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Abstract: In recent years, the use of fertilizers has increased in the Amazon. Phosphate fertilizers,
which are commonly used, can present high concentrations of radioelements. In the present study, the
activity concentrations of uranium (U) and thorium (Th) in Oxisols and Ultisols cultivated with citrus
(Citrus sinensis (L.) Osbeck), oil palm (Elaeis guineensis Jacq.) and black pepper (Piper nigrum L.), with
26, 10 and 5 years of implantation, respectively, were evaluated. The potential risk of contamination
was estimated by the enrichment (EF) and bioaccumulation (BAF) factors. Pearson’s correlation
coefficients indicated a significant relationship between the concentrations of U and Th in soil and
plant and the soil properties pH, Ca2+, Mg2+, K+ and P. The enrichment (EF < 2) and bioaccumulation
(0.01 < BAF < 0.05) factors were low. In plant tissues, the concentrations of 238U followed the order:
citrus > black pepper > oil palm, and the concentrations of 232Th followed the sequence: black
pepper >> citrus > oil palm. The activity concentrations of 238U and 232Th in the soil cultivated with
black pepper, as well as in the soil of the reference area close to the citrus plantation, were higher
than the world average values of 35 and 30 Bq kg−1, respectively, established by the United Nations
Scientific Committee on Effects of Atomic Radiation. Perennial crops that are fertilized annually
must be monitored by environmental agencies due the accumulation of elements that can promote
potential risks to human health.

Keywords: radioelements; elemental concentration; soil chemistry; plant uptake

1. Introduction

In the last 20 years, aiming to increase the productivity of crops, Brazilian agri-
culture has intensified the use of new technologies, including large-scale application of
P-fertilizers [1], which contain radioelements [2–4]. Uranium (U) occurs naturally in the
earth’s crust, varying from 0.4 to 6.0 mg kg−1 in soils [5], with an average concentration
of 2.5 mg kg−1, while thorium (Th) is almost three times more abundant than U [6], with
concentrations ranging from 2 to 12 mg kg−1 and an average value of 6 mg kg−1 [7].
Despite their natural occurrence in soils and plants, increased concentrations of U and
Th in these environmental compartments may suggest areas affected by anthropogenic
activities, such as agriculture, industrialization and mining [8].

The impact of P-fertilizers on U and Th concentrations in agricultural soils has been
the subject of environmental and human health risk assessments [9–14]. The concentrations
of U and Th are usually higher in phosphate-rich soils [6]. Becegato et al. [15] observed
increases in the concentrations of Th (0.02 to 0.69 mg kg−1) in agricultural soils and related
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them to the use of phosphate fertilizers. Increased concentrations of U in the surface horizon
of the soil, due to continuous applications of chemical fertilizers, have been observed in
several studies [11,16–19].

Soil properties such as pH, clay minerals, Ca2+, K+ and organic matter, the parent ma-
terial composition, the weathering degree [20], as well as the soil management (especially
fertilization) [21], are directly related to the retention and absorption of radioelements by
plants [22]. To assess the effects of natural and anthropogenic processes on the concentra-
tions of radioelements in environmental compartments, the enrichment factor (EF) and
the bioaccumulation factor (BAF) have been used. The EF refers to the ratio between the
concentration of the studied element in cultivated soil and the natural concentration or
background level [23,24], while the BAF correlates the concentrations of elements in plant
tissues and their total contents in the soil. BAF is considered one of the most important
input variables in the assessment of risks to human health [8,25].

The state of Pará is the second largest Brazilian state at 1,247,955 km2, of which ap-
proximately 57% consists of indigenous territories and other protected areas, representing
29.73% of the Brazilian Amazon (4,196,943 km2) and 14.65% of the Brazilian territory. The
main economic activities in the region include agriculture, mainly cattle rearing, crop
production and mineral extraction [26,27]. In the state of Pará, there is an annual produc-
tion of 286,768 tons of citrus, 1,634,476 tons of oil palm and 39,577 tons of black pepper,
corresponding to 2%, 97% and 50% of the Brazilian production [28]. The growing demand
regarding food production and energy generation and society’s increasing call against
deforestation in the Amazon have intensified the use of fertilizers in order to enhance
productivity [29,30].

