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Abstract

This study aimed to quantify and assess the spatial distribution of 238U, 232Th, and 40K
in the soils of the Espora Hydroelectric Power Plant (Espora HPP) and Queixada Small
Hydroelectric Power Plant (Queixada SHPP) watershed (model hydraulic development
areas) and their relationship with the geological, chemical, physical, and biological aspects
of the soil. The study areas are located in the Corrente River drainage basin, in the
southwestern portion of the state of Goiás, Brazil. Radionuclides were quantified using
a PGIS-2 portable gamma spectrometer, with measurements taken at 21 sampling points.
Soil samples were collected from the surface layer (0–20 cm) for particle-size and chemical
analyses. The results indicated that the average radionuclide contents in the soils were
64.49 Bq/kg for 40K, 45.44 Bq/kg for 238U, and 4.53 Bq/kg for 232Th. When comparing these
values with the global average established by UNSCEAR, it was observed that 232Th and
40K concentrations were below the global reference, whereas 238U concentration exceeded
the world average of 33 Bq/kg. Particle-size characterization revealed significant variability
in soil texture, with sand content ranging from 51.46 to 90.91%, clay content from 7.45
to 30.64%, and silt content from 1.64 to 17.90%. Organic matter content had an average
of 10.09 g/kg, while soil pH ranged from 4.67 to 6.54. The results of this study have
demonstrated the relevance of integrating radiometric and geochemical data for assessing
environmental safety in hydroelectric development areas. The approach adopted can
support monitoring programs and decision-making processes related to soil management
and land-use planning in regions influenced by hydraulic infrastructures.

Keywords: gamma spectrometry; radionuclide; soil; environmental impact; hydraulic
development

1. Introduction
The Cerrado Biome in Brazil occupies almost 25% of the Brazilian territory, being

responsible for approximately 60% of national grain production. Soils in these areas are
chemically poor, but with favorable relief for exploitation. For agricultural activities to
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be possible, the only way to make up for the deficiency of nutrients such as phosphorus
and potassium is through fertilizers. Phosphate fertilizers and one of their by-products,
agricultural gypsum, may contain radioactive elements, depending on the rock used to
manufacture these fertilizers [1]. Monitoring radionuclides in soils is essential to assess
environmental risks and possible anthropogenic impacts, especially in areas with intense
agricultural activity with the use of phosphate fertilizers and correctives with high concen-
trations of radioactive elements [2,3]. Studies indicate that the absorption of radionuclides
by plants constitutes one of the main routes of transfer of these elements to humans through
the food chain [4,5]. In addition, research has shown that any dose of radiation can increase
the risk of developing chronic diseases, such as cancer, kidney failure, and lung diseases,
resulting from prolonged exposure to ionizing radiation by humans and animals [6–9].

Gamma spectrometry has been widely used in the quantification of radionuclides in
environmental studies, allowing accurate evaluation of the radiation emitted by geolog-
ical materials and surface soils [10,11]. This technique is based on the natural decay of
radionuclides and is an effective geophysical method for measuring radiation sources on
the Earth’s surface. Radionuclide levels can be determined by means of portable gamma
spectrometers, such as PGIS-2, whose data are evaluated according to the reference values
established elsewhere [12–14]. Several studies have applied gamma spectrometry, apparent
resistivity and magnetic susceptibility as useful strategies for the analysis and distribution
of radionuclides in the environment [15]. For example, the natural radioactivity of the soil
in the state of Haryana, northern India, was measured with the aim of determining the
risks associated with gamma radiation [16]. Moreover, in Tamil Nadu, also in India, mea-
surements of the radiation dose rate at 540 sites concluded that the highest concentrations
of gamma radiation were associated with the presence of radionuclides in mountainous
rocks and coastal soils [17]. Similar studies were conducted in the area of influence of the
Emas National Park [18], and in soils and sediments around a uranium tailings reservoir in
southern China [19].

The current work is innovative because it combines radiometric, geochemical, and
geomorphological analyses to assess the spatial distribution of the natural radionuclides
238U, 232Th, and 40K in soils located within hydroelectric development areas, with direct
influence of crops such as soybean, maize, sugarcane and cotton. Unlike previous works
that focus solely on radiometric quantification, this research integrates geological, physical,
and biological variables to interpret the environmental processes controlling radionuclide
distribution. The results provide a novel framework for understanding the interactions
between soil characteristics and radiological parameters, contributing to environmental
monitoring and management in regions influenced by hydraulic infrastructures.

In this context, this study aimed to contribute by quantifying the concentrations and
distributions of the radionuclides 238U, 232Th and 40K in the soils of the watershed of the
Espora HPP and Queixada SHPP, GO, Brazil, and determining whether they are related
to geological characteristics as well as anthropogenic activities using fertilizers, mainly
phosphate fertilizers and agricultural gypsum that may contain radioactive elements. The
choice of the area of this study is due to the intense agricultural use, particularly with soy-
bean and maize cultivation, and the frequent use of fertilizers and agricultural correctives
such as gypsum, which can influence the dynamics of radionuclides in the environment.

