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ABSTRACT 
 
Uranium mining generates fuel for the nuclear power plants and it is the main source of income for the region of 
Caetité-BA. However, Non-Governmental Organizations claim that mining pollutes the environment and 
jeopardizes human health and safety. Besides uranium, the ground contains significant concentrations of 
thorium and of all radionuclides of its family, such as radium isotopes. In this framework, we carried out an 
independent study analyzing the concentration of the radionuclides activities 226,228Ra and 234,238U in water 
samples and radionuclides 226Ra, 232Th and 40K in soil samples using different techniques of nuclear 
spectrometry. The selection criteria for the collection points were their proximity to the uranium processing 
plant and to affluent rivers. The soil samples presented very low concentration of activity for radionuclides 
investigated, compared to the limits established of the exclusion, exemption and impartiality for radiation 
protection requirement given by the Regulator Position established by CNEN. The amount of radioisotopes 
appears consistent with a natural origin, thus it is not possible to state that the mining process in Caetité 
increases pollution or radiation exposure in a significant way. 

  
1. INTRODUCTION 

 
Natural radionuclides are present in air, water, soil, plants and animals and consequently 

in the human diet. The most relevant radioactive nuclides in the environment are the 40K and 
those from 238U and 232Th series due to their isotopic abundance; a lower background is form 
the 235U series. In groundwater, their presence is determined by the concentration of activity 
in the soil and rock; groundwater reacts with the surrounding rocks and releases elements that 
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can dissolve in it. In water, alpha activity is largely due to uranium (234U, 235U and 238U) and 
radio-isotopes (226Ra, 224Ra); beta activity is mainly due to potassium (40K) and radium 
(228Ra) [1,2]. Contrary to uranium and thorium, radium is soluble and can easily leach in soils 
and form compounds that can be absorbed by plants and animals. Research on bone and 
dental osteosarcoma suggests that radium and radon are among the radioisotopes responsible 
for carcinogenesis [3,4]. In the 232Th and 226Ra decay series come the gaseous elements 220Rn, 
thoron, and 222Rn, radon, which diffuse out of the ground [5]. The emission of radon soil gas 
contributes about 50% of natural exposures [6]. However, the risk from radon ingestion from 
groundwater is generally low compared to inhaled radon. The greatest exposure to this 
radioisotope is due to environmental inhalation from land-based sources, where gas is present 
[7]. 

The United Nations Scientific Committee on the Effects of Atomic Radiation [8] 
estimated that the global annual average dose per person from all sources of radiation in the 
environment is about 3.0 mSv/a. Of these, 80% (2.4 mSv) is due to radiation from naturally 
occurring sources, with ingestion of food and drinking water being responsible for 0.29 mSv. 
Direct observations and studies on radiobiological and epidemiological effects of ionizing 
radiation from natural radioactive materials on man, especially where there are high amounts 
of these elements, are a primary concern in radiation protection.  

Brazil has the 6th largest uranium reserves in the world. While uranium deposits are 
present in eight different states of Brazil, mining and processing only occur at Lagoa Real 
(URA Caetité), about 20 km from the city of Caetité, in the southwest of Bahia State. Besides 
uranium, the ground contains significant concentrations of thorium and of all radionuclides of 
its family, such as radium isotopes. Uranium mining generates fuel for the nuclear power 
plants and it is the main source of income for the region. However, Non-Governmental 
Organizations claim that mining pollutes the environment and jeopardizes human health and 
safety [9]. The company in charge of the complex extraction and production of yellow cake, 
Industrias Nucleares do Brasil (INB) flatly rejects these allegations. INB argues that 
uraninite, the radioactive, uranium-rich mineral and ore that they mine are ubiquitous in 
rocks, soils and sediments; the waters of the wells that lie in areas close to the URA Caetité 
are analyzed since 1990, prior to the commencement of mining activities, which occurred in 
May 2000. According to the newsletter DAQUI [10], the results of these analysis show that 
the concentration of natural uranium in the water has not increased during this time. 

The main objective of this study was to determine the activity concentration of 226,228Ra 
and 234,238U collected in waters near URA Caetité - BA, since water is one of the main entry 
pathways of radionuclides in the human body, and also that the region is rich in uranium ore, 
where water resources are susceptible to contamination resulting from mining activity. We 
also analyzed the concentration of the activities of 226Ra, 232Th and 40K in soil samples using 
different techniques of nuclear spectrometry. 
 