The determination of the levels of radioelements in agricultural soils can provide
important qualitative and quantitative information in studies of environmental and hu-
man health risk assessment. Despite that, such assessments are scarce at the Amazonian
agricultural frontiers, which demand frequent applications of agricultural inputs, mainly
P-fertilizers. Therefore, this study aimed at: (i) evaluating the concentrations of U and Th
in agricultural soils that received fertilizer applications for 26, 10 and 5 years, in citrus,
oil palm and black pepper crops, respectively; (ii) establishing/discussing relations of the
levels of radioelements with the soil attributes and (iii) determining the enrichment and
bioaccumulation factors in the areas of citrus, black pepper and oil palm cultivation.

2. Material and Methods
2.1. Study Site

The study site is located in the Brazilian Amazon (Figure 1), represented by commercial
plantations of citrus (Citrus sinensis (L.) Osbeck) with 26 years of implantation (1◦48′08′ ′ S,
47◦11′56′ ′ W); oil palm (Elaeis guineensis Jacq.) with 10 years of implantation (2◦13′18′ ′ S,
48◦47′52′ ′ W) and black pepper (Piper nigrum L.) with 5 years of implantation (1◦47′07′ ′ S,
47◦04′07′ ′ W). The Oxisols and Ultisols are predominant in this region [31], characterized
by high acidity, low nutrient availability and dominance of the sand fraction in the soil
surface [32].
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the fifth year, 200 g of N (urea), 90 g of P2O5 (triple superphosphate) and 180 g of K2O 
(potassium chloride) were applied per citrus plant. From the sixth year on, the production 
fertilization started with 80 kg ha−1 of N (urea), 20 kg ha−1 of P2O5 (triple superphosphate), 
and 40 kg ha−1 of K2O (potassium chloride). In the oil palm cultivation area, 5.3 kg ha−1 of 
P2O5 (Arad natural reactive phosphate) were applied, in addition to the formulation NPK 
11-07-23 + 2.5% Mg + 0.5% B and annual applications of the formulation NPK 10-07-22. 
For the implantation of the black pepper cultivation, 1.5 kg of chicken manure and 87.5 g 
of P2O5 (Yoorin thermophosphate) were adopted per pit. In the first and second years, 22.5 
g of N (urea), 18.45 g of P2O5 (triple superphosphate) and 30 g of K2O (potassium chloride) 
were applied per plant. From the third year onwards, 67.5 g of N (urea), 24.6 g of P2O5 
(triple superphosphate) and 58 g of K2O (potassium chloride) were added per plant. 

Besides the fertilization, the cupric fungicide known as Bordeaux mixture (CuSO4 + 
Ca (OH)2) was also applied in the areas of citrus and black pepper. All plantations were 
irrigated with water from wells situated on the respective areas. 

2.2. Sampling of Soils and Plant Material 
The sampling of soils was carried out in the 0–0.2 m deep. In each cultivation area, 
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In the implantation of the citrus cultivation, 3 kg of chicken manure and 60 g of P2O5
(single superphosphate) were added per pit (before planting), in addition to 60 g of N
(urea) and 30 g of K2O (potassium chloride) per plant (after planting). From the second
to the fifth year, 200 g of N (urea), 90 g of P2O5 (triple superphosphate) and 180 g of K2O
(potassium chloride) were applied per citrus plant. From the sixth year on, the production
fertilization started with 80 kg ha−1 of N (urea), 20 kg ha−1 of P2O5 (triple superphosphate),
and 40 kg ha−1 of K2O (potassium chloride). In the oil palm cultivation area, 5.3 kg ha−1 of
P2O5 (Arad natural reactive phosphate) were applied, in addition to the formulation NPK
11-07-23 + 2.5% Mg + 0.5% B and annual applications of the formulation NPK 10-07-22. For
the implantation of the black pepper cultivation, 1.5 kg of chicken manure and 87.5 g of
P2O5 (Yoorin thermophosphate) were adopted per pit. In the first and second years, 22.5 g
of N (urea), 18.45 g of P2O5 (triple superphosphate) and 30 g of K2O (potassium chloride)
were applied per plant. From the third year onwards, 67.5 g of N (urea), 24.6 g of P2O5
(triple superphosphate) and 58 g of K2O (potassium chloride) were added per plant.