2. Materials and Methods
2.1. Study Area

Located in the southwest of Goiás, Brazil, the research area has a territorial extension
of 1019.71 km2, situated in the region of influence of the reservoir of the Espora HPP, and
the Queixada SHPP (Figure 1), covering the municipalities of Serranópolis, Itarumã, and
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Aporé. The area is located in the middle third of the Corrente River, formed by the junction
of the Formoso and Jacuba rivers, a tributary of the right bank of the Paranaíba River,
which delimits the border between the states of Goiás and Minas Gerais and is part of the
Paraná Basin.

 

Figure 1. Location of the soil sampling points in the study area.

According to Köppen’s climate classification, the Midwest region of Brazil has an Aw
climate, characterized by a rainy season between October and April (summer) and a less
rainy season from May to September (winter) [20,21]. Climate dynamics play a fundamen-
tal role in understanding the environmental conditions of the region, being influenced
by relief, vegetation and air masses. This affects the availability of rainfall, temperature,
humidity level and other factors that directly impact land use and occupation, local econ-
omy, agricultural activities and the weathering processes responsible for disintegration
and transformation. The watershed under study is occupied by agricultural activity, with
emphasis on the cultivation of maize, soybean, and sugarcane [22]. Physical, geological,
pedological and spatialization maps of radionuclides were created using QGIS 3.22 soft-
ware. The watersheds were delimited based on a shuttle radar topography mission (SRTM)
image available on the website presented elsewhere [23]. Cartographic bases from the
database of the state geoinformation system of Goiás-Brazil [23], available on the website
www.sieg.go.gov.br, accessed on 5 February 2025, with scales of 1:250,000 and 1:500,000,
were also used.

2.2. Sample Collection

Twenty-one sampling points strategically distributed, based on geological and land
use criteria, were chosen. Samples were collected on the soil surface (at 0–20 cm depth using
a Dutch auger manufactured by SoloTest, São Paulo, SP, Brazil) in a 20 m × 20 m sampling
grid to minimize abrupt local variations, with images of each sampling point georeferenced
using the Google Earth 2020 and MAPConvert software version 5.5.5.4 (NUVIA Dynamics,
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Mississauga, ON, Canada). This sampling depth (topsoil) was chosen because it is where
most of the root systems of annual crops such as soybean and maize are located in the
search for nutrients, mainly phosphorus and potassium. According to the UNSCEAR
guidelines, radionuclide concentrations in the uppermost soil layer (0–20 cm) are the most
representative of present environmental conditions and anthropogenic influences [24,25].
Therefore, the sampling strategy adopted in this study focused on surface horizons, which
are directly affected by agricultural management, fertilizer application, and atmospheric
deposition. This approach allows the identification of current enrichment patterns associ-
ated with human activities, while deeper soil horizons remain predominantly influenced
by geogenic processes.

2.3. Sample Preparation Method

The collected soil samples were dried in an oven at 40 ◦C and subjected to laboratory
analyses to determine the physical-chemical properties: soil texture (sand, silt and clay frac-
tions), pH value and organic matter (OM) content. Particle-size analyses were performed
by the pipette method, according to Stokes’ law, pH was determined by the potentiometric
method in soil-water suspension in the proportion 1:2.5, and organic matter content was
quantified by the method of chemical oxidation with potassium dichromate [26]. To deter-
mine the pH of the soil in water, the following protocol was employed: an aliquot of 10 cm3

of the soil sample was added to a plastic cylinder with a lid of 4 × 4 cm, followed by the
addition of 25 mL of distilled water. The mixture was mechanically stirred for 15 min and,
after a minimum resting period of 30 min, the pH reading was performed.

2.4. Acquisition of Gamma-Spectrometric Data

Radionuclides in the soils were quantified using a PGIS-2 gamma spectrometer, man-
ufactured by NUVIA Dynamics Inc. (Mississauga, ON, Canada) and equipped with a
3′′ × 3′′ NaI(Tl) scintillation detector, with an energy range from 20 keV to 3 MeV and
an energy resolution of 7.5% at 662 keV. This instrument performs automatic energy and
efficiency calibration through a built-in reference source and an internal software algo-
rithm, ensuring stable and reproducible readings under field conditions. The calibration
procedure follows the manufacturer’s standard protocol for in situ gamma spectrometry
measurements. The minimum detectable activity (MDA) for the radionuclides 40K, 238U
and 232Th were 12, 5, and 4 Bq/kg, respectively, under field measurement conditions. The
uncertainty associated with the spectrometric measurements was evaluated considering
the counting statistics of each acquisition. The uncertainties of the specific activities ranged
from ±5% for 40K, ±7% for 238U, and ±8% for 232Th, values consistent with those expected
for portable gamma spectrometry measurements performed under field conditions. The
average concentrations of radionuclides in the soil were analyzed in relation to the limits
recommended elsewhere [13,14]. In addition, the values obtained were compared with
data from previous studies, including those conducted in different works [27–29].

