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Abstract
Humans are daily exposed to the natural radioactivity present in rocks, soils, and water. The distribution of these elements in 
the surface is not uniform, being influenced by the variation of the physical, geological, and meteorological parameters. The 
concentration activities of natural radionuclides 238U, 226Ra, 228Ra, and 222Rn were determined in the groundwater supplying 
the Salutaris Mineral Waters Park, in Paraíba do Sul, in the state of Rio de Janeiro. The concentrations of 238U varied from 
0.95 to 2.70 μg L−1 with a mean concentration of 1.96 μg  L−1, 226Ra ranged from 1.50 to 12.6 mBq L−1 with an average of 
5.03 mBq L−1, 228Ra presented levels between 1.80 and 2.80 mBq L−1, with an average of 2.40 mBq L−1, and 222Rn, with lev-
els of 5.90–1.94 × 104 mBq L−1 with an average concentration of 7.50 Bq L−1. The contribution of the consumption of these 
radionuclides dissolved in the water distributed in the Park to the effective annual dose ranged from 0.03 to 0.10 mSv year−1, 
with an average of 0.08 mSv year−1. The results showed that all effective annual dose values per ingestion of these mineral 
waters were below the individual dose limit of 0.10 mSv year−1 recommended by the World Health Organization (WHO).
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Introduction

Drinking water may contain natural radionuclides, such as 
uranium and thorium decay series, their decay products, as 
radium and radon, potassium (40K) and artificial radionu-
clides (Altikulaç et al. 2015) in different concentrations. 
Radon, especially the 222Rn isotope, is the most abundant in 
mineral waters and is the main responsible for its radioactiv-
ity, with 226Ra being the second largest contributor (WHO 
- World Health Organization 2004; Feitosa et al. 2008). This 
work, however, will be restricted in the analysis of the radio-
nuclides belonging to the 238U and 232Th series.

Studies of groundwater radioactivity levels have shown 
that the presence of these elements in Brazilian waters is 
quite variable. Radium isotopes, 226Ra and 228Ra, can be 
found in concentration ranges from 0.001 to 3.79 Bq  L−1 
and 0.002–3.80 Bq  L−1, respectively, uranium was detected 
in concentrations between 0.002 and 930.0 μg  L−1 and the 

222Rn isotope between 0.40 and 3542 Bq  L−1. These differ-
ences are related to the local geology, the physicochemical 
characteristics of the waters and the individual properties of 
the radionuclides (Lauria and Godoy 2000; De Oliveira et al. 
2001; Godoy and Godoy 2006; Corrêa et al. 2015; Yuce 
et al. 2009; Bonotto 2017; Wakasugi and Damato 2017; 
Yuce et al. 2017; Godoy et al. 2019; Pfanz et al. 2019).

Uranium and thorium are considered lithophile elements 
and mainly make up the acidic igneous rocks, such as granite 
(Bonotto 2004; Santos 2010). Sedimentary rocks generally 
contain low levels of radioactivity; however, sandstones, 
phosphate rocks, and carbonates are important exceptions 
since they may have high concentrations of natural radionu-
clides. The sandstones, for example, have about 1.4 ppm of 
uranium content (Galbeman 1977; Bonotto and Da Silveira 
2006; Santos 2010).

The 226Ra, half-life (T1/2) of 1600 years, and the 228Ra, 
T1/2 = 5.7 years, can easily dissolve in water and be transported 
into the aquifer, its most common sources in drinking water 
are from the radioactive decay of 238U and 232Th found natu-
rally in the earth’s crust (Landstetter and Katzlberger 2009).

Radium isotopes present high radiotoxicity and human 
health hazard in case of ingestion, due to its similarity to 
calcium, an element commonly fixed in bones (Sánchez et al. 

 * Camila Rodrigues e Silva 
 camilae@id.uff.br

1 Programa de Pós-Graduação em Geociências (Geoquímica), 
Universidade Federal Fluminense, Outeiro São João Batista 
s/n◦ - Centro, Niterói, RJ 24020-141, Brazil

http://orcid.org/0000-0002-1063-3333
http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-019-8661-x&domain=pdf


 Environmental Earth Sciences (2019) 78:639

1 3

639 Page 2 of 9

1999). Radium ingested through food and water is incorpo-
rated into the human body, leading to a significant increase 
in effective dose due to internal radiation. The presence of 
this element in the human skeleton can reach concentrations 
25 times higher than the daily intake (Camargo and Mazzilli 
1998).

