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ABSTRACT 

 
Brazil’s economic situation is responsible for an urgent demand for energy. There are several ways to 

generate energy, in some localities of our country, energy generation occurs almost exclusively by nuclear 

route, as in Rio de Janeiro state. Brazil has the sixth largest reserve of the uranium ore in the world. 

Nowadays there is only one mine under exploration (Uraniferous District of Lagoa Real – Caetité-BA). 

Unfortunately, nuclear power generation is better known, by common citizen, more for its unwanted 

effects than for its benefits. This fact is also powered by some Non-Governmental Organizations (NGOs), 

such as Greenpeace, who claim the uranium mine is dangerous since it causes environmental 

contamination. However, Indústrias Nucleares do Brasil (INB) rejected these accusations. In a previous 

study, we demonstrated that doses of the Caetité (BA) population are consistent with those usually found 

in other countries. We stated also the higher concentration of 
238

U determined, in only one water sample, 

is probably due to natural processes, as soil leaching. In order to verify the existing natural processes, 

macro and micro chemical elements present in water and soil samples collected in the Caetité (BA) 

region were determined by ICP-MS. The results were transformed into dendograms where chemical 

correlations are evidenced and they are consistent with existing natural chemical processes. It was also 

possible to observe a correlation between samples corroborating with the Geographic Information 

Systems data to be presented, by one of us, in this same scientific event.  

 

 

1. INTRODUCTION 

 

After the accident occurred in Chernobyl and, more recently in Fukushima, there is a 

growing fear of the population towards any activities related to the nuclear fuel cycle. 

Sometimes, this fear is caused due to the absence of reliable information causing 

unfounded rumors about the routine life. It is obvious this can impact negatively on the 

nuclear activity itself, mainly in situations where there is a power generation by nuclear 

route, notably known more by its harm effects than by the benefits. Despite the 

controversy, the demand for nuclear power is growing. This year, 2013, several 
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countries are building 65 new nuclear plants, other 160 are in the planning phase and 

340 more are being proposed [1].  

 

The extraction of uranium ore is the first step of the production cycle. Brazil has only 

25% of its uranium reservoir prospected, despite of being the sixth in the world rankings 

in uranium reserves. The main ore reserves are located in Bahia (BA) and Ceará (CE) 

States. Some Non-Governmental Organizations (NGOs) such as Greenpeace [2] state 

that uranium mining in Caetite, the unique site currently under exploration is 

jeopardizing the environment through the water pollution used by the local inhabitants. 

However, Industrias Nucleares do Brasil (INB), the company in charge by the nuclear 

cycle, rejected these accusations. Since we do not belong either to the agency 

responsible for the nuclear fuel cycle, nor to any environmental NGO, we chose to 

evaluate the effects generated by the uranium mining of the main Brazilian uranium 

reserves (Caetité-BA and Santa Quitéria-CE), without any commitment unless 

clarification to the community. 

 

The URA- Uranium Concentrate Unit - Caetité began operating in 1999 by INB. The U 

district of Caetité is big enough to supply the Nuclear Central Almirante Álvaro Alberto 

(Angra I, II and III) for 100 years, [3, 4]. Itataia Deposit (Phosphorus-Uranium District, 

P-U) is also a very important Brazilian uranium reserve, it is located in the Santa 

Quitéria (CE) region. It was discovered in 1975 during a radiometric survey [3]. 

Although it is the largest uranium reserve in our country, its economic viability is 

dependent on the exploration of phosphate mine associated to it. It was already signed 

an agreement between INB and Cia Vale do Rio Doce (CVRD), in order to occur a 

simultaneous uranium ore and phosphatic rock exploration. CVRD is planning to build 

a production of phosphoric acid plant in the vicinity of the phosphorite mine, once this 

phosphate rock is the main raw material used in the production of that agricultural input. 

 

In regions where there is any industrial activity it must be environmentally assessed in 

order to ensure there is no environmental impact. This monitoring should be done 

before, during and after the industrial activity. Due to this fact, uranium mines should be 

assessed in all aspects for obtaining information on the chemical composition and also 

about radionuclides concentration, such as U, Th and K, in water and soil, as well as the 

speciation of geological and hydrodynamic processes to avoid possible contamination 

that would affect the biotic site in irreparable damage.  

