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ABCTRACT 

 

The link between energy use and environmental health is crucial, yet the role of thorium near 

uranium deposits remains poorly understood despite known issues with nuclear power. In this 

context, this study determines the concentration of natural thorium in environmental matrices 

around a uranium mining site andexplores the distribution of natural uranium and thorium 

radionuclides in ore from the Cachoeira and Engenho mines in Brazil, as well as in aqueous 

and soil samples, using ICP-MS. Despite distinct ore fingerprints, the Engenho mine exhibits 

a lower uranium-to-thorium ratio than the Cachoeira mine. However, thorium levels from both 

mines are significantly lower than those reported in the literature, where concentrations 

exceed 150 Bq.kg-1. Conversely, thorium levels in aqueous samples from both mines are 

significantly higher than literature values, suggesting that uranium concentrations in these 

sites could be influenced by hydrological and geological conditions. The range of thorium 

levels in Cachoeira mine is 1.27 x 104 to 1.8 x 103 Bq.L-1, but in Engenho mine, the values are 

2.41 x 104 to 3.69 x 103 Bq.L-1. The agricultural crop soil values, such as bean, corn, cassava, 

and prickly pear, are lower than the literature estimates, suggesting little to no input from 

nearby mines. The range of thorium activity in agricultural soil was 90.97 to 99.42 Bq.kg-1, 

which is higher than the values reported in literature in areas without uranium mining (28 ± 39 

Bq.kg-1). Understanding the geographic variability of these radionuclides informs health 

policies and supports sustainable mining practices, promoting environmental and community 

safety. 

Keywords: 

Uranium, thorium, mining, ICP-MS, ore, water, soil. 
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1. Introduction 

 
The interconnection between the natural environment and energy management represents 

an extremely relevant concern in the context of preserving the health of our planet [1,2]. The 
methods used in the acquisition and consumption of energy have the potential to generate 
considerable impacts on the environment, ranging from the emission of gases responsible for 
the greenhouse effect to the depletion of ecosystems [3,4]. Within this scenario, the need to 
seek energy sources that are characterized by their cleanliness and renewability emerges, 
with a view to ensuring a future marked by sustainability [5,6]. 

Nuclear energy is a form of energy obtained from reactions that release a significant 
amount of energy, making nuclear energy an attractive source for generating electricity and 
other applications [7]. One of the main characteristics of nuclear energy is its energy density, 
that is, the amount of energy released per unit of mass is much greater compared to other 
energy sources [8]. Furthermore, nuclear energy is considered a clean energy source in terms 
of greenhouse gas emissions, as it does not emit CO2 during electricity generation [9,10]. 

The use of nuclear energy is controversial due to the risks associated with nuclear safety 
and the appropriate management of radioactive waste [11,12]. On the other hand, fossil fuels, 
such as oil, coal and natural gas, are non-renewable energy sources that have been widely 
used over the years [13]. However, burning it releases large amounts of greenhouse gases, 
contributing to climate change and other negative environmental impacts [14]. 

As its main raw material, uranium is mostly used in the production of nuclear energy [15]. 

Its most common isotope is U-235, which is fissionable and capable of sustaining a chain 
reaction [16]. Uranium extracted from the Earth's crust (isotopically rich in U-238) goes through 
an enrichment process, in which the concentration of U-235 is increased to allow nuclear 
reactions to be viable [17]. 

Despite presenting several advantages, such as high energy density, low greenhouse gas 
emissions and the availability of uranium as a raw material, there are some counterpoints to 
be considered, such as the risks associated with nuclear safety, adequate waste management 
of radioactive substances and the proliferation of nuclear weapons [18]. In this context, 
uranium mining is an activity intrinsically linked to the production of nuclear energy and, as 
such, faces specific issues related to health and safety in the workplace, as well as the 
socioeconomic implications in the surrounding areas [19]. 

It is natural that exposure to radioactivity is a constant concern for uranium mine workers, 
as they are at risk of inhaling radioactive particles, which increases, for example, the risk of 
lung disease and lung cancer [20,21]. To mitigate such risks, protective measures, such as 
the use of personal protective equipment, regular monitoring of radiation exposure and nuclear 
safety training, are fundamentally necessary [22]. 

The safety of communities near mines is also a significant concern, as uranium extraction 
can, to some extent, contaminate drinking water and soil, posing local health risks [23]. 
However, it is important to emphasize that uranium and thorium are naturally present in the 
Earth's crust, and their occurrence in rocks, soils, and groundwater in the region predates 
mining activities. Therefore, mining does not introduce these elements into the environment, 
but it can influence their mobility or concentration in specific environmental compartments. 

To address these environmental, public health and industrial concerns, it is essential to 
know natural uranium (U-nat) and thorium (Th-nat) concentrations in ores and environmental 
samples close to uranium mines. The literature, however, points out the difficulties in 
determining radionuclides in samples from environmental matrices, especially species that are 
not as naturally abundant as others, such as aluminium, iron, calcium or sodium [24–26]. This 
implies, in addition to the difficulty of quantifying radioisotopes, the small range of matrices 
explored for this purpose [27,28]. Hyphenated analytical techniques, such as Inductively  
Coupled Plasma Mass Spectrometry (ICP-MS), have proven effective in accurately 
quantifying uranium concentrations, allowing for a more complete and detailed assessment of 
the risks and benefits associated with uranium mining [29–31]. 
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In this context, the motivation for this study lies in the need to characterize the natural levels 
of uranium and thorium in the vicinity of a uranium mining company. The research aims to 
determine the concentrations of these elements in environmental matrices, including water, 
soil, and ore samples from the region. As the company operates two distinct mining sites, a 
comparative analysis will also be conducted to investigate potential variations in uranium and 
thorium content between them. 

2. Methodology 

To effectively establish the concentrations of uranium and thorium in the environment 
surrounding the uranium mining company, a systematic sampling method was employed. The 
sampling locations were selected based on their proximity to the two uranium mines: 
Cachoeira Mine (deactivated) and Engenho Mine (active). This will give a representative 
analysis of both mine environments and their potential impacts on surrounding ecosystems. 

In addition, a comparison between the two mines will be done to contrast uranium and 
thorium concentration differences. The selected sampling points, descriptions, and Universal 
Transverse Mercator (UTM) coordinates are given in Tables 1 and showed in Figures S1, S2, 
and S3. Except for the ore samples, which were collected as early as 2012, all other samples 
were collected between February 2021 and December 2023. 