Besides the fertilization, the cupric fungicide known as Bordeaux mixture (CuSO4 +
Ca (OH)2) was also applied in the areas of citrus and black pepper. All plantations were
irrigated with water from wells situated on the respective areas.

2.2. Sampling of Soils and Plant Material

The sampling of soils was carried out in the 0–0.2 m deep. In each cultivation area,
10 subsamples were collected to form one composite sample, with three replications, mak-
ing a total of 30 subsamples and 3 composed samples by crop. Soil samples were also
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collected in areas of native or naturally recovered vegetation (regionally called capoeiras)
close to the plantations, in order to study the degree of pollution in cultivated areas.

Plant samples were collected at the same points of soil collection, aiming at verifying
the U and Th bioaccumulation capacity by each cultivation. Leaf sampling in black pepper
and citrus plantations consisted of collecting freshly ripe leaves, in the middle third portion
of the crown per useful plant, in the way to the North, South, East and West [33,34]. For oil
palm, the leaf sampling from the third or fourth year of cultivation was performed on leaf
No. 17 (from apex to base), considered as the best expression or the ideal physiological
state for the oil palm [35].

2.3. Analyzes of Soils and Plants

Chemical and granulometric analyses of soil samples were performed according to
Silva [36]: pH in H2O and 1 M KCl solution (1:2.5); Ca2+ and Mg2+ in 1 M KCl solution,
quantified by atomic absorption spectrophotometry; K+ extracted with 0.05 M HCl solution,
quantified by flame photometry; available P extracted with 0.05 M HCl + 0.0125 M H2SO4
(Mehlich-1) and determined by colorimetry; the organic carbon was determined by the
Walkley and Black method (wet combustion) with potassium dichromate; the total Al2O3
was found by sulfuric attack, and the soil texture was determined by the pipette method [37].
X-ray fluorescence spectrometry (XRF) was used to quantify the P2O5 content.

The concentrations of U and Th in soils from each cultivation area were extracted using
acid digestion in a microwave oven (Mars Xpress, CEM Corporation, Tokyo, Japan) [38].
For this purpose, 0.5 g soil samples (100 mesh) were weighed and placed in Teflon tubes,
followed by the addition of the acid solution (HCl: HNO3 3:1). The extracts were diluted
with ultrapure water to a final volume of 50 mL and filtered (PTFE 0.45 mm). To quantify
the concentrations of U and Th in plants, the dry matter was powdered in a Willey type
knife mill and processed in a 20-mesh sieve. After that, 2 mL of HNO3, 2 mL of H2O2
and 5 mL of ultrapure water were applied in 250 mg of the plant material in Teflon tubes,
followed by digestion in a microwave oven (Mars Xpress, CEM Corporation) [39].

The concentrations of U and Th in all samples were quantified by inductively coupled
plasma mass spectrometry (ICP-MS), in triplicate, including certified reference materials for
soils (SRM® 2711a) and plants (SRM® 1570a) and blank samples. After this quantification,
the values of U and Th in ppm were converted to activity concentration, in Bq kg−1, using
the conversion factors given by the International Atomic Energy Agency-IAEA [40] and
by the Polish Central Laboratory for Radiological Protection, as shown by Malczewski
et al. [41]. The specific activity of a sample containing 1 mg kg−1 of 238U (by weight) is
12.35 Bq kg−1, and 1 mg kg−1 of 232Th is 4.06 Bq kg−1.