 

In a previous study [4] we have presented the radionuclides data obtained for Caetité 

soil samples. The presence of radionuclides in soil samples was considered independent 

of mineral exploration. Because of that, we have concluded the presence of uranium in 

water and soil of the studied areas is probably due to the leaching associated to the 

nature of the soil and not to the exploration of mine. 

 

 In order to test our hypothesis, macro and micro chemical elements present in water 

and soil samples collected in the Caetité (BA) and Santa Quitéria (CE) regions were 

determined by inductively coupled plasma mass spectrometry (ICP-MS). We compared 

both regions in order to verify if there was any meaningful difference between a region 

under uranium exploration and a unexplored one. Once the obtained results varied 

several orders of magnitude we decided to transform them into dendograms. 

Dendrogram was chosen, as statistical tool, once this “tree” diagram is frequently used 

to illustrate the arrangement of the clusters produced by hierarchical clustering, and 
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consequently it is a powerful tool for evidencing chemical relationships when the data 

available is limited [5]. 

 

 

2. MATERIALS AND METHODS 

 

2.1.  Sample Collection 

 

Soil and water samples were collected from several places of the municipalities, nearby 

the two most important uranium reserves in Brazil: Uranium District of Lagoa Real 

(Caetité, BA) and Itatiaia Deposit (Santa Quitéria, CE). Tables 1 and 2 describe the 

sampling sites. 

 

The water samples were collected from underground wells and also from the cisterns 

used to irrigate the crop, for animal and human consumption. Tap water consumed in 

the city, in parks and in homes was also collected. Two milliliters of HNO3(conc.), for 

each 250 mL of water samples, was added in situ, in order to avoid the microorganism 

proliferation that can cause interferences on chemical analysis. 

 

Table 1. Sample collection sites in the mining region of the Caetité 

Number Site 

C1a Water from the cistern of a residence inside the city of Lagoa Real 

C2 Soil from a road within the city of Lagoa Real. 

C3 e C4 Soil from two sites of Rebouças farm in Lagoa Real. 

C5 Water well from Rebouças Farm. 

C6 Soil from Boa Vista farm in Lagoa Real. 

C7 Soil from the road between the towns of Lagoa Real and Caetité. 

C8 Soil from a plaza in the Caetité city. 

C9 Water from a source in a plaza of Caetité city. 

C15 Well water from a house in the village Maniaçu (Caetité). 

C18 Tap water from a hotel in the city of Caetité. 

 

Table 2. Sample collection sites in the mining region of the Santa Quitéria.  

Number Site 

S1 e S2 Well water of homes and soil from Stone Creek village (Santa Quitéria). 

S3 Tap water from a snack bar and soil of Santa Quitéria city. 

S4 Tap water from a hotel in Santa Quitéria. 

S5 e S6 Well water of homes and soil from Good Garden Farm village (Santa 

Quitéria). 

S8 Tap water and soil residences in the city Catunda. 

S9 Well water and soil in the village Good Time (Santa Quitéria). 

 

 

Soil samples were collected at 10 cm depth in locations near to active plantations. One 

can notice there are missing codes for samples, as C10 to C14, or C16, C17, S7, and this 
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happens because some of the collected samples were not analyzed once, there was  no 

mass or volume enough for chemical analysis. 
 

2.2. Analytical Procedure 

 

2.2.1. Sample Preparation 

 

The water samples did not require any additional preparation once nitric acid had been 

already added. However, soil samples had to be first physically prepared and then 

digested prior to the chemical analysis. Each sample was first subjected to a physical 

preparation (grinding and screening) to ensure the homogeneity of grains, only the 

grains with diameter size lower than 0,037 mm were selected for chemical analysis. In 

order to destroy completely the sample chemical struture, 5 mL of HNO3 (65% Merck 

PA) and 2 mL of HF (40% Merck PA) were added to 50 mg of each sieved sample. Each 

one of these solutions was then subjected to a microwave-assisted digestion (DGT 100 

plus, Provecto Analitica). After the complete digestion each solution was diluted with 

purified water (18MΩ - Gehaka Master System) to complete 50 mL of solution. 

