in understanding the total 
exposure to Rn. Moreover, it is recommended that a survey 
of other radioactive species, e.g., radio (Ra), is conducted in 
the waters of the region.

The transport model developed in this study did not con-
sider the advective transport due to ventilation, instead it 

considers a removal rate of Rn in air. The main limitation of 
the simulations conducted is that the random values taken 
for the soil moisture saturation and porosity carry a rela-
tively high uncertainty in the result. Therefore, similar val-
ues were assumed for all syenitic facies, even though that the 
border facies (B) present a finer texture compared with the 
other facies. Moreover, although the relative air humidity in 
the soil is proportional to the soil moisture, its value cannot 
be converted directly. Furthermore, the boundary conditions 
between air and soil (Eq. 4) were estimated based on an 
explicit finite difference form.

Conclusions

The results obtained in this work show indoor Rn concentra-
tions below the protective limit of 300 Bq m−3, established 
by the International Atomic Energy Agency. Therefore, air 
radon in residences cannot be considered as a human health 
problem to the inhabitants of the area.

The diffusion model showed that there is a direct relation-
ship between the ventilation condition of the room and the 
concentration of radon inside buildings, i.e., the indoor Rn 
concentrations can easily reach critical levels in confined 
or ill-ventilated environments. Moreover, the soil proper-
ties and soil moisture are, besides soil Rn concentration, 
important parameters controlling the transport and release 
of Rn to the atmosphere. The transport of radon from soil to 
dwellings depends on the composition and on defects in the 
structure of some materials (e.g., steel), as occurs in sample 
1118, inhibiting the radon transport and accumulation.

Indoor Rn concentrations present a similar relationship 
with the syenitic facies as the one found for soils, with lower 
indoor Rn concentrations in dwellings located at the border 
facies, mainly due to differences in soil volumetric water 
content.
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