2.4. Calculation of Enrichment and Bioaccumulation Factors

The enrichment factor (EF) was calculated to determine the degree of contamination
by the radioelements studied. This index allows us to understand the contamination
in an anthropized area (cultivated) in relation to a reference area (native or naturally
recovered vegetation), considering a reference element. Several elements, including Al,
Ca, Fe, Mn, Ti and V, are used as a reference [24]. In this study, the element used was
Al2O3 [42], which guarantees more robustness and reliability because its behavior tends to
be more uniform [43–45]. The calculation of the EF was carried out using the following
Equation (1) [24].

EF = (Cn/Cr)/(Bn/Br) (1)

where Cn is the concentration of U/Th in sample n, Cr is the concentration of Al2O3 in the
same sample, Bn is the concentration of U/Th in the reference area (native or naturally
recovered vegetation), and Br is the concentration of Al2O3 in the reference area. The EF
values were classified according to Sutherland [46]: EF < 2 indicates deficient to minimal
enrichment; 2 ≤ EF < 5 indicate moderate enrichment; 5 ≤ EF < 20 indicate significant
enrichment; 20 ≤ EF < 40 indicate very high enrichment, and EF ≥ 40 indicate extremely
high enrichment.
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The bioaccumulation factor (BAF) has been widely used to understand the degree of accu-
mulation of a given contaminant in plant tissue [47–49], found according to Equation (2) [25].

BAF = (Cp/Cs) (2)

where Cp is concentration of U/Th in the plant tissue (dry weight) and Cs is the concentra-
tion of U/Th in the soil (100 mesh sieve).

2.5. Statistical Analyzes

The results found in this study were subjected to descriptive statistical analysis and
the Shapiro–Wilk normality test (p < 0.05). Data without normal distribution were trans-
formed. In order to understand the degree of relationship between soil attributes and the
concentrations of U/Th in soils and plants, Pearson’s correlation analysis was performed
(p < 0.05). All these statistical analyses were carried out using the software Statgraphics
Centurion 18 (v. 18.1.14, StatPoint Technologies, Warrenton, VA, USA).

3. Results
3.1. Soil Attributes

The soils under oil palm and citrus cultivation showed values of pH (H2O) equal to 4.6
and 4.7, respectively, while the soil cultivated with black pepper showed a higher pH (H2O),
corresponding to 5.2 (Table 1). The levels of Ca2+ were equal to 9.6, 13.7 and 34 mmolc kg−1

in the areas with cultivation of oil palm, citrus and black pepper, respectively. The con-
centrations of Mg2+ were 2.5 mmolc kg−1 in the oil palm area, 15 mmolc kg−1 in the black
pepper area and 9 mmolc kg−1 in the citrus area. The values of K+ were equal to 0.9 and
0.5 mmolc kg−1 in the areas of oil palm and citrus, respectively, which were lower than the
concentration found in the black pepper area, with 4.2 mmolc kg−1.

Table 1. Classification, chemical attributes and granulometry of the soils studied (number of samples = 3).

Crops Oil Palm Black Pepper Citrus

Areas Cultivation Reference Cultivation Reference Cultivation Reference

Soil Order Typic Hapludox Oxisol Typic Hapludult Ultisol Typic Hapludult Ultisol

pH (in H2O) 4.6 ± 0.3 4.0 ± 0.3 5.2 ± 0.8 4.1 ± 0.1 4.7 ± 0.2 4.4 ± 0.3
pH (in KCl) 4.3 ± 0.3 3.7 ± 0.2 4.7 ± 0.6 3.7 ± 0.2 4.1 ± 0.5 3.8 ± 0.2