The three major radon isotopes are 219Rn, 220Rn, and 
222Rn, all of them are an alpha particle emitting noble gas, 
with a half-life of 3.9 s, 54.5 s and 3.8 days, respectively, 
the last one being the most abundant on the environment. 
They are originated from 223Ra, 224Ra, and 226Ra decay, 
respectively. Due to its low reactivity and non-participation 
in chemical processes such as precipitation and complexa-
tion in a liquid medium, radon can be freely transported 
from the rocks to the water and migrate at great distances 
(Lauria et al. 2014).

Intake of radon dissolved in water can also represent a 
direct health risk due to the irradiation of sensitive cells 
in the gastrointestinal tract and other organs by the alpha 
radiation emitted in its decay (Crawford-Brown 1990; da 
Silva 2000; Yuce and Gasparon 2013). Thus, radon can 
potentially lead to the development of neoplasms or other 
diseases, being the 222Rn isotope of greatest significance due 

to its higher half-life and abundance (ICRP 1993; Hopke 
et al. 2000; Groves-Kirkby et al. 2016).

Recently, studies on the potability of Paraíba do Sul min-
eral waters were performed by Cruz (2016), Alves et al. 
(2017), De Oliveira (2017) and Pereira et al. (2018). How-
ever, the concentration levels of 238U, 228Ra, 226Ra, and 222Rn 
and the radiological impacts of water consumption were not 
reported in the literature previously. Therefore, the present 
study aims to determine the natural radioactivity levels from 
those radionuclides in the mineral waters of Salutaris Park 
and to evaluate the radiation doses to which the population 
is exposed.

Study area

This study was developed in the Salutaris Mineral Waters 
Park, one of the main attractions in Paraíba do Sul, a munic-
ipality located in the Center-South region of the state of 
Rio de Janeiro, and the first state hydromineral resort, as 
shown in Fig. 1, with a population estimated at 41.084 peo-
ple (IBGE - Instituto Brasileiro de Geografia e Estatítica 
2018). In 1887, it was verified the presence of ferruginous, 

Fig. 1  Geological map of Paraíba do Sul city, RJ, with the identification of the sampling area
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magnesian and alkaline waters in the locality, and in 1898, 
the bottling and commercialization of these waters had 
begun. Currently, however, such activity is discontinued, 
and the park has stimulated the city’s tourist activity (De 
Souza 2014; SECEC 2019).

The park has three mineral water sources in operation: 
Nilo Peçanha, Maria Rita and Alexandre Abraão fonts that 
distribute water collected from their respective tubular wells 
(identified in this work as P1, P2, and P3, respectively), 
illustrated in Fig. 2. These waters are available to the popu-
lation free of charge through a fountain located inside the 
park. Table 1 presents the description and geographical coor-
dinates of the sampled points.

From the geological point of view, the city is located in the 
Ribeira Belt, more specifically, in the Klippe Paraíba do Sul 
domain, characterized by the presence of gneiss, granite, and 
metasediments (Heilbron et al. 2000; Tupinambá 2007). The 
Salutaris Park is located on rocks of the Juiz de Fora Com-
plex, interspersed with Paleoproterozoic basement units of the 
Quirino Complex and the supracrustal sequence of the Par-
aíba do Sul Group, consisting of hornblende–orthogneisses, 
orthogranulites, biotite–garnet gneisses, calcitic and dolomitic 
marbles (CPRM 2012; Gomes et al. 2013; Corval et al. 2014).

The Nilo Peçanha well (P1) captures waters that circulate 
through the orthogranulite, which in turn is composed of 
quartz, feldspar, muscovite and pyroxene. The well Maria 
Rita (P2) and Alexandre Abraão (P3) are close to the diabase 
dike, which has minerals such as pyroxene, biotite, amphi-
bole, and apatite. All the lithotypes cited have in common 
an abundance of the mineral pyroxene, which according to 
Pertlik et al. (1974) and Bonotto and Da Silveira (2006) may 
contain considerable uranium content that can vary from 0.1 
to 50 ppm. Other accessory minerals that usually present 

uranium are biotite (8.1 ppm) and apatite (10–100 ppm) 
identified in the diabase dike (Pertlik et al. 1974; Bonotto 
and Da Silveira 2006).