2.5. Variable Analysis

The collected data were statistically processed using R software, version 4.4.2, and
QGIS 3.22.7 software for spatial analysis. Descriptive statistics were applied to characterize
the variability of radionuclides and soil properties, including calculation of means, stan-
dard deviation and coefficient of variation. The relationship between the variables was
investigated using principal component analysis (PCA), a multivariate statistical technique
that reduces the dimensionality of the data without significant loss of information. PCA
allowed the identification of radionuclide distribution patterns and their correlation with
the physical-chemical attributes of the soil. The data regarding the concentrations of U,
Th and K were organized in electronic spreadsheets and spatialized using the inverse
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distance weighted (IDW) mathematical model in QGIS 3.22.7 software. This interpolation
method is widely used in the spatial analysis of irregularly distributed data, weighting the
values based on the distance between the sampling points, where closer values exert greater
influence on the final estimate [30]. Radionuclide concentrations were spatialized using
the units of measurement provided by the PGIS-2 gamma spectrometer: potassium (%),
uranium (ppm) and thorium (ppm). These values were converted to Becquerel (Bq/kg),
in order to enable comparison with data from international studies. The conversion of
radionuclide concentrations from either ppm or % to Bq/kg followed the recommendations
described elsewhere [13,14] and presented in Equation (1):

A = C × ρ × f (1)

in which, A is the radionuclide activity (Bq/kg), C is the radionuclide concentration
(ppm or %), ρ is the density of the soil sample (kg/m3), and f is the radionuclide-specific
conversion factor (12.35 for 238U, 4.06 for 232Th, and 313 for 40K).

Inferential statistics were applied to evaluate the significance of the differences ob-
served between radionuclide concentrations and soil types. For this, Pearson’s correlation
tests were used to verify linear associations between variables, as well as Analysis of Vari-
ance (ANOVA) to test significant differences between soil groups. The level of significance
was set at 5% (p < 0.05).

3. Results and Discussion
3.1. Geology of the Study Area

The geology of the study area in Figure 2 is part of the Paraná sedimentary basin, being
composed of five main geological units: Undifferentiated Detrital Covers (Qdi), Alluvial
Deposits (Q2a), Cachoeirinha Formation (ENch), Vale do Rio do Peixe Formation (K2vp)
and Serra Geral Formation (K1δsg).

 

Figure 2. Geology of the study area. Adapted from CPRM/RADAMBRASIL (2014).
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The Undifferentiated Detrital Covers (Qdi) unit is located on the left bank of the
study area and is composed of sand, gravel and clay deposits. This unit occupies approx-
imately 20.56% of the total area as shown in Table 1, and its deposition occurred in the
Pleistocene [31]. It is characterized by allochthonous materials with a depth of less than
3 m, associated with the Botucatu, Bauru and Cachoeirinha Formations. These deposits
are composed of fine to coarse, silty-clayey, occasionally conglomeratic sands, and gravel
deposits cemented by iron oxides and hydroxides, without the development of lateritic
profiles [32,33].

Table 1. Stratigraphic composition of the geological formations of the study area.

Era Period Epoch Geological Units Lithotypes Code Area km2 %

C
en

oz
oi

c

N
eo

ge
ne Pleistocene Undifferentiated

detrital cover units
Sands and gravel

deposits Qdi 209.69 20.56

Holocene Alluvial deposits Sand
deposits Q2a 283.6 27.81

Pa
le

og
en

e

Paleocene Cachoeirinha
formation

Claystone and
Sandstone ENch 2.81 0.28

M
es

oz
oi

c

C
re

ta
ce

ou
s Upper Vale do Rio do

Peixe formation Sandstone K2vp 357.86 35.09

Lower Serra Geral
formation Basalt K1_delta_sg 165.74 16.25

Total: 1019.7 100

Source: CPRM/RADAMBRASIL (2014). Adapted by the authors (2023).

The Alluvial Deposits (Q2a), of Holocene origin, are the second largest geological unit
in the study area, occupying 283.6 km2 (27.81%) of the region. This unit extends along the
right bank of the reservoir and comprises trough and floodplain sediments, composed of
fine to coarse sands, gravel and lenses of silty-clay material and peat [34]. In addition to
its geological importance, this formation contains economically relevant minerals, such as
diamonds, gold and cassiterite, which are exploited in mining activities in Brazil [34].

The Cachoeirinha Formation (ENch), dated to the Paleocene, is the unit of smallest
extension within the study watershed, covering 2.81 km2 (0.28%). This formation corre-
sponds to lateritic clay-sandy lenses interspersed with levels of conglomerates [35]. Its
genesis is associated with the deposition of gravity-driven mass flows and the reworking
of ancient river deposits, evidenced by the presence of rounded pebbles [34].

The Vale do Rio do Peixe Formation (K2vp), of the Upper Cretaceous, is the geological
unit with the largest extension in the study area, covering 357.86 km2. This formation
consists of strata of light gray, beige or pinkish, massive, fine to very fine, occasionally
medium, usually poorly selected sandstones with subordinate plane-parallel and cross-
stratification [34]. The Vale do Rio do Peixe Formation is widely distributed in the state of
Goiás, occurring in locations such as the Emas National Park and in the municipalities of
Rio Verde, Itarumã, Cachoeira Alta, Serranópolis, Caçu and Quirinópolis [34].