2. MATERIALS AND METHODS 
 

Eleven samples of water (Table 1) and nine samples of soil (Table 2) were collected at 
different locations between the municipalities of Caetité and Lagoa Real in February of 2014, 
during the rain season. Most of the water samples were collected from wells in farms, but 
also in urban and shallow lakes area. The selection criteria for the collection points were their 
proximity to the uranium processing plant and to affluent rivers.  

Samples A2, A3, and A5, collected from farms and wells were used for consumption. The 
samples A4, A7 and A9 come from surface ponds. The remaining water samples were 
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generally used for domestic cleaning and washing cars, and the A11 was handled and 
distributed by EMBASA, responsible for the distribution of water in the region. 

 
Table 1: The geographical location and description of water samples. 

Sample Day of 
collection 

Coordinates Altitude 
(m) Local Latitude Longitude 

A1 02/21/2014 
South 

14º 03’ 46’’ 
West 

42º 29’ 51’’ 
944 Gas station  

Caetité –BA 

A2 02/21/2014 South 
14º 06’ 16.1’’ 

West 
42º 35’ 05.1’’ 

969 
Artesian Well  

60 m depth 
 Caetité –BA 

A3 02/21/2014 South 
14º 04’ 59’’ 

West 
42º 35’ 46’’ 

963 
Artesian Well  

80 m depth 
Caetité – BA 

A4 02/21/2014 South 
13º 50’ 41.4’’ 

West 
42º 16’ 29.9’’ 

868 Near to URA 
Caetité  

A5 02/21/2014 South 
13º 52’ 09.6’’ 

West 
42º 13’ 32.3’’ 

742 
Artesian Well  

52 m depth 
 Caetité –BA 

A6 02/21/2014 South 
13º 55’ 21.8’’ 

West 
42º 12’ 12.7’’ 

773 Poço Superficial 
Lagoa Real 

A7 02/21/2014 South 
14º 00’ 37.4’’ 

West 
42º 08’ 14.7’’ 

549 Lagoa Real – BA 

A8 02/21/2014 
South 

14º 02’ 21.4’’ 
West 

42º 08’ 32.7’’ 540 
Artesian Well  

Lagoa Real- BA 

A9 02/21/2014 
South 

14º 05’ 43.2’’ 
West 

42º 08’ 19.7’’ 
517 Lagoa Real – BA 

A10 02/22/2014 
South 

14º 03’ 53.5’’ 
West 

42º 29’ 06.9’’ 
832 Hotel Caetité 

A11 02/22/2014 
South 

14º 03’ 53.5’’ 
West 

42º 29’ 06.9’’ 
832 Hotel Caetité 
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Table 2: The geographical location and description of soil samples. 
 

Sample Day of 
collection 

Coordinates Altitude 
(m) Local 

Latitude Longitude 

S1 02/21/2014 
South 

14º 03’ 46’’ 
West 

42º 29’ 51’’ 
944 Gas Station     

Caetité –BA 

S3 02/21/2014 
South 

14º 04’ 59’’ 
West 

42º 35’ 46’’ 
963 

Property of       
Dona Celeste          
Caetité- BA 

S4 02/21/2014 
South 

13º 50’ 41.4’’ 
West 

42º 16’ 29.9’’ 
868 Near to INB       

Rural Property 

S5 02/21/2014 
South 

13º 52’ 09.6’’ 
West 

42º 13’ 32.3’’ 
742 

Property of          
Mr. Márcio           
Caetité –BA 

S6 02/21/2014 
South 

13º 55’ 21.8’’ 
West 

42º 12’ 12.7’’ 
773 

Property of          
Mr. Luiz 
Antonio 

S7 02/21/2014 
South 

14º 00’ 37.4’’ 
West 

42º 08’ 14.7’’ 
549 Lagoa Real- BA 

S8 02/21/2014 South                 
14º 02’ 21.4’’ 

West 
42º 08’ 32.7’’ 

540 Lagoa Real- BA 

S9 02/21/2014 
South 

14º 05’ 43.2’’ 
West 

42º 08’ 19.7’’ 
547 Lagoa Real- BA 

 
From each point, two samples of water of 2 L and 250 mL volumes were collected and 

stored for transport in polyethylene terephthalate (PET) bottles. After collection, water 
samples were acidified in order to avoid the proliferation of microorganisms. 