Methodology

Two sampling campaigns were carried out in the three 
wells at Salutaris Park, in Paraíba do Sul, in July/2017 
and March/2018, representing dry (average monthly rain-
fall of 30 mm) and wet season (average monthly rainfall of 
150 mm), respectively (INMET 2018).

The 238U isotope was determined through an inductively 
coupled plasma mass spectrometer (ICP-MS) from Thermo 
 Scientific®, XSeries 2, and using SPS-SW1 and SLRS-6 as 
standard-certified reference materials. The samples were 
pre-filtered on 0.45-μm and 47-mm diameter cellulose 
ester membranes and acidified with concentrated nitric acid 
 (HNO3). This method was based on Landstetter and Katzl-
berger (2009). The results obtained for the certified reference 
materials are within the same range, indicating the accuracy 
of the ICP-MS procedure without the need to use isotope 
dilution.

Fig. 2  Photographs of the study area. a Nilo Peçanha well, P1 b Maria Rita, P2, and c Alexandre Abraão well, P3

Table 1  Description of sampling points in Paraíba do Sul, RJ

ID Description Coordinates Depth (m)

P1 Nilo Peçanha 
well

22°09′54.34″ S 43°16′59.05″ W 128

P2 Maria Rita well 22°09′55.25″ S 43°16′59.01″ W 50
P3 Alexandre 

Abraão well
22°10′59.5″ S 43°17′02.22″ W 130
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The radium long half-life isotopes, 226Ra and 228Ra, 
were determined by gamma spectrometry with the aid of 
a  Canberra® high-purity germanium (HPGe) radiation 
detector. Samples were prepared based on the technique 
proposed by Dulaiova and Burnett (2004), the 228Ra was 
determined analyzing 338 and 911 keV photopeaks and the 
226Ra through 295, 351, and 609 keV peaks.

Thirty liters of water from each sample point was drained 
by a fiber impregnated with potassium permanganate solu-
tion (KMnO4) at a rate of 1.0 L min−1, in which the isotopes 
of interest were retained (Fig. 3a). Afterward, the fibers were 
washed with distilled water to remove the impurities, taken 
in the muffle and burned at 550 °C for 1 h, to obtain a finely 
divided powder. This was encapsulated and analyzed after 
21 days to allow radioisotopes to attain secular equilibrium 
with their short-lived decay products. The background was 
determined from the distilled water analysis using the same 
procedures applied to the samples.

The 222Rn isotope was determined by a portable elec-
tronic solid-state alpha detector, RAD7, from  Durridge®, 
using a Big Bottle method adaptation, as shown in Fig. 3b. 
4.0 L of a sample from each sampling point was collected 
in a glass bottle, avoiding water bubbling to minimize the 
loss of dissolved radon. A total monitoring time of 90 min 
was used for each point. In this type of instrument, the alpha 
radiation emitted at decay from 222Rn to 218Po is detected 
and converted into an electrical signal by the equipment.

Finally, the effective annual dose to which the population 
will be exposed when consuming the mineral waters pumped 
through the wells located in Salutaris Park can be calculated 
from Eqs. 1 and 2, below, uranium concentration in µg  L−1 
was converted to uranium activity (in Bq  L−1) using the con-
version factor 1.24 × 104 Bq g−1:

(1)DIg = C ⋅ CA ⋅ FC,

where DIg = effective annual dose due to ingestion of water. 
C = radionuclides concentration (238U, 228Ra, 226Ra and 
222Rn in Bq  L−1). CA = average annual water consumption 
(estimated at 730 L year−1, WHO - World Health Organi-
zation 2004). FC = dose conversion factor (4.5  ×  10−8, 
2.8 × 10−7, 6.9 × 10−7 and  10−8 Sv.  Bq−1 for 238U, 226Ra, 
228Ra and 222Rn, respectively (WHO, 2017).

where DIh = effective annual dose by inhalation. CRn = radon 
concentration in Bq  L−1. RRn = air water concentration ratio 
 (10−4). FC = dose conversion factor (9.0 nSv  Bq−1  h−1  m3) 
(UNSCEAR 2000). F = radon and its progeny equilibrium 
factor (0.4). H = average occupation time per individual 
(7000 h  year−1).

