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Abstract
The Legal Amazon in Brazil contains extensive Quartzarenic Neosols, sandy soils vulnerable to human
activities such as vegetation burning and grazing. This study investigates how land use alters their
chemical composition and evaluates the resulting impact on radiation shielding properties. Radiation
attenuation was assessed using mass attenuation coefficient, molecular cross-sections, effective
atomic number, and electron density. Soil samples from forest (F), grazing (G), and burned (B) systems
were analyzed at different depths. Oxide composition varied significantly with land use. SiO₂ showed the
highest variability, while Fe₂O₃ and TiO₂ increased with depth. Burned soils exhibited decreasing SiO₂ and
increasing Fe₂O₃ and Al₂O₃, indicating alteration. Grazing soils had the highest Fe₂O₃ and TiO₂, while
forest soils remained relatively stable. The mass attenuation coefficient was highest in grazing soils and
lowest in burned surface layers, confirming an inverse relationship with silica. Molecular cross-section
was sensitive to both depth and disturbance, whereas effective atomic number remained nearly constant
(~ 10). Electron density increased slightly in burned soils. Overall, land use significantly affects soil
composition and radiation attenuation, primarily through differences in Fe₂O₃, TiO₂, and SiO₂. Human
activities, particularly burning, can alter the radiation-shielding capacity of these soils.

1. Introduction
The Legal Amazon region covers a vast area of Brazilian territory, including the states of Acre, Rondônia,
Roraima, Amazonas, Pará, Maranhão, Amapá, Tocantins, and Mato Grosso [1]. In the eastern part of this
region, predominantly young soils, such as Quartzarenic Neosols, are prominent [2]. These Neosols
typically have a sandy texture and are primarily composed of quartz, which is rich in silicon oxides [3].

In the Amazon region, human interventions aimed at making soils more fertile are common. One practice
involves cutting down vegetation and burning the biomass [4]. However, when soil is subjected to high
temperatures, its chemical composition may change. In the mineral fraction, heat can induce structural
transformations, such as the dehydration of clay minerals and changes in the crystallinity of iron and
aluminum oxides [5]. Additionally, burning biomass results in ash deposition, temporarily enriching the
soil with elements such as calcium (Ca), potassium (K), and magnesium (Mg).

Changes in soil resulting from human activity can directly affect this material for radiation shielding.
Numerous studies have examined the potential of soil and its components as effective radiation-
shielding materials [6, 7]. These components can also be combined with other materials to create more
cost-effective shielding solutions [8]. One of the main advantages of soil is its abundance, ease of
extraction, and effectiveness in shielding against radiation, both when used directly in the field and when
incorporated into other materials.

Research on the potential of quartz-rich Neosols for radiation shielding is still limited [9, 10]. Additionally,
no studies have evaluated how human activities might alter the composition of these soils or how such
changes could affect their ability to shield against radiation. Despite advances in research methods, the
existing literature offers limited insights into the use of underdeveloped soils for radiation attenuation.
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Recent studies suggest that, beyond the traditional parameters analyzed, photon cross-sections (σ) may
be particularly sensitive to changes in chemical composition, thereby enhancing the interpretive
potential of these analyses [11].

Several parameters can be used to assess a material´s potential for radiation attenuation, including the
mass attenuation coefficient (µ/ρ), molecular, atomic, and electronic cross-sections, the effective atomic
number (Zeff), and the electron density (Nel) [12–14]. These parameters offer detailed insights into how
photons interact with multi-elemental materials. By applying principles of radiation-matter interaction, we
can evaluate processes such as photon absorption and scattering, which are highly sensitive to soil
elemental composition [15]. We therefore expect that potential changes in soil chemical composition
may affect its shielding properties, particularly in Neosols.

Investigating the radiation attenuation parameters in Quartzarenic Neosols under various land-use
systems is essential for understanding the impact of human activities on the chemical composition of
these soils. Additionally, it helps us assess how changes in the use of tropical soils influence their ability
to shield against radiation. Such studies are crucial because they provide valuable data on how dynamic
processes within the soil affect its properties and, in turn, how photons interact with this material.

2. Materials and Methods

2.1 Experimental area and soil sampling
The experimental area was located near the municipality of Esperantina, in the state of Tocantins, at
coordinates 5° 22’ 02’’ S, 48° 35’ 57’’ W and 90 m above sea level (Fig. 1). The average local precipitation
is 1,500 mm/year, and the average temperature is 28.5°C. The climate is classified as Aw (Köppen), with
a six-month rainy season (December to May) and a six-month dry season (June to November). The soil
in the area was classified as Orthic Quartzic Neosol (RQo) according to the classification of the Brazilian
Society of Soil Science (SiBCS) [16].