It is also important to highlight that the ICP-MS analysis quantified specifically the isotopes 
Th-232 and U-238. For comparison with literature values commonly reported as “Th-nat” and 
“U-nat,” the measured concentrations were converted according to their natural isotopic 
composition. In the case of thorium, natural thorium is essentially composed of Th-232, so the 
concentration of Th-nat was taken as equal to the measured concentration of Th-232, i.e., CTh-

nat ≈ CTh-232. For uranium, natural uranium consists predominantly of U-238 (99.2745%), with 
minor fractions of U-235 (0.720%) and U-234 (0.0055%); thus, U-nat was obtained from the 
measured U-238 concentration according to CU-nat = CU-238/0.992745. This approximation is 
valid for natural, non-enriched materials, while in cases of isotopic fractionation or 
enrichment/depletion each isotope must be quantified separately. 
 
2.1. SAMPLES COLLECTION  

2.1.1. Ores 

The collection of ore samples (before and after the leaching process) was carried out in 
conjunction with the mining unit's ore quality control team. Ore samples were collected from 
assembled leach piles. Subsequently the samples were crushed to particle sizes in the range 
of 2 to 1.2 mm. 
 
2.1.2. Surface and Subterranean Water 

The aqueous samples were collected from designated points at the Cachoeira and 
Engenho mines. Depending on the water source, samples were obtained from pits or wells 
using a submersible pump or a bailer for wells with low water volume. Approximately 1 liter of 
water was collected per sample. 
 
2.1.3. Soils 

For the collection of soil samples, the cleaning conditions of the hoe was initially checked 
and it was cleaned using water. Then, a superficial cleaning was carried out in the area 
intended for collection, in order to remove any foreign objects, such as stones, sticks, roots 
and leaves. 

Then, an area of approximately 0.2 m² was demarcated using a wooden template. 
The collection itself was carried out carefully, reaching a maximum depth of 10 
centimeters. After collection, the sample was homogenized and divided into four equal 
parts. Approximately 2 kg of each sample was placed in a plastic bag, ensuring that it 
contains information regarding the date and point of collection. To preserve the integrity 
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of the sample, it was necessary to close the plastic bag immediately after obtaining the 
sample, using a string. 

In addition to points directly associated with mining areas, point LR036A was 
included, located downstream of the planned Engenho mine pit area, with the purpose 
of characterizing surface drainage in a future mining zone. 

For comparative purposes, soil samples were also collected from agricultural areas 
at least 20 km away from the mines (beans, corn, cassava, and prickly pear crops). 
These soils were considered reference samples, representing the natural background 
of the region in areas used for agriculture and livestock. 
 

2.2. SAMPLES PREPARATION 

2.2.1. Filtration of Aqueous Samples 

The filtration procedure for aqueous samples was carried out with a vacuum system with a 
vacuum flask using sterilized cellulose nitrate filter membranes with a porosity of 0.45 µm. 
This procedure is essential for some samples that are very muddy. The filtered volume for 
each sample intended for analysis of natural uranium was 50 mL. 
 
2.2.2. Drying of Solid Samples 

 

Solid samples were dried in an oven at 130–200 °C for 12 hours. This temperature range 

was adopted in accordance with laboratory internal protocols to ensure complete removal of 

moisture and to avoid re-adsorption of uranium and thorium on wet particles, which could 

compromise subsequent acid digestion and ICP-MS quantification. We acknowledge that in 

environmental studies drying at room temperature is common; however, for this specific study, 

high-temperature drying was essential to guarantee reproducibility and minimize variations 

related to residual humidity.  

Initially, the sample (~2.0 kg) was weighed using a precision portable balance. Then, the 

sample was carefully placed in an aluminium dish and then taken to the oven, where it was 

subjected to a temperature that varies between 130 ºC and 200 ºC, for a period of 12 hours. 

Every 3 hours, the tray was removed from the stove. 

Table 1. Description and location in UTM coordinates of the collection points. 

 
POINT LATITUDE LONGITUDE DESCRIPTION 

E004A 13°49'47.34"S 42°17'14.23"W Collection point located in the pre-basin, which receives the 
liquids that flow through the interception channel at the base of 
the waste rock pile from the Cachoeira mine, from the 
rainwater that flows over the waste and leached ore deposit 
and that percolate through the tailing’s piles of this deposit. 

E004B 13°49'42.26"S 42°17'14.96"W Collection point located in the fines sedimentation basin, which 
receives the waters that overflow from the pre-basin.  

E006 13°50'54.54"S 42°16'48.83"W Fines sedimentation basin of the Engenho mine. 

E009 13°50'0.46"S 42°17'47.42"W Collection point located inside the mine pit 1 of Cachoeira 
mine. 

E012 13°50'2.58"S 42°17'56.74"W Collection point located inside the mine pit 2 of Cachoeira 
mine. 

ES08 13°49'50.91"S 42°17'22.68"W Collection point located in the interception channel at the base 
of the waste rock pile, whose waters originate from pumping of 
water accumulated in the Cachoeira mine pits, flow over the 
piles of the Waste and Leached Ore Deposit and percolation in 
the piles of this deposit. 

ES08M 13°49'53.41"S 42°17'27.44"W Mining at the basis of the slope of the waste and leached ore 
deposit, whose contribution is only drainage waters that 
percolate the waste and leachate piles, without influence from 
the mine. 
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ES17D 13°51'17.86"S 42°16'38.96"W In pit sump of mine pit II - reservoir built within an excavation 
or mining pit to collect and manage water, used to control and 
drain excess water from the mining operation to prevent 
flooding and maintain safety and operational efficiency. 

ES18D 13°51'8.47"S 42°16'57.87"W In pit sump of mine pit III - reservoir built within an excavation 
or mining pit to collect and manage water, used to control and 
drain excess water from the mining operation to prevent 
flooding and maintain safety and operational efficiency. 

LR036A 13°50'50.19"S 42°16'32.15"W Surface water/sediment sampling point located in a drainage 
700 m downstream of the planned site of the Engenho mine 
pits. 

FG08 13°51'19.65"S 42°16'35.06"W Geotechnical drilling hole – Engenho mine. 

FG09 13°51'22.75"S 42°16'33.55"W Geotechnical drilling hole – Engenho mine. 

S001 
  

Composite sample from each pile of ore after the leaching 
process, from the sampling carried out in the pile.  

S002     Composite sample of each pile of ore during assembly, before 
the leaching process, based on sampling carried out in the 
pile.  

 

At this point, the sample was carefully mixed with a spatula, ensuring uniform drying. After 
the sample has completely dried, it was removed from the oven and placed on the bench to 
cool. A new weighing was carried out to obtain the dry weight of the sample. After waiting 
around 1 hour for the sample to reach approximately room temperature, it was transferred to 
a 60# mesh sieve, placed inside a mortar. At this point, the sample was subjected to a sieving 
process, with careful back and forth movements. 
 