Ca2+ (mmolc kg−1) 9.6 ± 0.4 1.3 ± 3.0 34.0 ± 2.0 11.3 ± 0.4 13.7 ± 0.7 5.1 ± 1.0
Mg2+ (mmolc kg−1) 2.5 ± 0.1 1.7 ± 1.8 15.0 ± 0.6 10.0 ± 0.1 9.0 ± 0.2 1.2 ± 0.6

K+ (mmolc kg−1) 0.9 ± 0.1 0.6 ± 0.3 4.2 ± 0.4 0.5 ± 0.0 0.5 ± 0.1 0.1 ± 0.3
P (mg kg−1) 5.0 ± 4.8 2.6 ± 2.9 234.0 ± 194.3 1.0 ± 0.0 8.0 ± 7.0 1.5 ± 0.3

Al2O3 (g kg−1) 54.1 ± 9.1 54.0 ± 10.8 71.7 ± 31.6 52.9 ± 37.0 53.6 ± 12.8 48.8 ± 10.3
Organic carbon (g kg−1) 11.6 ± 3.5 13.5 ± 2.5 16.0 ± 7.5 11.0 ± 3.1 6.9 ± 3.2 9.7 ± 2.1

Clay (g kg−1) 277.0 ± 78.1 303.0 ± 102.4 171.0 ± 76.5 168.0 ± 50.9 60.0 ± 11.6 63.0 ± 49.7
Sand (g kg−1) 590.0 ± 115.4 599.0 ± 155.9 712.0 ± 58.5 758.0 ± 60.4 919.0 ± 16.7 879.0 ± 92.9
Silt (g kg−1) 133.0 ± 40.3 98.0 ± 40.4 117.0 ± 24.7 74.0 ± 9.9 21.0 ± 6.1 58.0 ± 43.9

The available P concentrations were 5, 234 and 8 mg kg−1, respectively, in oil palm,
black pepper and citrus soils. The organic carbon content in soils cultivated with oil palm,
citrus and black pepper were corresponding to 11.6, 6.9 and 16 g kg−1. All the soils studied
showed a predominance of sand in the surface depth (Table 1).

3.2. Uranium and Thorium in Soils and Plants

The average concentrations of U and Th in soils cultivated with black pepper (3.48
and 10.70 mg kg−1, respectively) and oil palm (2.15 and 7.25 mg kg−1) were higher than
those found in the reference areas, while the citrus cultivation showed concentrations
lower than the reference area (Figure 2, Table S1). In the agricultural soils in this study, the
concentrations of U and Th showed positive correlations with the levels of P2O5 (Figure 3).
The enrichment factors were less than 2 (EF < 2) and showed the following orders: U—black
pepper > oil palm > citrus; Th—oil palm > black pepper > citrus (Figure 4A).
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The average concentrations of U and Th in plant tissues were, respectively, 0.08 and
0.18 mg kg−1 for citrus, 0.05 and 0.48 mg kg−1 for black pepper and 0.04 and 0.10 mg kg−1

for oil palm (Figure 2, Table S1). The bioaccumulation factors of U and Th for the three crops
were extremely low, with BAF values < 0.05 (Figure 4B). In soils, with the exception of the
citrus soil, all the areas showed higher activity concentrations of 238U and 232Th compared
to the reference areas (Table 2). The activity concentration of 232Th in the tissue of black
pepper was extremely high (1948.8 mBq kg−1) (Table 3). The activity concentrations of the
radioelements in the plant tissues followed the orders: 238U (mBg kg−1) − citrus > black
pepper > oil palm; 232Th (mBg kg−1) − black pepper >> citrus > oil palm.

Table 2. Activity concentrations of uranium and thorium in soils (n = number of samples).