The chemical procedure for determination of 226.228Ra was based on co-precipitation of 
radium with barium sulfate BaSO4 and separation from other radionuclides present [11, 1, 2]. 
The Ba(Ra)SO4 precipitate was then transferred to a scintillation vial, mixed with 6 ml of 
distilled water and 12 ml gellation scintillation solution. The measurements with liquid 
scintillation counter Wallac 1414 WinSpectral α/β were performed once per day (1 hour 
counting time) over of period of 25 days until the secular equilibrium between radium and its 
derivatives was reached, in order to follow theoretical Bateman curves [12] for each radium 
isotope separately. 

The chemical separation of uranium from other radionuclides in water was based on a 
slightly modified procedure published by Suomela [13]. The tracer 232U was incorporated in 
the early stages of the analytical procedure to each water sample of 250 mL. The uranium 
was separated and purified by anion exchange chromatography technique on the resin 
Dowex1x8 (Cl-, 200-400 mesh). The uranium fraction was eluted from the column with HCl 
0.5 M. The α spectrometry source was prepared from uranium fraction by co-precipitation 
with NdF3 and filtration on 0.1 µm polypropylene filter.  
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The determination of the activity concentration of 234,238U isotopes was performed with 
the 7401VR alpha spectrometer with the silicon surface barrier detector with a surface area of 
300 mm2 from Canberra - Packard USA; the software used was Alpha Genie 2000 
Acquisition & Analysis. 

On average, 1 kg of soil from superficial layers up to maximum 15 cm depth were 
collected and put into plastic bags. Each sample was transferred to the laboratory where it 
was described, dried, crushed and ground to a fraction smaller than 0.2 mm for 
homogenization. The measurements of the representative sub-samples of 100g were carried 
out in round containers. The natural radioactivity of 226Ra, 232Th(228Ac) and 40K in collected 
samples were determined using HPGe type gamma spectrometer. The spectra were analyzed 
with the use of TUKAN software version 1.4 and GANNAS spectra analysis program. 

 
 

 
3. RESULTS 

 
Radium and uranium are the most likely radionuclides to be found in water for human 
consumption. All concentration values of the activities of 226,228Ra and their respective 
uncertainties are shown in Table 3. 
 

Table 3: 226,228Ra concentration of activity and their uncertainties. 
 

Specific activity of the radionuclides (mBq/L) 

Samples 226Ra  228Ra  

A1 13 ± 1 < 30 

A2 85 ± 3 82 ± 6 

A3 34 ± 2 21 ± 4 

A4 134 ± 4 208 ± 9 

A5 13 ± 1 < 30 

A6 17 ± 1 < 30 

A7 < 12 < 30 

A8 71 ± 3 134 ± 7 

A9 < 12 < 30 

A10 < 12 < 30 

A11 16 ± 1 < 30 
 
 

Formal reference values are not set for certain radionuclides in drinking water. The 
WHO recommends that acceptable levels of radioactivity for drinking water are 0.5 Bq L-1 
for gross alpha and 1 Bq L-1 gross beta. If none of these values is exceeded, the individual 
dose criteria (IDC) of 0.1 mSv/yr will not be exceeded [14]. For natural uranium, the most 
significant issue is the chemistry of uranium toxicity to kidney, from the point of view of 
health risk, so the maximum concentration of uranium in water is currently set at 0.03 mg/L. 
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In Brazil, resolution 396/08 of the National Environmental Council recommends a limit of 15 
µg L-1 for groundwater [15] and 20 µg L-1 for fresh water [16]. The recommendation of the 
Ministry of Health No. 2914 [17] provides the means to control and alert about the quality of 
water that is consumed by humans. According to art. 38, the activity concentration values, in 
accordance with the WHO, cannot exceed 0.5 Bq/L for gross alpha activity and 1 Bq/L for 
gross beta. If the limits are exceeded, a specific analysis should be performed to detect 
present radionuclides. 

Some studies have been conducted in recent years on radiological aspects of 
Caetité/Lagoa Real region. The report of an assessment by the Waters Quality Monitoring 
Program of the State of Bahia [18] pointed out that the values of uranium concentration in 
surface water and groundwater in the municipalities of Caetité and Lagoa Real were above 
the maximum allowable limits. However, the conclusion of the report was that the data did 
not provide evidence to suggest that mining activity in the region influences the uranium 
concentrations in water. Silva [19] determined the gross alpha and gross beta radioactivity 
levels and uranium concentrations in various types of water consumed by urban and rural 
population. In two samples of underground water, the city of Lagoa Real and other from 
Caetité showed gross alpha concentrations higher than the WHO recommendations, 0.80 ± 
0.04 Bq L-1 and 0.57 ± 0 03 Bq L-1, respectively, and three samples of the Lagoa Real 
municipality showed radioactivity levels of 3.0 ± 0.2 Bq L-1; 1.63 ± 0.13 Bq L-1 and 1.19 ± 
0.07 Bq L-1, which is above the recommended Bq L-1. With regard to uranium, a sample of 
the Lagoa Real municipality presented 89.5 ± 1.5 µg L-1, well above the 30 µg L-1 