2.2.3. Sample Preparation by Microwave-Assisted Digestion 

The digestion of solid samples for the analysis of natural uranium was carried out based 
on the methodologies proposed by Krug [32] and Vieira [33].  

For the digestion process, a Microwave-Accelerated Reaction System (MARS) was used, 
model MARS 6®, applied in laboratories for digestion, dissolution, hydrolysis, extraction or 
drying of a large scale of materials [34,35]. Its primary purpose is for rapid sample preparation 
for atomic absorption and inductively coupled plasma, emission spectroscopy, and gas or 
liquid chromatography [36]. The digestion process used for each solid matrix is presented in 
the following topics. 

  
2.2.4. Digestion of ore samples 

The ore sample, weighing 0.5 g, was placed in Teflon- Perfluoroalkoxy alkane (PFA) 
digestion tubes for microwave digestion with 10 mL of concentrated HF and HNO3. After that, 
a pre-digestion period of 20 minutes was waited. After pre-digestion was completed, the Teflon 
tubes were symmetrically distributed in the carousel according to the number of tubes. A 
single-step acid digestion program was employed. The temperature was ramped up to 180 °C 
over 15 minutes, followed by a 15-minute hold at that temperature.  

After digestion in the digester, 0.5 mL of H2O2 was added to the tubes, waiting 
approximately 5 minutes. The resulting supernatant was transferred to a 250 mL Teflon 
beaker. In general, at the end of this stage, there was still solid material deposited at the 
bottom of the tube or material with a gelatinous consistency. In this case, 10 mL of 4% (w/v) 
H3BO3 were added to the tube containing the sample, followed by a new digestion in the 
microwave digester. 

The supernatant resulting from the second digestion was transferred to the same Teflon 
beaker that contained the supernatant from the first digestion. This liquid was placed on a hot 
plate at 280°C until completely dry. Subsequently, 20 mL of concentrated HNO3 and 1 mL of 
H2O2 were added to the dry residue, returning to the hot plate at 280°C until complete drying 
to ensure the total elimination of HF. After complete drying, 70 mL of 2% (v/v) suprapure HNO3 
solution was added with a 100 mL PP beaker. Finally, the mixture was again placed on the 
hotplate at 280°C until the volume reached 25 mL. 
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2.2.5. Digestion of soil samples 

Soil analysis also requires the digestion of 0.5 g of sample. And unlike the mineral digestion 
process, soil digestion rarely presented a gelatinous appearance after leaving the sample from 
the microwave digester. In this sense, it was not necessary to use 10 mL of 4% (w/v) H3BO3 
in the intermediate stage of the digestion process. The rest of the process is analogous to that 
presented in ore digestion. 

A two-step acid digestion program was applied. In the first step, the temperature was 
ramped to 200 °C over 15 minutes and held for 15 minutes. In the second step, an additional 
15-minute ramp was followed by a 15-minute hold, also at 200 °C. 

 

2.3 Chemical Analyses 

 Given its great sensitivity and precision in measuring trace elements, ICP-MS is the 
method we chose for determining natural uranium and thorium. This technique has the 
advantage of being able to measure uranium and thorium in complicated matrices, such as 
mining samples, once the signal intensity is unaffected by the molecular environment of the 
element being measured [37]. 

ICP-MS has been effectively used to analyze uranium in different matrices, such as 
environmental samples, high-purity gadolinium sulfate, and human urine. [38–42]. Likewise, 
ICP-MS has demonstrated its effectiveness in determining thorium also in different matrices, 
such as titanium, urine, and environmental samples [43–45]. 
 In this study, natural uranium and thorium were determined using an inductively 
coupled plasma mass spectrometer PerkinElmer NexION® 300X ICP-MS equipped with a 
collision cell. Measurements were performed using both helium (He) collision mode (White 
Martins-Praxair, Sertãozinho, SP, Brazil) and no gas mode. Table S1 shows the Operating 
parameters adopted for PerkinElmer NexION® 300X ICP-MS used in the analyses for uranium 
and thorium. 
 
2.3.1 Calibration and Parameters 

To construct the calibration curve for uranium and thorium analyses, standard solutions 
were used: for uranium, a 5 µg·L⁻¹ solution prepared from a Specsol® standard; and for 

thorium, a standard solution from Agilent® with a concentration of 1001 µg·L⁻¹. Both standards 
were prepared in 5% HNO₃. The different concentrations referring to the points of the 
calibration curve were generated with the sampler and automatic dilutor coupled to the ICP-
MS equipment, C-2 DX Autosampler (Optima ELAN Version).  

Calibration curves for uranium and thorium are shown in Figures S4 and S5, respectively. 
The reagents were of Chemically Pure (CP) quality and the water used to bulk or dilute was 
ultrapure. The working solutions, prepared to be used in the analysis of blanks, standards and 
samples, were obtained from reagents stored in a solubilized liquid state. The internal 
standard used was Elemental Scientific M1-ISMS-25 prepFAST ICPMS Internal Standard 
8000 ppb (In-115). 

The limits of detection (LOD) obtained for ICP-MS were 0.01 µg·L⁻¹ (0.25 Bq·L⁻¹) for U-238 
and 0.005 µg·L⁻¹ (0.02 Bq·L⁻¹) for Th-232, ensuring sufficient sensitivity for quantification in 
the environmental samples analyzed. 
 
2.3.2 Quality Assurance and Validation 

The analytical methodology for thorium determination was specifically developed and 

optimized in our laboratory to meet the requirements of environmental monitoring associated 

with uranium mining. As part of the validation process, we highlight the use of the certified 

reference sample PNI 463 from the National Intercomparison Program for the Analysis of 

Environmental Samples for Radionuclide Determination (PNI – IRD/CNEN, Brazil), which was 

included in the analytical batches.  
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The same PNI protocol was also applied to uranium determinations, ensuring consistency 

and traceability of results. In addition, our laboratory participated in an intercomparison round 

(TO21/0423 for Th-232 and TO26/0423 for U-238) conducted while these environmental 

samples were being analyzed, further confirming the accuracy and reliability of the 

methodology (Supplementary Material 1).  

 

3. RESULTS AND DISCUSSION 

The analyses are presented here by different matrices. In each topic, a discussion will 
initially be made for each category and, at the end, a comparative analysis will be made 
between radionuclides and between the two mines: Cachoeira and Engenho. 

 
3.1. Ore Samples 

3.1.1. Natural Uranium  

Some samples of crushed ores from the Cachoeira and Engenho mines were analyzed for 

their natural uranium content (Figure 1A). In Figure 1A, the points labeled S002 represent 

crushed ore samples, and S001 refers to the leachate. The letter C indicates samples from 

the Cachoeira mine, while E denotes the Engenho mine. 