For this study, soil samples were collected from three different land-use types, namely: 1) land cultivated
with grasses (G) (Brachiara plantaginea) since 1989; 2) land cleared of vegetation and subsequently
burned (B), a process that began in 2009; and 3) land covered by native open forest vegetation (F), with a
significant stock of above-ground biomass. The soil from this last area was used as a reference because
it represents the soil's natural state. In the other two areas, anthropogenic activities (forest clearing)
occurred, although there is no record of chemical soil amendment, which could have influenced the
results.

To collect the soil samples, mini-trenches were dug, and soil monoliths measuring 5×20×20 cm were
taken from the walls of these trenches at depths of 0–5, 5–10, 10–20, and 20–40 cm. The samples were
then wrapped in plastic film for transport to the laboratory. In the lab, some of the soil monoliths were
crushed to analyze their oxide composition. Three soil cores were collected at random locations within
each depth layer in the mini-trenches.
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2.2 Particle size analysis
The densimeter method was used to analyze soil particle size according to the procedures described in
the Soil Analysis Methods Manual of the Brazilian Agricultural Research Corporation [17]. For the
analyses, the samples were air-dried to constant weight and then crushed and passed through a 2-mm
(10-mesh) sieve. After the texture analysis, the sand, silt, and clay content of the samples across layers
and land uses could be determined (Table 1). The samples for all soil layers and land uses were
classified as loamy sand.

Table 1
Average values for clay, silt, and sand content in the studied

neosol under different land uses (grassland-G, biomass
burning-B, and native forest-F) for the four analyzed layers

(0–5, 5–10, 10–20, and 20–40 cm).
Layer (cm) Soil use Clay (%) Silt (%) Sand (%)

0–5 F 11.3 4.4 84.3

  G 11.7 4.3 84.0

  B 12.3 6.0 81.7

5–10 F 13.3 4.2 82.5

  G 11.3 4.7 84.0

  B 12.6 5.4 82.0

10–20 F 13.3 4.3 82.4

  G 12.0 3.9 84.1

  B 12.7 5.3 82.0

20–40 F 13.7 4.4 81.9

  G 12.3 3.4 84.3

  B 14.1 4.2 81.7

2.3 X-ray fluorescence
For wavelength-dispersive X-ray fluorescence (WDXRF) analysis, conducted using a Rigaku ZSX Primus II
instrument, three samples (n = 3) were extracted from each of the monoliths for every layer. The samples
were ground in a mortar and sieved through a 45-µm mesh. Approximately 0.5 g of each sample was
weighed and pressed at 60 kN for one minute to create pellets. For samples that experienced burning, an
additional 0.1 g of boric acid (H3BO3) was added as a binder to facilitate pellet formation, as the sandy
soil texture made this process challenging.
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After preparation, the samples were analyzed for their elemental chemical composition as oxides within
characteristic wavelength ranges, from fluorine to uranium. Three measurements were obtained from
each layer (0–5, 5–10, 10–20, and 20–40 cm) for each soil type, yielding a total of 36 samples (3
samples × 3 soil uses × 4 depths). Variations in oxide values were compared based on the measurement
standard deviation.

2.4 Radiation shielding parameters
To determine the shielding parameters, the attenuation coefficient was first measured using the XCOM
program. The XCOM program uses the chemical composition of the samples of interest as input data;
based on this, it generates cross-sections for the photoelectric effect, coherent and incoherent
scattering (Compton effect), and pair production [18]. Based on the cross-sections for each of the
individual effects, the total mass attenuation coefficient is obtained, with both coherent and incoherent
scattering, for any element, composition, and mixture, in the energy range from 1 keV to 100 GeV.

The values of the mass attenuation coefficient are used to calculate other shielding parameters, such as
the molecular cross-section (σM):

1

where  is the molecular weight of the compound,  is Avogadro's number,  is the
atomic weight of the ith element, and  is the number of formula units in the molecule.

The values for the atomic cross-section (σA) are obtained using the equation:

2

where  is the total number of formula units of the compound.