Results and discussion

The hydrogeochemical characterization of the analyzed 
waters was performed by Cruz (2016) and Silva (2019), 
which characterized the waters sampled as sodium bicar-
bonate (P1 and P3), and sodium bicarbonate mixed (P2) 
in the dry period, and magnesium bicarbonate in the rainy 
season. As the aforementioned authors, the chemical clas-
sification of the sampled water types was performed using 
the Piper and Stiff diagrams, Figs. 4 and 5, respectively, 
which consider the largest ionic constituents as variables, 
being  Na+,  K+,  Mg2+ and  Ca2+ the cationic components and 
 HCO3

− + CO3
2−,  SO4

2− and  Cl− the anionic components, 
the water classifications of the wells analyzed in the dry and 
wet seasons remained the same as those determined by Cruz 
(2016) and Silva (2019).

(2)DIh = CRn ⋅ RRn ⋅ F ⋅ H ⋅ FC,

Fig. 3  a Sample preparation methodology for the 226Ra and 228Ra analyzes, b Big bottle system used for dissolved 222Rn monitoring
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In addition, physicochemical parameters (conductivity, 
pH, Eh, temperature, and total dissolved solids) were deter-
mined, in situ, in the water samples taken from Salutaris 
Park, Rio de Janeiro, Brazil. These parameters were taken 
seasonally at the three wells, and the results are presented 
in Table 2.

Based on the diagrams presented, there is a change in 
the chemical composition of water between the dry and 
rainy season. It is noted that in the wet season, there was an 
increase in the contribution of magnesium ion in the com-
position of these waters, so that the waters of the three wells 
were classified as magnesium bicarbonate.

In addition to the mentioned characteristics, the physico-
chemical parameters and the presence of certain ions directly 
affect the presence of free elements in these waters. Radius 
mobility or the effectiveness of its adsorption vary with pH 
(Szabo et al. 2005), salinity (Wood et al. 2004), and redox 
potential (Szabo and Zapecza 1987).

The weathering of geological materials may have influ-
enced the types of waters found, as they are a reflection of 
the lithology on which the aquifer is located. This influence 
can also be seen through variation of Eh values between wet 
and dry seasons. In the dry season, negative Eh values were 
observed, indicating a reduction potential and in the wet sea-
son, positive Eh values, where oxidation might be dominant.

The hydrogeochemical modeling performed using the 
PHREEQC 3.3.12 software indicates that fluorite, barite, 
and apatite are sub saturated in the entire sample set, with 
average saturation indexes (SI) of – 2.4, – 0.3, and – 7.9 in 
the dry period, and – 1.8, – 0.2, and – 7.9 in the wet period, 
respectively, but with the caveat that the presence of apatite 
mineral was not detected in hydrogeochemical modeling in 

P1. On the other hand, mica and feldspar are saturated in the 
entire sample suite. Mica and feldspar SIs average are 8.7 
and 0.8 in the dry period, and 8.8 and 1.0 in the wet period, 
respectively, with an exception in P1 on wet season where 
the feldspar mineral seems to remain in solution with the SI 
of – 0.7. Table 3 shows the SIs of the main minerals mod-
eled in each well.

The WHO guidelines provide recommendations for man-
aging the risk from hazards that may compromise the safety 
of drinking water, including some physicochemical param-
eters. According to WHO (2017), the optimum pH required 
will vary in different supplies according to the water com-
position and the nature of the construction materials used 
in the distribution system, but it is usually in the range of 
6.5–8.5, the palatability of water with a TDS level of less 
than about 600 mg/L is generally considered to be good, 
and concentrations greater than 1000 mg/L make drinking 
water unpalatable. Furthermore, the temperature will impact 
on the presence of inorganic constituents and chemical con-
taminants on water, and hot waters enhance the growth of 
microorganisms. Ideally, drinking waters should be around 
25 °C (EPA 2001; WHO 2011, 2017).

The values were taken into consideration as character-
istic values to see the differences during sampled seasons. 
Although the seasonal differences observed and taking into 
account, the parameters analyzed the waters from Salutaris 
Park are according to the limits recommended for human 
consumption.

Activity concentrations of natural radionuclides

Table 4 shows the isotope concentration values in the min-
eral waters of Salutaris Park in the two sampled periods. 
Radon concentrations ranged from 5.9 × 10−3 to 3.2 Bq 
 L−1 in the dry period and from 6.50 to 19.4 Bq  L−1 in the 
wet period. It is believed that the lowering of the aquifer 
level in the dry season and the consequent emergence of 
gaps between the mineral grains, facilitated the gas escape, 
and contributed to the low concentrations found. However, 
further seasonal behavior investigation of those waters is 
needed to explain better the differences in concentrations 
obtained.