The leaching process begins with the crushed ore being stacked in piles. A concentrated 
solution of sulfuric acid is then applied to the ore. This acid solution facilitates the extraction 
of uranium from the ore by breaking down the minerals that contain uranium [46]. Over time, 
this process disrupts the secular equilibrium between the parent nuclides (Uranium-238, for 
example) and their decay products (the "children", such as Thorium-230, Radonium-222, and 
others) [47]. In an undisturbed uranium deposit, this equilibrium remains stable for long periods 
[48]. However, the leaching process disrupts this balance, as the acid helps release the 
uranium into the solution, which is then collected as leachate (S001). This process of leaching 
allows for the uranium to be separated from the rest of the ore, making it easier to recover and 
process. 

One of the most striking observations is the much higher uranium concentration in the 
Cachoeira mine. Taking average values, the crushed ore from Cachoeira (S002C) has 49,530 
Bq/kg, whereas Engenho’s crushed ore (S002E) has 25,010 Bq/kg, nearly half as much, 
showing that uranium deposits in Cachoeira are naturally more concentrated. The same trend 
is observed in the leachate, in which Cachoeira (S001C) has 9,950 Bq/kg, while Engenho 
(S001E) has only 4,300 Bq/kg.  

Another important point is the variability in the data. Cachoeira’s uranium concentrations 
show greater fluctuations, as indicated by its higher standard deviations: 4,806 Bq/kg for 
crushed ore and 445.4 Bq/kg for leachate. This points to the fact that uranium is not evenly 
distributed throughout the ore, leading to a more heterogeneous deposit. Engenho’s standard 
deviations, in contrast, are much lower (977.3 Bq/kg for crushed ore and 106.3 Bq/kg for 
leachate), which indicates a more uniform composition in this mine. 

To assess the efficiency of uranium extraction, we examined the ratio between uranium 
concentration in leachate (S001) and crushed ore (S002). In the Cachoeira mine, this ratio is 
0.2009, meaning that, on average, 20.09% of the uranium from the crushed ore is transferred 
to the leachate. In the Engenho mine, the ratio is 0.1720, indicating an extraction efficiency of 
about 17.20%. 

The Student's t-test applied to the natural uranium concentrations in the two mines yielded 
a two-tailed p-value of 0.0066, which is well below the conventional significance threshold of 
0.05. This indicates that the difference in uranium concentrations between the Cachoeira and 
Engenho mines is statistically very significant, making it highly unlikely that the observed 
variation is due to random sampling. In practical terms, this confirms that Cachoeira has a 
naturally higher uranium concentration than Engenho. 

This finding aligns with the historical ore extraction patterns of the mining company, which 
initially removed large amounts of high-grade ore from the Cachoeira mine, in accordance with 
the amount currently extracted from the Engenho mine [49]. Since Engenho contains lower-
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grade ore, a larger volume must be processed to obtain the same amount of uranium, leading 
to increased waste generation and a potentially greater environmental impact compared to 
Cachoeira. 

As discussed by Porto et al. (2024) [49], the company’s uranium production profile has 
evolved over the years, largely influenced by the radiochemical characteristics of the mines. 
Production initially relied on the Cachoeira mine, but after a period of inactivity, operations 
resumed with ore from the Engenho mine. The variation in uranium levels between these 
mines reflects differences in their geological formations, showing that, while the region as a 
whole has a high uranium background, not all areas within the mining zone exhibit the same 
radiochemical profile [50].  

It is known from the literature that the concentration of uranium in uranium ore varies widely 
depending on the source and type of ore. A study reported uranium concentrations as high as 
2600 ± 100 Bq.kg-1 in samples from the Mezdreja uranium mine tailing dump, in Serbia [51]. 
Similarly, another study found maximum uranium concentrations of 81.5 mg.kg-1 (2070 Bq.kg-

1) in stream sediments downstream of an open pit lake and dumps [52]. 
Both the Cachoeira and Engenho mines exhibit uranium concentrations that are higher than 

those reported in the literature, suggesting that the uranium levels in this region are notably 
elevated, even when compared to other uranium mining sites. 

Fig. 1. U-nat and Th-nat concentrations in ores and aqueous samples in both of the mines. For A and B, the 
sample name endings indicate their origin: C – Cachoeira and E – Engenho. A) U-nat concentration of ore 

samples (Bq/kg). B) Th-nat concentration of ore samples (Bq/kg). C) U-nat concentration of aqueous samples in 
the Cachoeira Mine (Bq/L). D) Th-nat concentration of aqueous samples in the Cachoeira Mine (Bq/L). mines. E) 

U-nat concentration of aqueous samples in the Engenho Mine (Bq/L). F) Th-nat concentration of aqueous 
samples in the Engenho Mine (Bq/L). 
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Regarding radiological impact, the literature shows that uranium ores contain uranium with 
a natural isotopic composition in concentrations ranging from less than 0.03% to more than 
20% [53]. As stated earlier, in uranium ore deposits, secular equilibrium occurs between U-
238 and its decay products, and between U-235 and its decay products, respectively [48]. This 
balance can be slightly disturbed by geochemical migration processes in the ore deposit [54]. 

In the case of an undisturbed uranium deposit, which is not the case of the mines studied 
here, the activity of all decay products remains constant for hundreds of millions of years [55]. 
In the ore deposit, radiation is practically trapped underground. Radon is not a concern for 
deep deposits, although it can travel through underground fissures as it decays before 
reaching the surface [56]. The situation changes completely when the deposit is mined: radon 
gas can escape into the air, ore dust can be dispersed by wind, and contaminants can leach 
and infiltrate surface water bodies and groundwater [57], which is the case of these mines. 

However, the mining operations at these sites are carried out through open-pit mining, 
which significantly reduces the concentration of radon in the surrounding areas. Open-pit 
mining exposes the ore directly to the atmosphere, allowing radon gas to dissipate quickly 
rather than accumulate in underground spaces. While this reduces radon-related risks in the 
vicinity of the mining site, other radionuclides present in the ore can still contribute to 
environmental radiation exposure, making continuous monitoring essential to ensure the 
safety of workers and nearby communities [58]. 
 
3.1.2. Natural Thorium 

Samples of crushed ores from the Cachoeira and Engenho mines were also analyzed for 
their natural thorium content (Figure 1B). Despite presenting a discrepant statistical 
dispersion, the natural thorium values for the ores from each of the mines present very similar 
averages, which could allow a preliminary conclusion that the radiochemical profile referring 
to Th-232 in both mines is quite similar. The crushed ore from Cachoeira (S002C) has 100.37 
Bq/kg, while Engenho’s crushed ore (S002E) has 99.98 Bq/kg, which are nearly identical 
average values. This suggests that the thorium content in both mines is relatively comparable, 
showing that both deposits contain similar amounts of thorium in their ores. 