The Serra Geral Formation (K1δsg), belonging to the São Bento Group and of lower
Cretaceous origin, occupies 165.74 km2 and is mainly found along the Corrente River valley.
This unit is predominantly composed of basaltic flows, with intertrap sandstones, dikes,
and diabase sills [35]. In the watershed of the Espora HPP and Queixada SHPP, six soil
classes were identified as shown in Figure 3: Neossolo Quartzarênico Álico (RQ) (Arenosols),
Neossolo Quartzarênico Distrófico (RQd) (Arenosols), Latossolo Vermelho Álico (LV) (Ferralsols),
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Latossolo Vermelho Distrófico (LVd) (Ferralsols), Argissolo Vermelho-Amarelo Distrófico (PVAd)
(Acrisols) and Neossolo Litólico Distrófico (RLd) (Leptosols) [23].

 

Figure 3. Map of soils of the study area. Adapted from ZAEE-Goiás (2014).

The soil classification adopted in this study follows the Brazilian Soil Classification
System (SiBCS) proposed by Embrapa, which represents the official national framework
and provides a more detailed description of tropical soils compared to international sys-
tems [36]. This approach was preferred because it reflects the pedogenetic processes typical
of the Cerrado biome, allowing a more accurate environmental interpretation. To facili-
tate international comparison, approximate correspondences can be established between
SiBCS and WRB [37]. For instance, Latossolo Vermelho corresponds to Ferralsols, Argis-
solo Vermelho-Amarelo corresponds to Acrisols, and Neossolo Quartzarênico corresponds to
Arenosols. According to WRB [37], the Neossolo Litólico Distrófico (RLd), which has shallow
profiles over rock, is categorized as Leptosol, while the Neossolos Quartzarênicos (RQ and
RQd), which are distinguished by sandy texture and quartz dominance, correspond to
Arenosols. This clarification has been added in the text to improve the global understanding
of the local pedological context.

According to Embrapa, Neossolos Quartzarênicos (Arenosols) are composed of min-
eral material with a sequence of horizons A-C. Their predominant texture is sandy or
loamy sand, with a minimum depth of 150 cm from ground level. They are quartz-rich
soils, containing 95% or more quartz in the coarse sand and fine sand fractions [36]. The
Neossolo Quartzarênico Álico (RQ) (Arenosols) occupies 2.17% of the study area, located
upstream of the watershed, while the Neossolo Quartzarênico Distrófico (RQd) (Arenosols)
comprises 6.51% of the area, located upstream of the left bank. The sandy texture of these
soils, combined with the low content of available water, can limit root development in
subsurface [38].

Latossolos (Ferralsols) are characterized as acidic, dystrophic and eutrophic soils, com-
mon in equatorial, tropical and subtropical zones. They are typical of river sediments
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or terraces and have a predominantly flat to gently undulating relief, originating from
different types of rocks and sediments [36]. The Latossolo Vermelho Álico (LV) (Ferralsols)
occupies approximately 34.5% of the study area, extending along the banks of the Espora
HPP and Queixada SHPP reservoirs. The Latossolo Vermelho Distrófico (LVd) (Ferralsols), in
turn, is the most representative soil class, covering 56.5% of the area, predominating on
the right bank. This type of soil, especially when clayey or very clayey, can show greater
compaction, especially if the fine sand content is high [38].

The Argissolo Vermelho-Amarelo Distrófico (PVAd) (Acrisols) is the smallest soil class in
the study area, occupying 1.01 km2 as shown in Table 2. It is located on the left bank of
the watershed, near point 17. This soil usually occurs in undulating to strongly undulating
reliefs, with a yellowish or yellowish-red color in the B horizon and a higher clay content
compared to the A horizon [38].

Table 2. Soil classes in the area of influence of the Espora HPP and Queixada SHPP.

Soil Class Code Area km2 %

Neossolo Quartzarênico Álico (Arenosols) RQ 22.08 2.17
Neossolo Quartzarênico Distrófico (Arenosols) RQd 66.43 6.51

Latossolo Vermelho Álico (Ferralsols) LV 351.92 34.51
Latossolo Vermelho Distrófico (Ferralsols) LVd 576.69 56.55

Argissolo Vermelho-Amarelo Distrófico (Acrisols) PVAd 1.01 0.10
Neossolo Litólico Distrófico (Leptosols) RLd 1.58 0.16

Total: 1019.7 100
Source: ZAEE-Goiás (2014). Adapted by the authors (2023).

The Neossolo Litólico Distrófico (RLd) (Leptosols) occupies 1.58 km2 and is located
upstream of the watershed, on the left bank. This soil class is characteristic of undulating to
very rugged reliefs, showing a shallow profile, where the thickness of the A-Cr-R horizons
or the A horizon on the rock does not exceed 50 cm [38].

Overall, the soils in the Espora HPP and Queixada SHPP watersheds are typical of the
Cerrado biome, developed under intense weathering and leaching processes that lead to
advanced soil evolution. According to the SiBCS, these soils are predominantly Ferralsols
(Latossolos), Acrisols (Argissolos), and Arenosols (Neossolos), characterized by low natural
fertility, acidic pH (4.5–6.0), and low cation exchange capacity [36]. The mineralogical
composition is dominated by kaolinite, gibbsite, hematite, and goethite, with high contents
of Fe and Al oxides. Such features promote the strong adsorption of uranium and thorium
isotopes and influence the mobility of potassium. These characteristics are consistent with
regional studies conducted in Cerrado soils, which describe them as deep, well-drained,
and highly weathered profiles formed from basaltic and sandstone parent materials [36,39].