Area Description
238U 232Th Th/U

Reference
Bq kg−1

Oil Palm
Oil palm cultivation (Typic Hapludox) 26.55 29.43 1.11

This study (n = 3)

Reference (Oxisol) 18.65 23.51 1.26

Black pepper Black pepper cultivation (Typic Hapludult) 42.99 43.44 1.01
Reference (Ultisol) 21.12 26.96 1.28

Citrus
Citrus cultivation (Typic Hapludult) 27.05 36.54 1.35

Reference (Ultisol) 36.93 41.82 1.13

Brazil (n = 15) - 9.63 33.90 3.52 [50]
Brazil (n = 153) - 57.30 60.70 1.06 [51]
Brazil (n = 25) - - 86.30 - [52]

USA - 18.28 5.89 0.32 [53]
Turkey - 29.90 36.70 1.23 [54]

South Africa - 28.28 31.55 1.12 [55]
Indian - 37.70 75.30 1.99 [56]
China - 112.00 71.50 0.64 [57]
Italy - 41.37 50.59 1.22 [58]
Spain - 153.14 71.86 0.47 [59]

Portugal - 49 51 1.04 [60]
Greece - 25 21 0.84 -

Worldwide - 35 30 0.86 -
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Table 3. Activity concentrations of uranium and thorium in the studied crops and in previous studies, and reference values.

Crop
238U 232Th Th/U

Reference
mBq kg−1

Oil Palm 494.0 406.0 0.82
This study (diagnostic leaf)Black Pepper 617.5 1948.8 3.16

Citrus 988.0 730.8 0.74

Oil Palm (seed) 64.20 59.91 0.93 [61]
Cassava (leaf) 35.54 22.45 0.63 -
Papaya (fruit) 6.22 2.33 0.37 -

Jackfruit (fruit) 5.44 4.26 0.78 -
Banana (fruit) <0.49 <0.21 - -

Moss 599.50 820.29 1.37 -
Tomato (fruit)-Black sand 16,660.00 1540.00 0.09 [62]
Tomato (fruit)-Clay soil 2220.00 490.00 0.22 -

Mango (fruit)-Black sand 14,310.00 970.00 0.07 -
Mango (fruit)-Clay soil 9390.00 490.00 0.05 -

Wheat (flour) 5700.00 1900.00 0.33 [14]

Reference values [60]

Root vegetables and fruits 3 0.5 0.17 -
Leafy vegetables 20 15 0.75 -
Grain products 20 3 0.15 -

Strongly positive Pearson’s correlations were found between U and pH, Ca2+, K+ and
P in the soil, while the most significant correlation of Th was with Mg (Figure 5). The
level of U in plant tissues showed a negative correlation with the silt content and a strong
positive correlation with the sand content of the soils. Regarding the Th concentration in
plants, it showed a strong positive correlation with pH and Ca+ of the soils (Figure 5).
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4. Discussion
4.1. Soil Attributes

With the exception of the black pepper cultivation, the soils of this study presented
a high acidity, which is common in tropical regions, where the climatic conditions favor
the loss of bases by leaching, increasing acidity even in areas that have received liming.
Soil acidity is strongly influenced by the dynamics of cations, whose availability increases
under high acidity conditions [63]. Previous studies in the Eastern Amazon also indicated
that Oxisols and Ultisols have a high acidity [32,64]. In the Western Amazon, Moreira and
Fageria [65] studied 3340 soil samples collected in several land uses, and observed that
most samples ranged from acidic to very acidic according to Venegas et al. [66].

The level of Ca2+ was low in the soil of oil palm cultivation, and the soils of citrus and
black pepper areas presented medium and high Ca2+ concentration, respectively, according
to the classification by Venegas et al. [66]. The concentrations of Mg2+ were low in the oil
palm area, high in the black pepper area and medium in the citrus area [66]. The levels
of K+ were considered low in soils cultivated with oil palm and citrus, while the area
cultivated with black pepper showed a soil with a high concentration of K+.

The plantations of oil palm and citrus showed lower contents of organic carbon
when compared to the black pepper area, which may be related to the longer period of
implantation of these crops and the climatic conditions of the Amazon, including intense
rainfall and high temperatures. Such conditions promote the fast decomposition of organic
matter [32]. Bayer and Mielniczuk [67] observed that the organic matter content in Ultisol
was reduced from 31 to 18 g kg−1 with the conversion of natural areas to successive crops.
Bowman et al. [68] observed reductions between 55% and 63% in the organic carbon of the
soil (0–15 cm) in sixty years of cultivation. De Souza Braz et al. [69] found reduced organic
carbon content in Typic Hapludox from the Eastern Amazon after 15 years of pasture.