The values for the electronic cross-section (σE) are obtained using the following equation:

3
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The effective atomic number is calculated using the following equation:

4

The electron density is obtained from the equation:

5

In this study, the energy of 59.5 keV — corresponding to the 241Am source — was selected. This choice
was made because the 241Am radioactive source is one of the most commonly used in nuclear
techniques for soil analysis [19, 20]. It is important to note that the main objective of this study is to
analyze the effects of land use and soil depth on the radiation-shielding properties of a quartz-rich
Neosol. Thus, the soil oxide composition data obtained by WDXRF were used to determine the radiation
attenuation parameters. Each shielding parameter was calculated three times, as described earlier,
allowing differences between layers and land uses to be compared using standard deviations.

3. Results and Discussion

3.1 Soil oxide composition
The results for the major oxides across different land uses and soil layers are presented in Table 2. We
chose to present the major oxides because they constitute a large portion of the samples and have the
greatest influence on radiation shielding parameters. Overall, the results show variations in the
concentrations of SiO₂, Al₂O₃, Fe₂O₃, and TiO₂ among the different soil layers (0–5, 5–10, 10–20, and 20–
40 cm) and among the F, G, and B soil land uses, with distinct patterns of vertical distribution.

Zeff =
σ A

σ E

Nel =
μ /ρ

σ E
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Table 2
Average concentrations of the most abundant
oxides in the studied neosol, determined using

wavelength-dispersive X-ray fluorescence
(WDXRF) analysis, under different land uses
(grassland-G, biomass burning-B, and native

forest-F) for the four analyzed layers (0–5, 5–10,
10–20, and 20–40 cm). The numbers in

parentheses represent the standard deviation
from the mean.

Oxide (%) SiO2 Al2O3 Fe2O3 TiO2

F        

0–5 cm 64.0 30.1 2.3 1.7

  (0.4) (0.5) (0.1) (0.2)

5–10 cm 66.1 28.8 2.2 1.9

  (2.8) (2.3) (0.3) (0.1)

10–20 cm 67.0 28.1 2.1 1.9

  (0.9) (0.8) (0.1) (0.0)

20–40 cm 62.8 31.9 2.5 2.3

  (0.1) (0.1) (0.1) (0.1)

G        

0–5 cm 75.1 17.8 3.5 1.4

  (1.6) (1.5) (0.5) (0.2)

5–10 cm 67.0 24.2 5.6 2.0

  (2.7) (2.0) (0.5) (0.1)

10–20 cm 79.3 15.6 3.3 1.5

  (0.6) (0.5) (0.1) (0.1)

20–40 cm 73.3 20.5 4.2 1.5

  (3.5) (2.6) (0.7) (0.3)

B        

0–5 cm 89.0 9.1 0.8 0.6

  (0.6) (0.7) (0.1) (0.1)

5–10 cm 91.7 7.1 0.5 0.7
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Oxide (%) SiO2 Al2O3 Fe2O3 TiO2

F        

  (6.6) (5.5) (0.4) (0.3)

10–20 cm 78.6 18.2 1.3 1.3

  (8.8) (7.4) (0.5) (0.7)

20–40 cm 67.3 28.3 1.8 1.9

  (0.5) (0.3) (0.0) (0.1)

In the soil under F, the oxides exhibit relative stability throughout the profile. There are moderate
variations in SiO₂, with a slight increase observed between the 10–20 cm depth compared to the 0–5 cm
layer, followed by a decrease at greater depths. Al₂O₃ shows a decrease between the 10–20 cm layer
and the 0–5 cm layer, but it increases again in the deepest layer. Fe₂O₃ shows virtually no variation
among the different layers. TiO₂ exhibits a slight increase with depth, reaching a higher concentration in
the deepest layer.

Under G, the soil displayed greater vertical heterogeneity, with no clear trend observed for SiO₂
concentrations. The highest level of SiO₂ was recorded at a depth of 10–20 cm. Al₂O₃ showed variations
that depended on depth, with higher values found at 5–10 cm and lower values at 10–20 cm. Fe₂O₃
peaked in the 5–10 cm layer, indicating a vertical redistribution. Meanwhile, TiO₂ remained relatively
stable, with a slight increase noted at the 5–10 cm layer.

In the soil under B, the trends observed along the profile are more pronounced. SiO₂ tends to decrease
with depth, while Al₂O₃ and Fe₂O₃ progressively increase, suggesting that this land-use practice has
impacted the chemical composition of the soil. TiO₂ displays the most consistent pattern among the
elements, showing a continuous increase throughout the profile. These findings indicate that the effects
of burn management extend beyond the surface, influencing subsurface layers and altering the
distribution of oxides across different soil particle size fractions.