3.2. Radionuclide Concentrations in Soils

The values obtained for 40K shown in Table 3 and Figure 4 at points 2, 5, 6, 15
and 20 were higher than 70 Bq/kg, representing the highest concentrations. Although
this study focused primarily on the natural radionuclides 238U, 232Th, and 40K, which
are the main contributors to terrestrial gamma radiation, it is acknowledged that other
radionuclides, both natural and anthropogenic (e.g., 210Pb, 90Sr, and 137Cs), may also
occur in the environment and contribute to the total radioactivity of soils [40]. Future
investigations should consider the inclusion of these radionuclides to provide a more
comprehensive radiological assessment of hydraulic development areas.

At points 2 and 5, there is the geological formation of alluvial deposits, while point 6
is located in the Vale do Rio do Peixe Formation. Samples 15 and 20 are associated with
the Undifferentiated Detrital Cover Units, with predominant lithotypes of sand, sandstone
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and gravel. The predominant soil class is Latossolo Vermelho (Ferralsols), whose land use
is aimed at agriculture and forestry. In the case of 238U, points 1, 5, 10, 17 and 19 stand
out, located under Alluvial Deposits, Vale do Rio do Peixe Formation and Undifferentiated
Detrital Cover Units. The predominant soil class at these points is Latossolo Vermelho
(Ferralsols), with use predominantly focused on vegetation and pasture. As for 232Th, the
highest concentrations were observed at points 11, 12, 13, 17 and 20. Points 11 and 12 are
located over the Serra Geral Formation, while point 13 is located in the Vale do Rio do Peixe
Formation, both under Latossolo Vermelho (Ferralsols). Samples 17 and 20 are associated
with the Undifferentiated Detrital Cover Units and have, respectively, Latossolos Vermelhos
(Ferralsols) and Neossolos Quartzarênicos (Arenosols).

Table 3. Concentrations (Bq/kg) of 40K, 238U and 232Th radionuclides at the sampling points.

Points Geological
Units Soil Classes

Land Use and
Occupation

40K 238U 232Th

------ Bq/Kg ------

1 K2vp LVd Vegetation 53.940 48.253 4.908
2 Q2a LVd Agriculture 72.540 45.313 5.108
3 Q2a LVd Agriculture 68.200 47.995 3.704
4 K1_delta_sg LVd Agriculture 65.720 44.870 3.195
5 Q2a LVd Pasture 70.990 48.056 3.496
6 K2vp LV Silviculture 77.500 45.928 2.149
7 Q2a LV Silviculture 66.030 47.896 2.141
8 K2vp LV Agriculture 64.480 44.182 4.644
9 K2vp LV Uncovered area 59.210 44.870 4.733

10 Q2a LV Vegetation 63.860 49.495 4.652
11 K1_delta_sg LV Pasture 56.420 46.174 6.321
12 K1_delta_sg LV Pasture 64.480 40.516 6.109
13 K2vp LV Silviculture 58.900 40.836 7.021
14 K2vp LV Pasture 67.890 46.076 3.362
15 Qdi LVd Silviculture 72.540 41.316 2.792
16 Qdi LVd Silviculture 60.760 42.349 5.836
17 Qdi LVd Pasture 58.590 48.942 6.011
18 Qdi LV Pasture 63.550 46.150 4.172
19 Qdi LV Vegetation 58.590 48.880 5.767
20 Qdi RQd Agriculture 70.990 44.698 6.931
21 K1_delta_sg RQd Agriculture 59.210 41.426 2.182

Source: CPRM/RADAMBRASIL (2014). Adapted by the authors (2023).

Table 4 shows the mean concentrations of Th, U, and K radionuclides in the study area
and comparative values from other studies found in the literature.

Table 4. Average concentrations in terms of natural activities (Bq/kg) of the elements Th, U and K in
soils according to some authors.

Soil

Sample Site
40K 238U 232Th

Reference
------ Bq/kg ------

(Study area) 64.5 45.4 4.5 Present Study
Paraná basin (Paraná) 59.0 28.2 47.6 [29]

Rio de Janeiro 113.1 32.1 73.8 [41]
Minas Gerais 297.2 53.5 66.1 [42]

Enugu-Abakaliki (Nigeria) 126.2 18.7 7.8 [43]
Ojota (Nigeria) 458.6 30.3 54.47 [44]

Italy 970.3 50.1 71.9 [45]
Tanzania 652.4 42.59 35.48 [46]

Kenia 732.6 93.4 150.5 [47]
MH, Lao Cai (Vietnam) 551 93.0 198 [48]

World average 420 33 45 [26]
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Figure 4. Potassium concentration in the soil of the study area.