The clay contents in the studied soils were within the range found by Birani et al. [64],
in Typic Hapludox (from 38 to 931 g kg−1) and Typic Hapludult (from 53 to 719 g kg−1)
from the Eastern Amazon. Such results indicate the predominance of the sand fraction,
which is commonly observed in the soils from the state of Pará [32].

The citrus and oil palm areas showed soils with low and very low P contents, re-
spectively, while the black pepper area presented very high values of P in the soil [66].
Frazão et al. [70] evaluated oil palm plantations in Amazon soils with 4, 8 and 25 years
of implantation, and found P contents equal to 4.3, 3.9 and 4.2 mg kg−1, respectively. In
agricultural areas, this variation is generally due to the amounts applied in fertilization
and the soil management, which can increase productivity and the export of nutrients by
the crops. The higher P level in the soil from the area cultivated with black pepper may be
associated with the residual effect of the thermophosphate fertilization [1].

4.2. Radioelements in Soils and Plants

The concentrations of U and Th in agricultural soils showed a positive correlation
with the increase in the P2O5 content, resulting from the use of P-fertilizers in these areas.
Therefore, there is a direct relationship between phosphate fertilization and increased
concentrations of U and Th in the soils. The concentration of U is higher than the concen-
tration of Th in P-fertilizers; however, in the soils of the present study, this did not imply a
higher level of U compared to Th. Takeda et al. [18] obtained average concentrations of
31 mg kg−1 and 0.8 mg kg−1 for U and Th, respectively, in superphosphate samples. The
concentrations of U and Th are 5.6 and 2.6 times higher in triple superphosphate (TSP)
than in single superphosphate (SSP), with 172.8 mg kg−1 of U and 2.1 mg kg−1 of Th [21].
In addition to the total U and Th concentrations in P-fertilizers, it is important to determine
their bioavailability in soils [71].

In oxidizing environments, which are common in surface soil horizons, the soluble U
and insoluble Th forms predominate [72]. This may explain the higher levels of Th than
U in the soils from the studied areas. Moreover, the presence of CO3

2− and HCO3
− ions

contributes to the permanence of soluble U form [72]. The studied soils are also under
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such conditions. In addition, the high acidity and the sandy texture of the soils may have
favored the solubility, mobility and leaching of these radioelements, resulting in EFs < 2
in the evaluated soils. Rodríguez et al. [73] observed that the activity concentrations of
radioelements in the soil decreased with the increase in particle size.

Soil pH is among the most important drivers of the U mobility [74]. Low pH increases
U mobility and availability, favoring absorption by plants [75]. It is known that U can
be more mobile and bioavailable in the soil than Th [76]. However, it has been reported
that Th can form soluble complexes with humic acids in the rhizosphere, and plants can
easily absorb Th in this form [77]. Comparing the bioaccumulation of U and Th among the
three crops studied, a higher BAF was observed for U compared to Th in citrus and black
pepper cultivation. The bioaccumulation of Th in oil palm leaves was three times greater
than that of U. In addition to the edaphoclimatic factors that control the bioavailability of
radioelements in the rhizosphere, there is a natural difference in the absorption capacity of
plants [12].

The low bioaccumulation factors (0.01 < BAF < 0.05) obtained for U and Th in the stud-
ied species are above the soil–plant transfer factors established by the International Atomic
Energy Agency—IAEA [78] for the Tropical Regions in relation to U (TF = 4.9 × 10−3) and
Th (TF = 8.2 × 10−3). This suggests that, despite small concentrations found, all the studied
crops present the potential of U and Th accumulation.