When comparing land uses, B exhibits higher SiO₂ contents in the surface layers, F shows the lowest
values, and G exhibits greater variability. In general, land use affected SiO₂ content across the different
layers. For Al₂O₃, F tends to have higher surface values, while B stands out for its increase with depth.
Again, in general, the land uses presented differences across layers. Fe₂O₃ was higher for land use G in
all layers compared to F and B, especially in the intermediate layer, while B showed a lower surface
concentration that increased with depth. TiO₂ exhibits similar behavior across land uses, with a general
trend of increasing with depth.

In general, TiO₂ and Fe₂O₃ exhibit the most consistent trends of variation throughout the profile, with
increases with depth across all land uses. Al₂O₃ also tends to concentrate in the deeper layers overall,
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especially in B, while SiO₂ shows greater dependence on land use and greater variability. These results
indicate that pedogenic processes and different land uses jointly influence the vertical redistribution of
oxides in the soil [21].

It is worth mentioning that Neosols are characterized by their poor weathering, which means that the
relationship between silica (SiO₂) and the oxides of aluminum (Al) and iron (Fe) reflects an early stage of
soil formation [22]. In this stage, secondary phases develop only to a limited extent, helping stabilize the
soil structure. Functionally, the reduction of oxides such as aluminum oxide and iron oxide, which are
associated with the clay fraction and the formation of cementing agents, can influence radiation
attenuation in soil structure [23]. However, this aspect was not explored in our study. Additionally, the
relatively high silica concentrations reinforce the predominance of sandier, less reactive soil fractions.

When the measured oxides are analyzed, the values obtained are consistent with the literature for soils
[24, 25]. However, variations are expected depending on the source material and environmental
conditions. Finally, the high standard deviations observed for some oxides are attributed to
granulometric heterogeneity and the presence of organic matter [21], especially in B, which hinders
homogenization during sample preparation.

3.2 Mass attenuation coefficient
The mass attenuation coefficient was simulated based on the composition of soil oxides (Table 2) using
the XCOM program, which is commonly used in radiation shielding studies [23, 24, 26–30]. Table 3
shows the µ/ρ values for the equivalent photon energy of a 241Am source.

Table 3
Average values of the mass attenuation coefficient (µ/ρ)

simulated using the XCOM program for the photon energy of
59.5 keV for the Neosol studied under different land uses

(grassland-G, biomass burning-B, and native forest-F) for the
four analyzed layers (0–5, 5–10, 10–20, and 20–40 cm).

µ/ρ (cm2 g− 1)

Soil layer 0–5 cm 5–10 cm 10–20 cm 20–40 cm

F 0.274 0.273 0.272 0.274

  (0.001) (0.001) (0.001) (0.001)

G 0.287 0.298 0.280 0.286

  (0.001) (0.002) (0.001) (0.003)

B 0.260 0.259 0.267 0.270

  (0.002) (0.003) (0.004) (0.001)

In the surface layer (0–5 cm), G showed a relative difference in µ/ρ compared to F of c. +4.7%. This layer
had the highest concentrations of Fe₂O₃ and TiO₂, which directly influence µ/ρ [31]. A similar trend was
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observed in the 5–10 cm layer, where G exhibited a µ/ρ value c. 9.2% higher than that of F, again due to
elevated concentrations of iron and titanium oxides. In contrast, B displayed the lowest µ/ρ values in the
upper layers, being c. 5% lower than those of F. This difference is mainly attributed to the higher SiO2

content in B in the upper layers, highlighting how silica composition affects µ/ρ [9, 31].

In the 10–20 cm layer, G exhibited a µ/ρ value c. 2.9% higher than F, and c. 4.9% higher than B. At this
depth, the highest concentration of SiO₂ is also observed in G, approximately 12% higher than in F,
reinforcing the inverse relationship between the increase in this oxide and the µ/ρ values [28, 32]. The
lowest µ⁄ρ value was observed in B (c. 1.8% lower than in F), a finding primarily explained by lower
concentrations of Fe₂O₃ and TiO₂ [33]. In the deepest layer analyzed (20–40 cm), the trend in µ/ρ was the
same as in the upper layers. The soil under G exhibited the highest µ/ρ value, exceeding c. 4.4%
compared to F and c. 5.9% compared to B.

In general, the highest µ/ρ values were observed in G across all analyzed layers (0–5, 5–10, 10–20, and
20–40 cm). This result is attributed to the higher concentrations of Fe₂O₃ and TiO₂ present in this soil
use, as their molar masses (Fe₂O₃ = 159.69 g mol− 1; TiO₂ = 79.87 g mol− 1) contribute to increased
photon attenuation. Conversely, a trend of decreasing µ/ρ with increasing SiO₂ concentration (60.08 g
mol− 1) was noted, indicating an inverse relationship between this oxide and µ/ρ [34]. Additionally, Al₂O₃
(101.96 g mol− 1) had a secondary influence, likely due to the similarity of its effective atomic number to
that of SiO₂ [18].