The concentrations of the 40K radionuclide are not evenly distributed in the soils of the
study area. The results indicate that the activity levels were relatively higher in the areas
with agriculture and reforestation compared to the areas of pasture and natural Cerrado
vegetation. Several studies indicate that the application of fertilizers in plants can result
in a significant increase in the concentrations of 40K, due to its use for replacing essential
nutrients and improving productivity indices. Therefore, the variations in radionuclide
concentrations in agricultural soils can directly be related to the use of fertilizers and other
agrochemical inputs. However, the presence of radionuclides in reforestation areas can
be associated with geological variability, resulting of the different mineralogical compo-
sitions [43,49]. The Espora and Queixada watersheds are dominated by Ferralsols with
naturally low potassium content, requiring nutrient supplementation through mineral
fertilizers. Therefore, the spatial correlation between agricultural land use and elevated 40K
values observed in this study indicates that the increase in 40K activity is mainly related
to anthropogenic enrichment from fertilizer inputs. Similar findings were also reported
elsewhere after analyzing agricultural soils and observing that the concentrations of 238U,
232Th, and 40K are closely related to fertilizer application and soil management practices,
reinforcing the relationship between agricultural activities and the redistribution of natural
radionuclides in the environment [50]. Topsoils are the most sensitive to environmental
changes and land use, being therefore widely used in assessments of radionuclide distribu-
tion [24,25]. Some researchers emphasize the importance of analyzing vertical soil profiles
to more accurately differentiate the geogenic inheritance from possible surface enrichment,
since variations with depth reflect the influence of parent material, weathering intensity,
and long-term pedogenetic processes [6,19,45]. Although these approaches provide an
additional line of evidence to confirm geogenic sources, they are complementary techniques
that do not diminish the importance of investigations in surface layers. Therefore, even
if vertical characterization can improve future interpretations, the dataset presented is
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robust enough to analyze spatial patterns and identify possible environmental factors in
the 0–20 cm range.

238U concentrations in the soils of the study area showed higher average values
when compared to the averages of Paraná, Rio de Janeiro, Nigeria and the world average,
although in Kenya and Vietnam the average values are even higher. Uranium uptake
by plants is influenced by several factors, including plant species and climatic condi-
tions [51,52]. Among the species studied, tobacco (Nicotiana tabacum L.) stands out as a
hyperaccumulator of radionuclides, with a greater capacity for absorption and retention of
these elements compared to other agricultural crops, such as cereals and vegetables [52,53].

232Th levels were below the average compared to Brazilian soils and international
levels. Overall, the results indicate that radionuclides were detected in all analyzed samples
at measurable levels. However, a non-uniform distribution of these radionuclides was
observed in the study area, with considerable variations between the different landscapes.
These variations may be associated with the geological characteristics of the regions studied,
as well as the geochemical processes involved in soil formation and its mineralogical
content [1,49].

Potassium concentrations in the soils of the study area are below the average es-
tablished for Brazilian and international soils, according to the available literature. The
minimum concentration recorded was 53.94 Bq/kg at point 1, while the maximum was
77.50 Bq/kg at point 6. These values are close to those found for soils in the Paraná
basin [29]. In general, the lowest concentrations were detected in the north and southeast
of the reservoir, while the highest concentrations occurred on the right bank, in the western
and southwestern portions as shown in Figure 4.

It can be observed that the highest concentrations of 40K are located in Alluvial
Deposits, Undifferentiated Detrital Cover Units and in the Vale do Rio do Peixe Formation,
corresponding to points 2, 5, 6, 15 and 20. The soils are predominantly Latossolos Vermelhos
(Ferralsols) with sandy texture, used for agriculture and reforestation. The 40K levels
are similar to those found in the Paraná Basin [29], while the other states and countries
compared had higher averages, as well as the world average of 420 Bq/kg. The highest
concentrations were observed on the right bank of the study area, which may be associated
with the use of phosphate fertilizers. Soils such as Latossolos Álicos and Latossolos Distróficos
(Ferralsols) have low nutritional potential, which leads to the use of fertilizers for soil
correction, mainly for agricultural purposes [22]. Potassium is found naturally in the
Earth’s crust, especially in the mineral potassium feldspar, which contains potassium
aluminum silicate [54,55].

Uranium concentration ranged from 40.52 Bq/kg at point 12 to 49.50 Bq/kg at point 10
as shown in Figure 5.

The average concentrations of Uranium found were similar to those observed in the
states of Rio de Janeiro and Minas Gerais. When compared internationally, the mean
concentrations are closer to the values recorded in Italy and Tanzania. The lowest concen-
trations of Uranium were observed upstream of the Espora reservoir, as well as on the left
bank, between the southeast and east regions. The highest concentrations were found in the
northeast, northwest and southwest regions. The points with the highest U concentrations
(1, 5, 10, 17 and 19) are located in the Vale do Rio do Peixe Formation, Alluvial deposits
and Undifferentiated Detrital Cover Units, where there is a predominance of Latossolos
Vermelhos Álicos and Latossolos Vermelhos Distróficos (Ferralsols), whose texture is linked
to the sand and sandstone deposits. Sandy soils are composed of eroded sand particles,
and Uranium may be present due to geological processes, such as the decomposition of
uraniferous minerals in adjacent rocks. Despite the sediments composed predominantly of
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quartz, which would normally have lower values, the highest concentrations were detected
in the northeast, northwest and southwest.