The activity concentrations of U and Th in the soils and plants in this study show that
the concentrations in the plant tissues are not based only on the quantitative properties of
the soils. As reported by Tuovinen et al. [79], the relationship between the concentration of
radioelements from soils to plants is not linear. Pulhani et al. [80] demonstrated that the
availability of essential nutrients for absorption by plants, such as calcium and potassium,
regulates the absorption of non-essential elements, including U and Th.

The activity concentrations of U and Th in the soil cultivated with black pepper and
in the soil of the reference area adjacent to the citrus cultivation, which corresponded to
42.99 and 36.93 Bq kg−1 of 238U, and 43.44 and 41.82 Bq kg−1 of 232Th, respectively, were
higher than the world averages: 238U (35 Bq kg−1) and 232Th (30 Bq kg−1), as established by
the United Nations Scientific Committee on Effects of Atomic Radiation—UNSCEAR [60].
However, the concentrations of 238U and 232Th in the soils of the present study were well
below the averages obtained by Peixoto et al. [51] in Ultisols of the state of Minas Gerais—
Southeastern Brazil, which may be related to the parent material richer in these elements
and the subtropical climate conditions, in which the loss by leaching is lower. The higher
activity concentration of 238U in citrus leaves may be related to the more accentuated sandy
character of the soil, which promoted the plant uptake. The higher activity concentration
of 232Th in Black pepper leaves, in turn, may be related to the higher pH and Ca2+ values
of the soil [80].

Although it was not the focus of the study, the concentrations of 40K were also deter-
mined, considering that this form of K is considered radioactive. The total concentrations
of K were extracted and quantified by the same method used to determine U and Th,
and the activity concentrations were estimated considering that 1% of K is equivalent to
313 Bq kg−1 of 40K [60]. In the studied soils, the concentrations of 40K ranged from 15.6
to 31.2 Bq kg−1, values that are below the worldwide average of 400 Bq kg−1 [60]. Previ-
ous studies carried out in the states of Alagoas and Rio Grande do Norte, Northeastern
Brazil, showed a high concentration of 40K, ranging from 6.0 to 2160 Bq kg−1 and 56.4 to
1972 Bq kg−1, respectively [81,82]. In this region, the high concentrations may be related
to semi-arid climate, with high evapotranspiration and low rainfall [81], which makes it
difficult to leach 40K. On the other hand, the soils studied in the present work present high
natural acidity and lower capacity of cation retention, which lead to the removal of ele-
ments by weathering under high rainfall rates [32]. In the agricultural system, plant uptake
is the main process responsible for the decrease in 40K in soils, mainly in the cultivation of
citrus (Table S2). The decreasing rate of 40K from plant uptake is relevant to the fact that K
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is important in fertilizing the crop and demonstrate the mobile ability of this element in
the soil-plant ecosystems [83].

5. Conclusions

The soil properties pH, Ca2+, Mg2+, K+, P and the sand fraction were important
to understand the dynamics of U and Th in the soil/plant. The longer period of soil
use with the citrus cultivation, when compared to the other crops, was not decisive to
establish cause/effect relations with the radioelements. The soils in the present study are
sandy, which may have favored the losses of U and Th by leaching to deeper layers and
contributed to the low concentrations of U and Th in the soils and plants, in addition to the
low enrichment and bioaccumulation factors, indicating that the concentrations of U and
Th in citrus, black pepper and oil palm crops do not represent risks to the environment
and human health. However, the monitoring of radioelements in agricultural soils should
be maintained in the future, especially through modeling studies of radioactivity over
time, due to the frequent use of fertilizers that can enrich the environment with these
elements. The results found in this study suggest that it would be interesting for fertilizer
industries to seek to reduce the levels of U and Th in these commercial products through
purification processes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/min11090994/s1, Table S1: Concentrations of uranium (U) and thorium (Th) in the soils and
crops studied. Table S2: Activity concentrations, enrichment and bioaccumulation of potassium (40K)
in the soils and crops studied.
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