 

2.2.2. Analytical Method 

 

The samples were analyzed using a inductively coupled plasma mass spectrometer 

(ICP-MS, ELAN 6100Perkin Elmer) a highly sensitive equipment adequate to element 

determination at very low concentrations. ICP-MS is also regarded as a universal 

technique for analyzing samples solid, liquid and gas and also can detect and separate 

the species in the presence of complex matrices, [6].  

 

A robust ICP-MS analytical method was developed and for that, gravimetric reference 

solutions, prepared from the dilution of each mono-element solution, were used to 

obtain the individual analytical curves. It was also prepared synthetic matrix solutions to 

evaluate the matrix effect. Four geological certified reference materials (JG1a, JA-3, 

JB2 and JB-3 from GSJ Geological Society of Japan, Japan) and one soil certified 

reference material (Soil 7, IAEA, Austria) were also analyzed to establish the analytical 

method performance. These certified reference materials were equally digested and 

analyzed in each sample batch. To ensure the quality of the analytical data a statistical 

comparison between the elemental concentrations, both real and certified concentration, 

using each certified reference material was done. The ICP-MS experimental conditions 

used are presented on Table 3.  

 

As soon as the analytical program was validated, several elements were quantitatively 

determined, such as Li, Na, Mg, Al, K, Ti, V, Mn, Fe, Co and Ba. U and Th 

concentrations were also determined.  
40

K concentration was estimated using the 
39

K 

measured, all radionuclide data were already presented on Almeida et all paper [4]. Rare 

earth elements were also determined however, their concentrations were lower than its 

quantification limit. The element selection was based on the fact Brazilian soil is rich on 

silicates and these elements are probably its main components. Additional details about 

the analytical validation of the ICP-MS method used can be found in the reference [7]. 

The obtained ICP-MS results are presented on Figure 1. 
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2.2.3. Data Statistical Evaluation 

 

Elemental concentrations were statistically evaluated using the chemometric software 

Action 2.4. (Estatcamp, Brazil).  

 

The results were transformed to log to compensate the large differences of magnitude 

between the measured elements for the trace level and the larger ones. We did this once 

we believe the elements have a natural log-normal distribution. Another reason is that a 

logarithmic transformation tends to stabilize the variance of the variables and would 

thus give them approximately equal weight in an unstandardized multivariate statistical 

analysis. All individual determinations in each data set were tested for discordant 

results. The Mahalanobis distance, Di, is suggested by many authors as a method for 

detecting outliers in multivariate data [8]. The data treatment by hierarchical cluster 

analysis with the squared Euclidean distances was used to calculate dissimilarities 

between samples. After all these calculations a graph called dendogram is plotted. On 

this graph the variable studied is presented on x axis and Mahalanobis distance (or 

Discrepancy) is presented on y axis. Figures 1 to 4 shows the cluster dendograms 

obtained as result of these calculations. 

 

 

3. RESULTS AND DISCUSSION  

 

The ICP-MS experimental conditions adopted (Table 3) were used for quantitative 

analysis of all samples and the chemical element concentrations presented (Figure 1) are 

relative to the most abundant isotope. 

 

Table 3. ICP-MS Experimental Conditions  

 

RF power 1250 W 

Outer gas flow rate 15 l min
-1

 

Intermediate gas flow rate 0.9 l min
-1

 

Nebulizer gas flow rate 0.6 l min
-1

 

Sampler/skimmer diameter orifice Nickel 1.0 mm/0.4 mm 

Data acquisition  

Sampling depth 6.0 mm 

Integration time 20 ms 

Sweeps per reading 3 

 

In Tables 2 and 3, the chemical elements concentrations obtained by ICP-MS are 

presented.  
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Table 2. Macro Concentration (%) of the Sampling Sites 
 

 