 

Figure 5. Uranium concentration in the soil of the study area.

Thorium concentrations ranged from 2.14 to 7.02 Bq/kg as shown in Figure 6, and
the values are below average when compared with the average values of Brazilian and
international soils as previously shown in Table 4, with a world average of 45 Bq/kg.

In general, the lowest concentrations of Thorium were found upstream of the Espora
reservoir and on the right bank, in the southwestern portion. The highest concentrations
were observed in the northeast, on the left bank of the reservoir, and in the southeast region,
near the Queixada SHPP dam. Although there are low concentrations, it is noticeable that
the area has points with higher concentrations, such as points 11, 12 and 13 around the
Queixada SHPP and points 17, 19 and 20 on the left bank of the watershed. Despite having
low concentrations, some points such as 11, 12 and 13 in the Queixada SHPP region, and
17, 19 and 20 on the left bank of the watershed exhibit higher concentrations. Points 11, 12
and 13 are associated with Latossolos (Ferralsols), whose predominance is due to the Serra
Geral Formation; on the other hand, points 17, 19 and 20 are associated with soils of the
Vale do Rio do Peixe Formation.

In general, higher radiation levels have been associated with igneous rocks, while
sedimentary rocks have relatively lower radiation levels [56]. Another possible explanation
is associated with erosive processes, in which Th-rich minerals were eroded and transported
to the most downstream parts of the study watershed, where they were concentrated [57].
Located on the left bank of the watershed, points 17, 19 and 20 are situated on Latossolo
Vermelho (Ferralsols) and Neossolo Quartzarênico (Arenosols). The geology along the entire
left bank of the reservoir is characterized by the predominance of the Undifferentiated
Detrital Cover Unit, consisting of sand and gravel deposits. Therefore, mineral quartz
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predominates at these points. Thorium is found in quartz and feldspar minerals in rocks or
forming Th minerals such as thorianite, monazite, cheralite, huttonite, and thorite [57].

 

Figure 6. Thorium concentration in the soil of the study area.

At point 20, in addition to the characteristics mentioned, the predominant land use
is agriculture. Th concentration in sedimentary soils depends on the type of parent rock,
but the concentration of Th in the soil in agricultural area may be higher due to the use
of either phosphate fertilizers or phosphate rock processed with sulfuric acid [58,59]. An
increase in 232Th concentrations was observed in soils with sugarcane cultivation in the
municipality of Barretos, possibly due to the intensive use of fertilizers [60].

3.3. Principal Component Analysis (PCA)

The concentrations of the natural radionuclides 40K, 238U, and 232Th and the results of
the analyzed parameters (pH, organic matter, sand, clay and silt) in the soils collected at
0–20 cm depth are shown in Table 5.

Table 5. Statistical results of radionuclide concentrations, chemical data and particle-size data of soils
collected at 0–20 cm depth.

40K 238U 232Th pH (H2O) OM Sand Clay Silt

------ Bq/kg ------ g/kg ---------- % ----------
Minimum 53.94 40.52 2.14 4.67 0.49 51.46 7.45 1.64
Maximum 77.50 49.50 7.02 6.54 24.64 90.91 30.64 17.90

Mean 64.49 45.44 4.53 5.52 10.09 85.11 10.43 4.47
Stand.

Deviation 6.17 2.83 1.56 0.54 4.85 7.98 4.86 3.22

Coeff. of
Variation 9.56 6.23 34.37 9.82 48.07 9.38 46.56 72.09
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It can be observed that the soil texture has sand contents within the range of 51.46 to
90.91%, clay contents between 7.45 and 30.64% and silt contents between 1.64 and 17.90%.
Organic matter has a minimum concentration of 0.49 g/kg and a maximum of 24.64 g/kg.
The pH ranged from 4.67 to 6.54. Potassium concentration ranged from 53.94 to 77.50 Bq/kg,
uranium ranged from 40.52 to 49.50 Bq/kg, and thorium concentration ranged from 2.14
to 7.02 Bq/kg.

PCA was used to identify the multivariate patterns governing the distribution of
radionuclides (40K, 238U, 232Th) in the study area, simultaneously considering soil physico-
chemical attributes (texture, organic matter, and pH). This technique is widely recognized
for its robustness in interpreting complex and collinear environmental datasets and is
particularly suitable for heterogeneous pedological systems such as those investigated in
the current study. Thus, PCA enables the understanding of structural relationships among
variables that would not be identified by univariate tests, meeting the aims of the study
and the multivariate approach required for this type of analysis. The first two principal
components shown in Figure 7 explained most of the total variance in the dataset, revealing
distinct patterns between radionuclides and soil characteristics. PC1 highlighted a positive
association between the elements 238U and 232Th and silt, clay, and organic matter con-
tents, indicating that these radionuclides tend to concentrate in finer fractions with greater
adsorption capacity. PC2 revealed a positive correlation between 40K and sandy soils, partic-
ularly in agricultural and forestry areas, suggesting combined influence from both textural
characteristics and anthropogenic input associated with potassium-based fertilizers.

Figure 7 shows the Principal Component Analysis (PCA) results for the 21 sampling
points considering different environmental variables.