The recommended limits of dissolved radon in water 
vary from country to country, ranging, for example, from 
11.0 Bq  L−1, recommended by the United States Environ-
mental Protection Agency (EPA), to 100.0 Bq  L−1, estab-
lished by the European Union (EPA 1999; Zabadi et al. 
2015). In Brazil, there is still no specific legislation for 
this element, however, the Ministry of Health established 
as a standard of water radioactivity for human consump-
tion the limit of gross alpha radioactivity, that is, the sum 
of radioactivity coming from all emitters alpha media, 
0.1 Bq  L−1 and for gross beta radioactivity of 1.0 Bq  L−1 

Fig. 4  Piper diagram of the three wells sampled during the field 
investigation, on both seasons
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(BRASIL 2017). In this work, the alpha particle emitters 
are the isotopes of 238U, 226Ra and 222Rn and the beta 
emitter, 228Ra.

The radon concentration results obtained in this study 
showed that in the dry period, all the results were below 
the recommended by the international organizations. 

Fig. 5  Stiff diagram of the three wells sampled, being P1, P2 and P3 in the dry period represented by a, b and c, respectively, and in the wet sea-
son illustrated in d, e and f 

Table 2  Physicochemical 
parameters of mineral waters 
sampled in the dry and wet 
seasons

ID Dry season Wet season

P1 P2 P3 P1 P2 P3

TDS (mg L−1) 356 455 407 238 321 236
EC (µs cm−1) 711 906 805 477 642 490
T (°C) 24.6 24.9 22.7 24.3 24.8 24.8
Salinity 0.4 0.5 0.4 0.2 0.3 0.2
pH 6.2 6.5 6.3 6.5 6.8 6.5
Eh (mV) − 80.6 − 79.6 − 78.6 11.4 12.4 10.4
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However, on a wet period, only P3 well, Alexandre 
Abraão, was within limits established by international 
legislation.

The highest activity values of 226Ra, during the dry sea-
son, were observed in Alexandre Abraão and Maria Rita 
wells, P3 and P2, respectively, in the wet season, Maria 
Rita, P2 and Nilo Peçanha, P1, wells showed the high-
est concentration. This isotope presented a variation of 
1.5–12.6 mBq  L−1 and 1.5–4.7 mBq  L−1, in the dry and 
wet periods, respectively. The concentrations of 228Ra, on 
the other hand, showed greater uniformity between the 
points sampled, varying between 1.8 and 2.5 mBq  L−1 
in the dry season and 2.2 to 2.8 mBq  L−1 in the wet sea-
son, and the highest concentrations were found in the Nilo 
Peçanha well, P1, both in the dry and wet periods. These 
activity values are under the limits suggested by the Min-
istry of Health of 0.1 Bq  L−1 and 1.0 Bq  L−1, respectively.

In relation to the dissolved 238U concentrations, a simi-
larity is observed in the levels of this isotope in P2 in both 
periods sampled, in the rainy season, the well P3 stands out 
with concentrations of 2.70 μg  L−1, but in the dry period, the 
wells P1 and P2 presented the highest levels of this uranium 
isotope, 2.67 and 2.04 μg  L−1, respectively.

Based on the chemical toxicity of uranium, WHO and 
EPA established the maximum permissible concentration of 
this element in drinking water (EPA 1999; WHO 2017). As 
regards national legislation, there are two regulatory limits: 
15 μg  L−1 adopted by the National Environment Council 
(CONAMA) for water management purposes (CONAMA 
396/2008) and 30 μg  L−1 defined by Consolidation Reg-
ulation 5, of September 28, 2017, the provisions of this 
ordinance do not apply, however, to natural mineral water 
(BRASIL 2017). Currently, Brazil follows the WHO guide-
lines for drinking water quality (Lauria et al. 2014); there-
fore, all samples analyzed were in accordance with current 
legislation.

Dose due to 238U, 228Ra, 226Ra, and 222Rn 
concentration in water

As seen above, the main human exposure routes to natural 
radioactivity are by inhalation, in the case of radon, as it is 
emitted from the water into the atmosphere, and by inges-
tion, whether in the consumption of water or foods con-
taining 238U, 228Ra, 226Ra, and 222Rn. The annual effective 
doses were calculated using Eqs. 1 and 2, for ingestion and 
inhalation, respectively, using the mean concentrations of 
the radioisotopes sampled between the dry and wet seasons, 
the results obtained are found in Table 5 (UNSCEAR 2000; 
Duggal et al. 2017). Figure 6 shows the average contribution 
of each isotope to ionizing radiation exposure of the popula-
tion by the consumption of the Park’s mineral water.