recommended by the WHO.  
The values presented in Table 3 are shown in histograms for comparison with global 

recommendations. Figures 1 and 2 show the data of the 226Ra and 228Ra radioactive nuclides 
obtained for each sample. Also shown are the guidance levels of gross alpha and gross beta 
for drinking water recommended by WHO [14]. 

The alpha and beta activity traced here refer only to the 226Ra and 228Ra nuclides, 
whereby the first one is an alpha emitter and the second one is a beta emitter. For 
groundwater, usually 226Ra and 228Ra are the main sources of radioactivity. Generally, other 
radionuclides are present in such small amounts that the dose from them is negligible. 
Therefore, as most of the samples are groundwater, this type of sample can be compared with 
the gross alpha and gross beta values recommended by the WHO for water. As can be seen in 
Figures 1 and 2, all the specific activities measured in this work do not exceed the limits 
recommended by WHO [14]. 

This screening method is a practical approach, where the gross radioactivity present in 
the form of alpha and beta radiation is first determined regardless of specific radionuclides 
[14]. The limits used for screening do not determine the potability of water, the gross alpha 
and gross beta measurements are used as a fast, simple and inexpensive step, unlike 
individual activity concentration measurements of radionuclides which are typically the most 
time consuming, complex and expensive. However, such measures should not be used for 
decision making since they have high uncertainties. According to the WHO [14], since alpha 
radiation is easily absorbed within a thin layer of solid material, the reliability and sensitivity 
of the method for determination of alpha particles can be low in samples with high 
concentrations of total dissolved solids. Thus, these measurements are suitable as a 
preliminary procedure to determine when further analysis of a specific radioisotope is 
required. 
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Figure 1: Specific activity of 226Ra isotope determined in water samples. 

 

 
Figure 2: Specific activity of 228Ra isotope determined in water samples. 
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Both 234U and 238U nuclides are alpha emitters. The specific activities of the 234U and 

238U isotopes obtained by alpha spectrometry and their uncertainties for water samples are 
shown in Table 4.  

 
Table 4: Concentration of uranium activity 238.234U and their uncertainties 
 

Specific activity of the respective radionuclides (mBq/L) 

Samples 238U 234U 

A1 1.0 ± 0.6 2.1 ± 0.8 

A2 <0.5 0.9 ± 0.4 

A3 <0.5 3.2 ± 0.6 

A4 172 ± 10 176 ± 10 

A5 31 ± 3 82 ± 6 

A6 10 ± 1 12 ± 1 

A7 4 ± 1 9 ± 1 

A8 132 ± 7 447 ± 20 

A9 16 ± 2 18 ± 2 

A10 11 ± 1 26 ± 2 

A11 <0.5 <0.5 
 
 
The level of activity of the samples is highly variable; therefore, it is worth analyzing 

the point of collection and compare the results with the activities determined at the site. The 
highest specific activities were determined in samples A4 (172 ± 10) mBq/L and A8 (447 ± 
20) mBq/L for radioisotopes 238U and 234U, respectively. Uranium is retained in the main 
minerals forming rocks, embedded in certain accessory minerals or mineral forming 
themselves when they have sufficient concentrations. The isotope ratio 234U/238U ranged from 
1 to 3.4, as can be seen in Table 5, showing a lack of radioactive equilibrium between these 
radioactive isotopes in the investigated samples. 
 

Table 5: Isotopic ratio 234U/238U. 
 

Samples A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 
234U /238U 2.1 - - 1.0 2.6 1.2 2.3 3.4 1.1 2.4 - 

 
The 234U and 238U isotopes are in radioactive equilibrium in very old closed systems, 

but the processes of interaction between the sediment and the water produce isotopic ratios 
different from unity [20]. In natural waters, the isotope ratio 234U/238U varies widely from 0.3 
to 10.8 [21]. According to reference [22], these differences are due to processes such as 234U 
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alpha displacement of the crystal lattice caused by the alpha decay of 238U and because of the 
weakening of the 234U connection in crystalline lattices and its favored oxidation preferred to 
the hexavalent state, which is more soluble. If these processes occur in the sediment source, 
234U is preferentially leached and may become enriched in places where deposition occurs 
(reincorporation to sediment). 