When examining the leachate, however, there is a noticeable difference. Cachoeira’s 
leachate (S001C) contains 55.40 Bq/kg, while Engenho’s leachate (S001E) has 71.32 Bq/kg. 
This trend indicates that more thorium is retained in the leachate from Engenho, which may 
suggest that the extraction process is less efficient in removing thorium from the ore in this 
mine, or that the thorium in Engenho is more easily leached.  

Several factors may account for the differences observed in thorium levels between the 
leachates. In the case of the Engenho ore, thorium might be linked to mineral phases that are 
more prone to dissolution or more weakly bound within the solid matrix, which would facilitate 
its release during leaching. Furthermore, physical characteristics such as particle size 
distribution, pore structure, and the presence of accessory minerals like clays or iron oxides 
could significantly impact thorium behavior during processing. Also, minor differences in the 
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geochemical environment (shifts in pH, oxidation-reduction potential, or the availability of 
complexing ligands like organic compounds or phosphate ions) may enhance thorium 
solubility and mobility in the Engenho samples. It is known that the presence of sulfate, 
phosphate, and organic ligands (e.g., fulvic acid) can form stable thorium complexes, greatly 
enhancing its solubility and mobility, especially under acidic to neutral conditions [59–61]. 

Another key aspect is the variability in the data, as indicated by the standard deviations. 
Cachoeira’s crushed ore (S002C) shows a standard deviation of 17.38 Bq/kg, while Engenho’s 
crushed ore (S002E) has a slightly higher standard deviation of 17.77 Bq/kg. These relatively 
close values suggest similar levels of variability in the thorium distribution in both mines. 
However, when we look at the leachate, Cachoeira (S001C) has a much lower standard 
deviation of 3.08 Bq/kg, indicating less fluctuation in the thorium content in the leachate 
compared to Engenho, which has a higher standard deviation of 1.58 Bq/kg. This points to the 
fact that the thorium content in the leachate from the Engenho mine is more uniform and 
possibly more influenced by the composition of the ore being processed. 

When evaluating the efficiency of thorium extraction, the ratio between the thorium 
concentration in the leachate (S001) and crushed ore (S002) can provide some insights. For 
Cachoeira mine, this ratio is 0.5538, meaning that approximately 55.40% of the thorium from 
the crushed ore is transferred to the leachate. In contrast, Engenho has a ratio of 0.7146, 
indicating that about 71.50% of the thorium in the crushed ore is transferred to the leachate. 
This higher ratio in Engenho may confirm that thorium is more readily leached from the ore in 
this mine, as discussed previously. 
 The literature shows that in the province of Gauteng in South Africa, average activity 
concentrations of Th-232 in mine tailings are 43.9 ± 1.0 Bq.kg−1 [62]. Similarly, in the tin 
mining area of Jos Plateau, Nigeria, the activity concentrations of thorium-232 ranged from 
5,290 to 47,500 Bq.kg-1 [63]. The average concentration of thorium in Malaysian monazite 
ore, in turn, was found to be 17,990.5 ± 1,239.3 ppm (73,041 ± 5,031.6 kBq.kg-1) [64]. 
 In contrast to the Gauteng mining tailings, the concentrations in the Brazilian mines 
(Cachoeira and Engenho) are significantly greater, suggesting that the thorium levels in these 
particular Brazilian mines may be higher. Nonetheless, the range of concentrations is similar 
to that of the Jos Plateau tin mining zone, indicating a comparable thorium content in these 
Brazilian mines and the particular Nigerian mining location. Nevertheless, these 
concentrations remain far below the extremely high levels found in Malaysian monazite ore, 
which exhibits significantly greater radioactivity. 
 It was expected that the natural thorium concentrations in the Brazilian Cachoeira and 
Engenho mines would be relatively low compared to other mining regions, given that these 
mines are focused on uranium extraction, not on thorium. 
 

3.2 Aqueous Samples 

3.2.1 Natural Uranium 

Figures 1C and 1E show a boxplot for the natural uranium values (in Bq.L-1) of samples 
collected around and inside the Cachoeira and Engenho mines, respectively. Rainwater that 
runs over the waste and leached ore deposit and liquids from the Cachoeira mine are received 
by E004A. The pre-basin overflows into E004B, and the uranium content there is somewhat 
greater than in E004A. This would suggest that the fines sedimentation basin is perhaps 
showing a subtle uranium leakage. 

When compared to the other collection points, the uranium level at E009, which is situated 
inside mine pit 1, is noticeably greater. This was already expected, once there is a 
comparatively high concentration of uranium in the mining pit [65–67]. While not as high as it 
was at E009, the uranium level in E012 is still rather significant. ES08, in turn, receives water 
originating from the pumping of water accumulated in Cachoeira Mine pits, which then flows 
over the piles of the Waste and Leached Ore Deposit, also showing some level of uranium 
content. 

At the fines sedimentation basin (E006), the uranium content is rather low. ES17D (mine 
pit II) has much more uranium than the fines sedimentation basin (E006). In ES18A, uranium 
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content is comparatively low. Nonetheless, there may be differences in certain areas in mine 
pit III. The comparatively low uranium level in FG08 suggests that there is little uranium content 
in the geological exploratory drilling holes. Additionally, FG09's uranium content is quite low, 
as also seen in FG08.  

As shown in Figure 1A, the Cachoeira Mine exhibits average uranium concentrations more 
than twice as high as those at the Engenho Mine at certain points, indicating a considerable 
overall difference in uranium levels between the two sites. This confirms how different the 
radiochemical profile is compared between the mines and reinforces the heterogeneity of the 
uranium distribution due to the anomalies explored by the mining company. 

It is well established that the uranium concentration in seawater is very low, at only 3.3 ppb 
(0.084 Bq.L-1), due to its low solubility [68]. In contrast, uranium concentrations in carbonate 
ore leach solutions can be much higher, often 1 g.L-1 (25,400 Bq.L-1) [69]. The equilibrium 
uranium concentration in water resulting from the interaction with rocks or uranium ore is only 
≤ 10-8 mol.L-1 (≤ 0.604 Bq.L-1) [70]. 

Studies have shown that uranium concentrations in water samples from mining areas can 
exceed recommended guidelines, leading to enhanced radioactivity levels in surface water 
streams [71]. The solubility processes of uranium under oxidizing conditions in soils partially 
saturated with water can lead to concentrations in residue pore fluids that exceed solubility 
limits for U(VI)-containing [72]. This is further supported by findings that uranium 
concentrations in borehole and shallow well water samples ranged from 7 to 263 μg.L-1 (0.18 
to 6.68 Bq.L-1) and 17 to 199 μg.L-1 (0.43 to 5.1 Bq.L-1), respectively [73].  