Concerning the annual effective dose values, it is noted 
that the total dose from exposure to radionuclides dissolved 
in the waters of the Nilo Peçanha and Maria Rita wells, P1 
and P2, is at the threshold recommended by the legislation 
of 0.1 mSv  year−1, however, the waters of the Alexandre 
Abraão well, P3, presented effective dose below the recom-
mended limit (ICRP 2007). Therefore, it is recommended 

Table 3  Saturation indexes of 
the main minerals modeled in 
each sample at Salutaris Park, 
RJ

ID Barite Fluorite Mica Feldspar Apatite

Dry season P1 − 0.15 − 2.94 8.04 − 0.39 –
P2 − 0.08 − 2.54 9.79 − 0.98 − 6.98
P3 − 0.62 − 1.87 8.30 − 1.10 − 8.90

Wet season P1 − 0.36 – 5.76 0.70 –
P2 − 0.47 − 2.19 11.4 − 1.43 − 6.89
P3 − 0.30 − 1.44 9.29 − 0.59 − 8.95

Table 4  Natural radionuclide concentration found in the mineral 
waters of Salutaris Park, RJ

ID 238U (μg  L−1) 228Ra 
(mBq L−1)

226Ra 
(mBq 
 L−1)

222Rn 
(mBq L−1)

Dry season P1 2.67 2.50 1.50 17.0
P2 2.04 1.80 8.80 3.20 × 103

P3 0.95 2.30 12.6 5.90
Wet season P1 1.24 2.80 1.50 19.4 × 103

P2 2.18 2.70 4.70 15.9 × 103

P3 2.70 2.20 1.00 6.50 × 103

Table 5  Annual effective 
doses (μSv  year−1) due water 
radioactivity on Salutaris Park, 
RJ

ID Ingestion dose 
238U

Ingestion dose 
228Ra

Ingestion dose 
226Ra

Ingestion dose 
222Rn

Inhalation dose 
222Rn

Total dose

P1 0.80 1.33 0.31 70.9 24.5 97.8
P2 0.86 1.14 1.38 69.8 24.1 97.3
P3 0.74 1.14 1.38 23.6 8.1 34.9
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that the waters extracted from these wells should be peri-
odically analyzed to verify if their consumption can cause 
health problems to the population.

The guidelines proposed by the International Commis-
sion on Radiological Protection (ICRP) are based on situ-
ations of prolonged radiation exposure of the public, the 
proposed levels may be considered, according to the WHO, 
conservative and should not be interpreted as mandatory 
limits. Exceeding a level of guidance should be considered 
as a stimulus for additional investigations, but not neces-
sarily as an indication that drinking water is not safe for 
consumption (WHO 2017).

Conclusion

The activity concentrations of 238U, 226Ra, 228Ra, and 222Rn 
in the mineral water samples collected from the three 
wells that supply the active sources of the Salutaris Min-
eral Waters Park were measured to verify compliance with 
national and international regulations. These results ranged 
from 0.95 to 2.70 μg L−1, 238U, with an average concen-
tration of 1.96 μg  L−1, 1.50–12.6 mBq  L−1, 226Ra, with an 
average of 5.03 mBq  L−1, 1.80–2.80 mBq L−1, 228Ra, mean 
of 2.40 mBq  L−1 and 5.90–1.94 × 104 mBq  L−1, 222Rn, with 
an average of 7.50 Bq  L−1.

The mean activity concentrations of radionuclide meas-
ured in the study are lower than the levels recommended 
by the EPA, WHO, and the Brazilian Ministry of Health. 
However, occasional samplings in the rainy season indicated 
levels of dissolved radon above the limit levels. Results 
showed that the mean annual effective due ingestion of these 
mineral water samples, 0.08 mSv  year−1, is lower than the 
recommended value of 0.10 mSv  year−1, as established by 
the WHO.

Ingestion of water containing high radionuclide levels 
contributes to the increase of human exposure to ionizing 
radiation that may potentially cause several deleterious 

effects on health. Due to those results obtained, it would be 
necessary to investigate thoroughly the natural radioactiv-
ity levels present in these mineral waters, including other 
natural radioisotopes that may be present, to better evaluate 
their potability.
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