These trends are consistent with observations from recent studies. When analyzing
lateritic soils in Mamuju, Indonesia, demonstrated that U and Th show strong affinity for
finer particles and high organic matter contents, reinforcing the interpretation for PC1 [61].
Similarly, the continuous application of NPK-based fertilizers contributes to the enrichment
of 40K and increases in 238U and 232Th in agricultural soils, corroborating the pattern
observed in PC2 [62]. Soil attributes, such as texture, mineralogy, and pH exert significant
control over radionuclide mobility and availability, supporting the multivariate approach
adopted in this study [63].

Eight variables were used, synthesizing in the two main axes the chemical and physical
characteristics and the occurrences of radionuclides 40K, 238U and 232Th in the soil. It can
be observed that the closer the points are positioned in the PCA, the greater their similarity.
The analyzed data are qualitatively related to the concentrations of 40K, 238U and 232Th
and the variables sand, clay, silt, pH and OM of the soil. A positive correlation is observed
between the concentrations of 40K at points 2, 5, 6 and 15 and the sand content. These points
are located in areas with deposits of sand, gravel, clay, sandstone and sandy claystone.
For the 238U variable, a positive correlation was observed at points 10, 17, 18 and 19, also
associated with sand content, with sand, gravel and clay deposits at these sites. As for
232Th, the concentrations at sampling points 11, 13, 16 and 19 showed a higher correlation
with deposits of basalts, sand, gravel, clay, sandstone and sandy claystone, and were also
more associated with sand content. According to PCA, pH and organic matter showed a
positive correlation with points 4, 12 and 21, which are related to the clay and silt variables.
Point 12 had the highest concentration of organic matter (24.64 g/kg). The variables pH,
OM, clay and silt were more correlated with uranium concentrations.

Thorium (Th) and uranium (U) can be adsorbed on clay minerals and organic mat-
ter [57], corroborating the experimental results presented in this work. At point 12, where
the land use is pasture, the higher concentration of organic matter can be justified by the
action of the root system of the plants, as roots distribute organic matter in the superficial
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layer of the soil [64]. The more acidic pH found in the study area, characteristic of Latossolos
Vermelhos (Ferralsols), is consistent with the description of soils aged, acidic or strongly
acidic, with a virtual absence of illuviation [65]. Similar results were found associating
acidic soils with the slow mineralization of organic matter, releasing organic acids both in
surface and in subsurface [66].

 

Figure 7. Principal component analysis (PCA) results for the 21 sampling points considering different
environmental variables.

The use of PCA is also supported by studies applying the technique to interpret
the natural distribution of radionuclides in volcanic ash-derived soils in the Argentine
Patagonia [67]. Their findings demonstrated that PCA can separate distinct environmental
processes and identify the variables that most influence radionuclide geochemistry. As in
the current work, those authors emphasize that multivariate analysis provides an integrated
understanding of the system, overcoming the limitations of univariate techniques. Thus,
PCA proved fully adequate for the objectives of this study, allowing the identification of
two main environmental patterns: (i) the enrichment of U and Th in clayey and silty soils,
which are more weathered and richer in organic matter; (ii) the enrichment of 40K in sandy
soils, where there is a combined influence of texture and agricultural practices.

4. Conclusions
The soil texture has sand contents ranging from 51.46 to 90.91%, clay contents from

7.45 to 30.64% and silt contents from 1.64 to 17.90%. The organic matter contents ranged
from 0.49 to 24.64 g/kg, whereas the pH values ranged from 4.67 to 6.54. Potassium
concentrations ranged from 53.94 to 77.50 Bq/kg, uranium concentrations ranged from
40.52 to 49.50 Bq/kg, and thorium concentrations ranged from 2.14 to 7.02 Bq/kg. The
average radionuclide contents were 64.49, 45.44 and 4.53 Bq/kg for 40K, 238U and 232Th,
respectively. These results confirmed that the 40K concentrations were below the averages
established for Brazilian and international regulations, 238U concentrations were similar
to those reported in Tanzania and Italy soils, and 232Th concentrations were lower than
the averages found in soils from other Brazilian states. Higher concentrations of 40K,
238U and 232Th were determined in the Alluvial Deposits, Undifferentiated Detrital Cover
Units, and the Vale do Rio do Peixe Formation, which consist predominantly of sand
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and sandstone deposits. Latossolos (Ferralsols), which usually have low fertility and are
corrected by the use of fertilizers, may have influenced the concentrations of K and Th,
as indicated in the PCA results. A positive correlation between sand content and 40K,
238U and 232Th concentrations, as well as stronger correlations involving clay, silt, pH and
organic matter, suggests interactions between radionuclides and soil constituents. The
highest average 40K concentration (64.49 Bq/kg) may be an indicative of environmental
pollution by fertilizers, since part of the study area has intense agricultural activity. Overall,
the distribution of radionuclides in the soils of the Espora HPP and Queixada SHPP
watersheds may be related to geological, pedological, and anthropogenic factors. Finally, it
is important to investigate the weathering and leaching processes on porous and permeable
soil surfaces, as radionuclides may be transported to the subsoil, increasing the risk of
groundwater contamination.
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