Na Mg K Ca 

C1 3.98 ± 0.60 0.41 ± 0.06 0.26 ± 0.04  0.21 ± 0.03 

C5 3.98 ± 0.60 0.39 ± 0.06 0.24 ± 0.04 0.17 ± 0.03 

C9 0.33 ± 0.05 0.02 ± 0.003 0.27 ± 0.04 0.20 ± 0.03 

C15 1.33 ± 0.20 0.22 ± 0.03 0.30 ± 0.04 0.10 ± 0.01 

C18 0.74 ± 0.11 0.05 ± 0.01 0.07 ± 0.01 0.19 ± 0.03 

S1 0.90 ± 0.13 0.06 ± 0.01 0.08± 0.01 0.16 ± 0.02 

S3 2.25 ± 0.34 0.24 ± 0.04  0.26 ± 0.04 0.23 ± 0.03 

S4 2.71 ± 0.41 0.28 ± 0.04 0.31 ± 0.05 0.02 ± 0.002 

S9 4.02 ± 0.60 0.74 ± 0.11 0.27 ± 0.04 0.79 ± 0.12 

C2 0.31 ± 0.05 0.01 ± 0.002 0.14 ± 0.02 0.20 ± 0.03 

C3 3.98 ± 0.60 3.35 ± 0.50 0.97 ± 0.14 4.43 ± 0.67 

C4 0.99 ± 0.15 0.35 ± 0.05 0.37 ± 0.06 0.27 ± 0.04 

C6 2.05 ± 0.31 0.27 ± 0.04 0.37 ± 0.06 0.12 ± 0.02 

C7 0.92 ± 0.14 0.003 ± 0.0004 0.02 ± 0.003 0.10 ± 0.02 

C8 0.08 ± 0.01 0.001 ± 0.0002 0.0003 ± 0.0004 0.19 ± 0.03 

S2 1.83 ± 0.27 0.27 ± 0.04 0.82 ± 0.12 0.17 ± 0.03 

S5 2.00 ± 0.30 0.11 ± 0.02 0.05 ± 0.01 0.21 ± 0.03 

S6 0.25 ± 0.04 0.04 ± 0.01 0.11 ± 0.02 0.18 ± 0.03 

S8 0.78 ± 0.08 0.55 ± 0.01 0.08 ± 0.01 0.15 ± 0.04 

 
Table 3. Micro Concentration (µg/g) of the Sampling Sites 

 

 