In Table 6, it is noticed that there is more 238U than 226Ra in the collected water 
samples, except for sample A1. Different spectrometry techniques were used to determine the 
specific activities corresponding to each one of these isotopes, but in general the ratio 
between these radionuclides can be calculated and considered for analysis. 
 
 

Table 6: Ration 238U/226Ra. 
 

Samples A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 
238U/226Ra 0.1 - - 1.3 2.4 0.6 - 1.9 - - - 

 
 

The 226Ra, 232Th and 40K radionuclides are the most abundant among the natural 
radioisotopes found in soils and they are the main contributors to elevated background 
radiation levels. To carry out the measurements of their specific activities in soil samples, we 
used gamma spectrometry, typical for solids analysis and the results are shown in Table 7. 
 
 

Table 7: 226Ra. 232Th. and 40K activity concentrations for the soil samples 
 

 
 
Table 8 shows the ratio of 232Th/226Ra radionuclides. With an average ratio of 1.5 it is 
possible to see that thorium is more abundant than radium in soil.  

The criteria for exclusion, exemption and waiver as radiation protection requirements 
set by the Regulatory Position CNEN PR-3.01-001 [23] are 10 Bq/g for 226Ra, 40K, and 232Th. 
The soil samples presented very low concentration of activity for the investigated 
radionuclides, compared to the limits established by CNEN. Table 9 presents the samples 
with the highest concentration of each radioisotope along with the CNEN limits. 

Samples 226Ra [Bq/kg] 232Th(228Ac) [Bq/kg] 40K [Bq/kg] 

S1 20.6 ± 5.6 27.8 ± 5.0 < 50 

S3 15.6 ± 3.5 23.0 ± 5.0 < 50 

S4 70.2 ± 7.8 91.9 ± 7.5 903 ± 80 

S5 37.7 ± 4.5 62.7 ± 9.1 (155 ± 11).10 

S6 61.8 ± 6.4 99  ± 18 (104 ± 12).10 

S7 32.5 ± 4.0 39.5 ± 5.1 < 50 

S8 40.9 ± 4.0 34.8± 6.1 248 ± 60 

S9 45.5 ± 7.4 61.1 ± 7.2 < 50 
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Table 8: Ratio of 232Th/226Ra 
 

Samples S1 S3 S4 S5 S6 S7 S8 S9 
232Th/226Ra 1.3 1.5 1.3 1.7 1.6 1.2 1.9 1.3 

 
Table 9: Soil sample with higher amount of radioisotope compared to limits in 

Regulatory Position CNEN PR-3.01-001 [23]. 
 

Nuclide Sample Limit 

Ra-226 S4 (70.2 ± 7.8) Bq/kg 0.7% 

K-40 S5  (155 ± 11).10 Bq/kg 15.5 % 

Th - 232 S6  (99 ± 18) Bq/kg 1.0% 
 

 
 

3. CONCLUSIONS  
 

Activity concentrations of some radionuclides in water and soil samples collected in 
the uranium mining region of Caetité – BA were measured. The sample A4 had an elevated 
activity concentration of 226Ra and 228Ra, equal to (134 ± 4) mBq/L and (208 ± 9) mBq/L, 
respectively. The same sample presented the highest uranium activity among the water 
samples, with (172 ± 10) MBq/L, while sample A8 presented (447 ± 20) MBq/L for 238U and 
234U, respectively. These values are within the radioactivity guidance levels from the 
Brazilian Ministry of Health and the WHO. 

40K caused the highest activity concentrations in the soil samples. The higher activity 
concentration of 226Ra, i.e. (70.2 ± 7.8) Bq/kg in sample S4 from the Caetité region, 
corresponds to only about 0.7% of the threshold criteria for exclusion, exemption and waiver 
as radiation protection requirements set by the Regulatory Position CNEN PR-3.01-001 
(CNEN, 2011b), which is 10 Bq/g. The maximum encountered activity was (155 ± 11).10 
Bq/kg for 40K in sample S5, corresponding to 15.5% of the limit value, while for 232Th the 
specific activity was equivalent to only 0.1% of the limit value from the CNEN Regulatory 
Position. Thus, the soil samples presented very low concentration of activity for the 
investigated radionuclides, compared to the limits established by CNEN. The amount of 
radioisotopes appears consistent with a natural origin, thus it is not possible to state that the 
mining process in Caetité increases pollution or radiation exposure in a significant way. 
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