The impact of uranium mining on water quality is also evident in studies that have reported 
elevated uranium levels in lake water, waste heaps, adjacent soils, and groundwater in mining 
regions [74]. A study investigating the impact of a disused mine on uranium transport in a river 
in South West England further highlights the potential for uranium contamination in water 
bodies [75]. Values of 1268 μg.L-1 (32.20 Bq.L-1) in open pit lakes, 100 μg.L-1 (2.54 Bq.L-1) in 
surface water, 103 μg.L-1 (2.61 Bq.L-1) in groundwater [52] were found in a study that analyzed 
uranium in a stream downstream of an open pit lake and dumps [52]. 

When comparing the estimated uranium concentrations in the Engenho and Cachoeira 
mines with those found in the literature, it becomes clear that both mines exhibit significantly 
higher uranium levels in water. The Cachoeira mine, for example, with an average estimated 
concentration of approximately 36.3 Bq.L-1, appears to be more similar to the values 
mentioned in the literature than the Engenho mine, with an estimated concentration of 
approximately 1.8 Bq.L-1. 

The examples provided in the literature, such as seawater, carbonate ore leach solutions, 
and rock interactions, represent different types of water samples that differ significantly from 
those collected in the Engenho and Cachoeira mines. These differences are largely due to the 
specific geological and hydrological contexts in which the uranium ores are located. 
Interactions between uranium ores and the surrounding rock formations in different geological 
environments significantly influence how readily uranium can dissolve in water. 
 
3.2.2 Natural Thorium 

Figures 1D and 1F show a boxplot for the natural thorium values (in Bq.L-1) of samples 
collected around and inside the Cachoeira and Engenho mines. Significant differences in the 
amounts of this natural thorium can be seen in different parts of the mine based on natural 
thorium data that was gathered at several locations inside Cachoeira Mine. 

Locations E004A and E004B, which are situated in the fines sedimentation basin and the 
pre-basin, respectively, show natural thorium levels that are rather low and stable. This might 
indicate that the streams passing through these regions have a consistent concentration of 
thorium in them. It was also observed a notable rise in natural thorium levels upon entering 
the mine at point E009, which is situated within Cachoeira mine's pit 1, which was already 
expected, as it refers to an internal point within the mine. 

In pit 2 of the mine, at position E012, thorium levels are considerably higher, which implies 
that pit 2 could have some little thorium geological anomalies. Lastly, natural thorium at point 
ES08, which is in the interception channel at the base of the waste rock pile, are comparable 
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to those at pit 2 (E012). This implies that significant amounts of thorium may be transported 
by pumping water out of the pits [76]. 

In general, the natural thorium data collected at the Engenho mine showed a significant 
variation in the element's concentrations at different points in the mine. It can be observed that 
natural thorium values are rather low, starting with locations FG08 and FG09, which 
correspond to geotechnical drilling holes at the Engenho mine. On the other hand, natural 
thorium concentrations are significantly greater at locations ES17D and ES18A, which are 
situated in the in-pit regions of pits II and III of the mine. These locations are connected to 
mine drainage and have increased direct exposure to uranium ore. 

In addition, thorium levels at Point E006, which is associated with the Engenho mine fines 
sedimentation basin, are comparatively greater than those at geotechnical drilling holes. This 
implies that there could be significant amounts of naturally occurring thorium in the waters that 
flow and collect in this area.  

A study reported even higher thorium concentrations of up to 38 ppm (154.28 Bq.L-1) in 
seeps and ground waters associated with uranium mining in the United States and Canada 
[77]. Another research reported mean activity concentrations of thorium in water ranging from 
0.002 to 0.037 Bq.L-1 in the Oum Er-Rabia river, indicating the presence of thorium in natural 
water bodies affected by uranium mining [78]. 

The range of thorium levels in various samples in Cachoeira mine is 1.27 x 104 to 1.8 x 10³ 
Bq.L-1, but the range at the Engenho mine is 2.41 x 104 to 3.69 x 10³ Bq.L-1. A significant 
discrepancy is seen when these results are compared to previous research, which showed 
results of more than 150 Bq.L-1. The disparity in thorium concentrations between Brazilian 
mines and the locations reported in the literature is highlighted by this significant variance. 
Although the concentrations in the literature samples are much greater than those in the 
Engenho and Cachoeira mines, this suggests that distinct topographical and operational 
factors exist in each environment. 

Furthermore, the radionuclide with the highest known abundance in the mines analyzed in 
this study is uranium. In this sense, in fact, it was not expected that thorium concentrations, 
although relatively significant, could be higher than those of average ore samples from other 
mines reported in the literature. 

 
3.3 Soil Samples 

3.3.1 Natural Uranium  

This study's soil samples originate from isolated areas near the mines, where crops and 
cattle are raised. These soils are essential for assessing the amounts of uranium in agricultural 
and animal products, as well as for comparing the uranium content of mine ores. 

Uranium may seep into the soil from adjacent geological formations, influencing the 
surrounding ecosystem and perhaps changing the makeup of crops and fodder [79]. Soil 
contamination by uranium can lead to a significant change in the fungal community, affecting 
the soil ecosystem under experimental conditions [80]. 

The mobility and bioavailability of uranium in soils are influenced by various factors such 
as pH, soil type, and physicochemical properties [81,82]. The sorption of uranium in soils is 
affected by pH, with significant impacts on the total and available uranium content in the soil 
[83]. In this sense, uranium-contaminated soils can also lead to uranium entering the human 
food chain through water and plants, posing a threat to human health and the environment 
[84]. The uptake of uranium by crops, such as maize and wheat, is influenced by the soil type, 
with uranium concentration in the soil decreasing with an increase in soil acidity, contrasting 
its accumulation in the roots of cultivated plants [85]. 

Figure 2 shows the concentration of natural uranium and thorium in Bq.kg-1 in soils 
associated with bean, corn, cassava and prickly pear plantations.  
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Fig. 2. U-nat (yellow) and Th-nat (gray) results of soil samples. 

 
 

There is a discernible variation in the amounts of uranium present in the various farming 
soils. Beans and corn soils share the same uranium content, which is higher than that of 
cassava and prickly pear ones. The disparities in uranium content may be attributed to a 
combination of environmental factors and also perhaps agricultural practices, but with a 
minimum contribution. Factors like soil composition, water sources, and land use can influence 
uranium levels. It is notable that the difference of approximately 1000 orders of magnitude 
between the soils used as reference and the samples from the mines can allow a reliable 
comparison, whose reference values are, in fact, the background values of the region. 