Li Al V Mn Fe Co As Ba 

C1 170.4 ± 12.8 < Q. L. 3.03 ± 0.23 129.5 ± 9.71 156.7 ± 11.7 106.6 ± 8.01 0.60 ± 0.04 61.9 ± 4.64 

C5 113.6 ± 8.52 < Q. L. 2.92 ± 0.22 91.65 ± 6.87 112.8 ± 8.46 76.91 ± 5.77 0.68 ± 0.05 56.53 ± 4.24 

C9 738.3 ± 55.4 192.4 ± 14.4 2.46 ±0.18 < Q. L. < Q. L. 133.8 ± 10.1 0.16 ± 0.01 5.10 ± 0.38 

C15 170.4 ± 12.8 62.23 ± 4.67 1.06 ± 0.08 5.17 ± 0.39 < Q. L. < Q. L. 0.40 ± 0.03 25.72 ± 1.93 

C18 283.9 ± 21.3 65.29 ± 4.90 0.79 ± 0.06 3.41 ± 0.26 128.3 ± 9.26 172.8 ± 12.9 0.32 ± 0.02 8.80 ± 0.66 

S1 738.3 ± 55.4 117.7 ± 8.83 0.93 ± 0.07 4.74 ± 0.36 176.5 ± 13.2 189.5 ± 14.2 0.37 ± 0.03 10.71 ± 0.80 

S3 340.8 ± 25.6 48.84 ± 3.66 1.66 ± 0.12 25.65 ± 1.92 < Q. L. 109.6 ± 8.22 0.78 ± 0.06 28.15 ± 2.11 

S4 227.2 ± 17.1 72.58 ± 5.44 1.85 ± 0.14 31.16 ± 2.34 < Q. L. 61.31 ± 4.61 0.79 ± 0.06 33.01 ± 2.48 

S9 1363 ± 102 < Q. L. 3.08 ± 0.23 15.90 ± 1.19 < Q. L 388.3 ± 29.1 0.49 ± 0.04 40.92 ± 3.07 

C2 113.6 ± 8.52 < Q. L. 1.14 ± 0.09 < Q. L. < Q. L < Q. L. 0.25 ± 0.02 8.87 ± 0.66 

C3 6361 ± 477 < Q. L. 19.04 ± 1.43 506.6 ± 38.1 < Q. L 101.6 ± 76.2 25.04 ± 1.88 187.7 ± 14.1 

C4 3294 ± 247 < Q. L. 3.88 ± 0.29 < Q. L. < Q. L < Q. L. 1.03 ± 0.08 65.11 ± 4.88 

C6 851.9 ± 63.4 < Q. L. 0.88 ± 0.07 238.7 ± 17.9 < Q. L. 49.75 ± 3.73 0.26 ± 0.02 313.1 ± 23,5 

C7 908.7 ± 68.1 < Q. L. 0.15 ± 0.01 < Q. L. < Q. L. 143.1 ± 10.7 0.18 ± 0.01 22.95 ± 1.72 

C8 511.1 ± 38,3 < Q. L. 1.57 ± 0.12 < Q. L. < Q. L. < Q. L. 0.39 ± 0.03 3.07 ± 0.23 

S2 1874 ± 140 < Q. L. 0.38 ± 0.03 7.96 ± 0.60 < Q. L. 61.31 ± 4.60 0.36 ± 0.03 2311 ± 173 

S5 2044 ± 153 < Q. L. 2.48 ± 0.19 72.11 ± 5.41 157.7 ± 11.8 71.39 ± 5.35 1.27 ± 0.11 1814 ± 136 

S6 624.7 ± 46,9 < Q. L. 1.68 ± 0.19 < Q. L. < Q. L. < Q. L. 0.42 ± 0.03 163.1 ± 12.2 

S8 284.1 ± 21.3 < Q. L. 6.96 ± 0.52 < Q. L. < Q. L. < Q. L. 1.07 ± 0.08 14.16 ± 1.06 

Q. L. Quantification Limit 
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It is possible to observe the obtained data are spread in several orders of magnitude, and 

this makes difficult the visualization of all chemical results. This wide range was 

expected once the analyzed samples were found in a normal environment, where some 

elements are presented as macro constituents, other as micro and the remains as 

impurities.  

 

Higher concentrations values were obtained for the common elements present in 

silicates, as expected, despite of being evident there is a clear distinction between the 

sampling sites.  

 

In the following figures (Figures 1, 2, 3 and 4) cluster dendograms are presented.  

 

 
Figure 1.Cluster Dendogram Obtained for only Soil Samples  

 

In Figure 1 it became clear there are no significant differences between the soil samples 

collected, even there is a high similarity between samples collected in two cities studied. 

The situation is identical, as it can be seen in Figure 2, when only water samples are 

compared using the cluster dendograms, 
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Figure 2. Cluster Dendogram Obtained for only Water Samples  

 

In Figure 3 a cluster dendogram with all collected samples is presented. 

 

 
Figure 3. Dendogram Obtained for all Samples Evidencing Sampling Sites  
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In Figure 3 as it was demonstrated in Figure 1, there is a clear difference between C3 

sample and the reaming samples. This sample was collected in a farm so, the differences 

in chemical composition can be caused by a soil chemical treatment performed by the 

owner in order to increase the soil fertility. It is also possible to observe there is no 

distinction, in terms of chemical composition, between Santa Quitéria and Caetité 

samples.  

 

 
 

Figure 4. Cluster Dendogram Evidenced the Chemical Elements  
 

Analyzing Figure 4 it is possible to observe a very good correlation between the 

elements presented in smaller concentrations (Al, Fe, Mn, V and As). There are also two 

pairs of correlations (Mg/Ca and Li/K) and there are several silicates where these 

elements are simultaneously found. It is also possible to conclude Na concentration is 

certainly characteristic for several samples and probably this element is not associated 

to the others. Further studies will be done in order to prove the chemical leaching is 

occurring. 

 

 

4. CONCLUSIONS  

 

As it can be observed, in the cluster dendogram evidencing chemical elements, Na has a 

unique behavior. This observation can be an indication Na is not presented as silicates 

but, in other chemical compounds as carbonates. The carbonate presence can be another 

evidence to substantiate our argument [4] there is a chemical leaching of the rocks and 

consequently of the soil of both regions. There is also no evidence of any contamination 

once no meaningful concentration of any element was observed, neither from those 

which can be associated to uranium decay, more details about it can be found on 

Campos et all [9].  
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