Several studies have investigated the behavior of uranium in soil and its potential extraction 
and remediation methods. Research demonstrated that the residual concentration of uranium-
citrate complexes in treated soils can be rapidly reduced by maintaining the soil water pH 
between 8 and 9 [86]. Additionally, another study highlighted the influence of uranium per unit 
surface area of soil particles, sorption site variability, and soil mineralogy on the reaction rate 
during carbonate leaching of uranium from contaminated soils [87]. Furthermore, another 
study reported specific uranium concentrations in soil samples from former uranium mining 
sites in Germany, highlighting the existing body of literature focused on uranium determination 
in soil matrices [88]. 

Some studies presented the detection of high levels of uranium in soil and groundwater 
samples, with concentrations reaching 350 μg.g-1 (8,890 Bq.kg-1) and varying from 5 ng.g-1 to 
2 μg.g-1 (0.12 to 50.8 Bq.kg-1) in soil layers and water, respectively [89,90].  

The values found in agricultural crop soils (Bean, Corn, Cassava, Prickly pear) are 
significantly lower than the values mentioned in the literature for soil (350 μg.g-1 or 8,890 Bq.kg-

1). Agricultural crops have concentrations that are in the range of tens of Bq.kg-1, while 
literature values are much higher. This shows that, although the agricultural products are 
collected from a region that is relatively close to the mines, the distance to it of at least 20 km 
shows that the contribution of the mines may be minimal or even none at all. In this sense, it 
can be inferred that the uranium concentration in the soil is the background of the region itself. 

It is important to highlight that the concentrations observed in some agricultural soils (50–
400 Bq·kg⁻¹ for U) may appear elevated compared to global natural averages. However, the 
region is characterized by known geochemical anomalies, which explains part of this 
variability. To contextualize the radiological impact, we performed a preliminary dose 
estimation using IAEA conversion factors. The results indicate that, even at the highest values 
measured, the annual effective dose for external exposure remains below the reference public 
limit of 1 mSv·y⁻¹. Nevertheless, we recommend that future studies include detailed 
radiological risk modeling and continuous monitoring to better evaluate potential health risks. 
 
3.3.2 Natural Thorium  

The soil samples analyzed here were the same soils analyzed for uranium, previously 
shown (Figure 2). These soils are very important for evaluating the thorium concentration of 
mine ores and for determining the thorium content of agricultural and animal products.  
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The levels of natural thorium in soils from both crops show a smaller fluctuation when 
compared to the variation between natural uranium values in the same soils. In this sense, it 
is possible that the region's natural thorium background may, for some locations, be relatively 
more homogeneous and well distributed than the uranium profile. 

There is a study in the literature that reported average activity concentrations of Th-232 in 
non-affected areas of uranium mining to be 28 ± 39 Bq.kg-1 [91]. Another research observed 
activity concentrations of thorium in affected areas ranging from 1.57 to 26.9 mg.kg-1 (6.37 to 
109.21 Bq.kg-1) [92]. Soil around the Long Term Storage Facility in Bukit Kledang, Perak, 
Malaysia, showed a radioactivity concentration of 20.83 ± 5.88 Bq.kg-1 [93]. 

The results show the amounts of thorium activity in crops soil used for agriculture, 
ranging from 90.97 to 99.42 Bq.kg-1. On the other hand, typical Th-232 concentrations 
in non-uranium mining impacted areas are reported in the literature to be around 28 ± 
39 Bq.kg-1. This discrepancy shows that crop soil thorium concentrations are greater 
than those found in unaffected areas. In regions impacted by uranium mining, thorium 
concentrations were found to range from 6.37 to 109.21 Bq.kg-1, according to another 
study published in the literature. It is notable that the values in the crops’ soils are 
comparable to or greater than the concentrations discovered in regions affected by 
mining when these data are compared with the concentrations in agricultural crops 
soils. 

Moreover, the radioactivity content in the soil around the long-term storage facility at 
Bukit Kledang, Perak, Malaysia, was 20.83 ± 5.88 Bq.kg-1, which is similar to what is 
seen in crops soils. According to this investigation, thorium concentrations in soils of 
agricultural products are significant when compared to levels reported in areas 
unaffected by uranium mining, and in certain instances, they are even greater than 
those found in places where mining has a direct influence. In general, the thorium 
concentrations measured in these agricultural soils are consistent with the values 
reported in the literature for both unaffected and uranium mining-impacted areas. 

 

 3.4 COMPARISONS 

     In this section, we integrate the results obtained for different matrices (ores, waters, and 
soils) and highlight radiogeochemical patterns between the Cachoeira and Engenho mines. 
The purpose is to help the reader understand not only the absolute values, but also the 
contrasts between U-nat and Th-nat and their different environmental mobilities. 

3.4.1 Ore Samples 

Despite the knowledge that the uranium ore types from the Cachoeira and Engenho 
mines exhibit distinct radiochemical signatures, this topic will undertake a comparative 
analysis between them. Figures 3A shows a comparative boxplot with ore values from 
both mines.  

Based on the analysis of the boxplot referring to the ores from the Cachoeira and Engenho 

mines, it can be seen that the discrepancy between the values of natural uranium and natural 

bull are very significant, which shows that in fact the ores have a great abundance of uranium 

when compared to thorium. In this sense, to carry out a more quantitative analysis regarding 

the radiochemical profile of U-nat and Th-nat from both mines, the aqueous samples from 

each of the Cachoeira mines and the Engenho mine will be analyzed comparatively. 
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Fig. 3. A) U-nat and Th-nat results of uranium ores from Cachoeira Mine (end C) and Engenho Mine (end E). B) 
Percentage composition of U-nat and Th-nat in ore samples from both mines. Label values are concentrations in 
Bq.kg-1. C) U-nat and Th-nat results of aqueous samples from Cachoeira Mine. D) Percentage composition of U-
nat and Th-nat in aqueous samples from Cachoeira Mine. Label values are concentrations in Bq.L-1. E) U-nat and 

Th-nat results of aqueous samples from Engenho Mine. F) Percentage composition of U-nat and Th-nat in 
aqueous samples from Engenho Mine. Label values are concentrations in Bq.L-1. 
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Using the averages to make a proportional comparison between the U-nat and Th-nat 
values of each mine (Figure 3B), it can be seen that the radiochemical profile of natural 
uranium is almost 500 times higher than that of natural thorium in the Cachoeira mine. On the 
other hand, at the Engenho mine, this proportion reaches around 220. This means that, in 
fact, the composition of the ore at the Engenho mine has a higher natural thorium content than 
the Cachoeira mine, being almost twice higher in percentage terms. 

 
 

3.4.2 Aqueous Samples 

Naturally, just like the U-nat and Th-nat values in the ores from each mine, the liquid 
samples collected from each mine also, it is expected, may present very different 
radiochemical profiles. This is an analysis that will be done in this topic. Figure 3C shows a 
boxplot of U-nat and Th-nat results of aqueous samples from Cachoeira Mine. 

Analyzing the radiochemical profile of the aqueous samples from Cachoeira Mine, it can 
be seen that the discrepancy between the values of natural uranium and natural torus is still 
very large. This is an expected result, since the nature of the ore directly influences the nature 
of the soil and, consequently, the water that is eventually represented in and around the mine. 

To make a more effective comparison between natural uranium and thorium in the 
Cachoeira mine aqueous samples possible, the percentage composition axis was adapted to 
the third decimal place, going from 99.990% to 100.000%. This shows that, in fact, the 
abundance of uranium relative to thorium is very significant. 

It is important to highlight that the percentage composition analysis does not imply that the 
components of the aqueous samples are only natural uranium and thorium. This 
representation actually shows the main radionuclides that lead a nuclear decay series: U-238 
and Th-232. The concentration of the radionuclides of each series is expected to be 
approximately in secular equilibrium with its parent nuclide. In other words, this means that 
the concentrations of Ra-226 and Pb-210, radionuclides with a relatively long half-life, present 
subtly similar concentrations. Likewise, Ra-228, the immediate decay son of Th-232, should 
present relatively close concentrations (or possibly in the same order of magnitude) as its 
parent. Figure 3E shows U-nat and Th-nat concentrations in aqueous samples from Engenho 
Mine. 

Similarly regarding the results of aqueous samples from the Cachoeira mine regarding U-
nat and Th-nat, the values are in tens of orders of magnitude of difference. In this sense, a 
more assertive analysis will be carried out based on the percentage composition profile of 
these radionuclides. 

Figure 3F shows the percentage composition of U-nat and Th-nat in aqueous samples from 
Engenho Mine. Unlike the representation referring to Cachoeira mine, it was not necessary to 
use the third decimal place to evaluate the difference in the profile of these radionuclides. 

The percentage composition referring to the aqueous samples from the Engenho mine 
shows a trend already observed in the comparative analysis of both ore samples from the two 
mines. The proportional quantity of thorium relative to uranium is higher in the Engenho mine, 
a profile that was present not only in the ores, but naturally, in the aqueous samples. 

3.4.3 Soil Samples 

Also used as reference samples for values in the region around the mines, soils are one of 
the matrices that already present similar orders of magnitude for natural uranium and thorium.  

Despite presenting discrepancies when comparing the results of uranium and natural 
thorium with each other for each one, the soils present a more constant behavior when 
compared to the other matrices previously presented. Furthermore, it is noted that thorium 
concentrations in different soils show a linearity that is not observed in uranium, which 
confirms the hypothesis that thorium is found in a more dispersed and homogeneous form in 
the surroundings of uranium mining. 
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3.5. Limitations and Perspectives 
This study has some limitations: (i) the number of sampling points, although representative, 

does not cover the entire area of influence of the mines; (ii) the lack of temporal series prevents 
assessment of seasonal variations in U and Th mobility; (iii) a complete radiological risk model 
was not performed. 

Future research should include continuous monitoring of surface and groundwater, 
evaluation of agricultural products and biological matrices, and application of radiological 
dispersion models. 

From a broader perspective, the findings presented here are not restricted to the Cachoeira 
and Engenho mines but provide insights for sustainable uranium mining management in other 
regions, reinforcing the need for public policies aimed at environmental protection and 
community health. 

Conclusions 

In this study, we effectively employed ICP-MS to quantify naturally occurring uranium and 
thorium across a variety of environmental matrices, including ores, water samples, and soils, 
providing insights into how these radionuclides are distributed in areas influenced by uranium 
mining. 

Clear differences in uranium concentrations were observed between the Cachoeira and 
Engenho mines, reflecting the distinct radiochemical signatures of each deposit. Uranium 
levels at the Cachoeira mine were found to be significantly higher than thorium, with a uranium-
to-thorium ratio nearly twice that of the Engenho mine. While results from Engenho are 
consistent with values commonly reported in the literature, the elevated concentrations at 
Cachoeira underscore the uniqueness of its ore composition. 

This trend was also evident in the aqueous samples, where uranium remained consistently 
more abundant than thorium, especially in samples from Cachoeira. At both sites, uranium 
appears to be more mobile, which may explain its pronounced presence in the water. 

Soil samples presented a somewhat different profile. Although variations were still 
observed, uranium and thorium concentrations generally fell within the same order of 
magnitude. Notably, thorium showed a more uniform distribution across the sampling sites, 
likely due to its lower solubility and greater affinity for soil particles. 

The values we obtained align well with those reported in the literature and fall within the 

expected range for such matrices around a uranium mining site. These results emphasize the 

role of local geological and geochemical factors in shaping the environmental behavior of 

uranium and thorium. 

In summary, the results confirm that U and Th concentrations in the region reflect both the 

natural geological background and the influence of mining activities. The higher mobility of 

uranium compared to thorium indicates a greater potential for transport in water, which should 

be carefully considered in monitoring programs. By examining multiple sample types, we 

gained a more comprehensive understanding of how these radionuclides are distributed and 

transported, an important step toward improving environmental monitoring in areas close to 

uranium mines. 
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Table S1. Operating parameters adopted for PerkinElmer NexION® 300X ICP-MS. 

Instrumental parameters 

Equipment used PerkinElmer NexION® 300X ICP-MS 

232Th detection limit < 0.5 ng.L-1 (ppt) 

RF Power 1600W 

Plasma gas flow 18 L min-1 

Auxiliary gas flow 1.2 L min-1 

Gas flow in the nebulizer 1.01 L min-1 

KED Mode  

input voltage -3.00 V 

Output voltage -32.00 V 

CROa -15.00 V 

QROb -12.00 V 

Data acquisition parameters 

Number of sweeps per read 50 

Number of readings 1 

Number of replicates 3 

Dwell Time 25 s 

Collision gas - 

RPqc 0.25 V 

Gas flow in the Collision Cell - 

Calibration range 5.0 - 40.0µg L-1 
a CRO (Cell Rod Offset) – voltage applied to the quadrupole of the reaction/collision cell; 
b QRO (Quadrupole Rod Offset) – voltage applied to the mass analyzer quadrupole; 
c RPq relates the voltage applied to the quadrupole rods and needs to be optimized. 
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Figure S1. Location of collection points. 
 

 
 

 
Figure S2. Location of collection points – Cachoeira Mine. 

 

 

 
Figure S3. Location of collection points – Engenho Mine. 
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Figure S4. Calibration curve used in the determination of natural uranium. 

 

 

 
 
 
 

Figure S5. Calibration curve used in the determination of natural thorium. 
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