In the surface layers (0–5 and 5–10 cm), B exhibited more significant differences compared to F.
However, in the deeper layers (10–20 and 20–40 cm), the µ/ρ values tended to converge. This pattern
can be explained by a decrease in SiO₂ concentration and a relative increase in Fe₂O₃ and TiO₂ as depth
increases, indicating a mineralogical redistribution throughout the soil profile [21].

Figure 2 shows trends in µ/ρ variation, along with those in the combined variation of Fe₂O₃ and TiO₂
oxides. Overall, since Fe and Ti are the heaviest elements among the major oxides that constitute
Neosol, they strongly influence the behavior of µ/ρ. This fact is primarily related to the dependence of µ/
ρ on the photoelectric-effect cross section and incoherent scattering at the analyzed photon energy [35].

Analysis of µ/ρ across different soil layers and land uses revealed an intrinsic dependence on soil
elemental composition, corroborating previous studies. Mudahar et al. [36] and Medhat [37] had already
demonstrated that µ/ρ is highly sensitive to the presence of elements with high atomic numbers (Z),
especially in low-energy ranges (up to c. 0.8 MeV), where samples composed of minerals containing
heavy elements such as Mn, Cr, Fe, and Zr exhibit significantly higher attenuation values.

In soil analysis, recent literature confirms that iron and titanium are the main determinants of µ/ρ values.
However, silicon can also play an important role when present in large quantities, as is the case in
sandier soils. Pires et al. [38] confirmed that the concentrations of Fe₂O₃ and TiO₂ oxides directly
influence increases in attenuation parameters. Additionally, Camargo et al. [39] observed that, in the
energy range from 1 keV to 100 keV, soils with higher SiO₂ and Al₂O₃ contents exhibit the lowest µ/ρ
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values, highlighting the role of light elements in reducing the probability of photon interaction with the
soil matrix.

3.3 Molecular cross-section
The average values for the molecular cross-section for each land use and different layers for photons
with energy of 59.5 keV are presented in Table 4.

Table 4
Average values of the molecular cross-section (σM) for the

photon energy of 59.5 keV for the Neosol studied under different
land uses (grassland-G, biomass burning-B, and native forest-F)
for the four analyzed layers (0–5, 5–10, 10–20, and 20–40 cm).
σM (barn/molecule)

Soil layer 0–5 cm 5–10 cm 10–20 cm 20–40 cm

F 5.34x105 2.32x105 8.77x105 1.19x106

  (6x104) (3x104) (8x104) (8x104)

G 5.75x105 4.41x105 7.00x104 2.24x105

  (5x104) (5x104) (1x104) (1x104)

B 1.34x105 1.93x105 1.09x106 4.50x104

  (7x104) (5x104) (6x105) (1x104)

The σM values exhibited a systematic variation based on depth and land use type. In F and G, differences
in σM were noted between soil layers. Specifically, in F, σM tended to increase, while in G, it tended to
decrease when comparing the surface layers to the deeper layers (Fig. 3). In B, the variation pattern was
more heterogeneous, showing a maximum σM value at 10–20 cm and a minimum at 20–40 cm, while
the surface layers (0–5 cm and 5–10 cm) did not show significant differences from each other.
Additionally, an analysis of the σM values for the Neosol studied indicated that they fall within the

expected range for soils with variations in oxide composition [23].

When analyzing the variation in σM across layers, it is evident that, in addition to the influence of µ/ρ, the
molecular weight of the compound significantly affects the molecular cross-section (Fig. 3). At specific
energies such as 59.5 keV (as observed with ²⁴¹Am), processes like the photoelectric effect are notably
dependent on the atomic number, with a relationship approximately proportional to Z⁴−⁵ [35]. This means
that the presence of heavier elements significantly affects the values of σM [40].

However, in the case of Neosols, which are primarily composed of silica, it has also been noted that the
atomic contribution of SiO₂ (niAi) can significantly influence σM. Our study found that the niAi of SiO₂
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follows the same trend as the total niAi, underscoring the oxide's effect on the σM values in the Neosol
studied (Fig. 4). Although SiO₂ has the lowest molecular weight among the major oxides in the studied
soil, its high abundance can strongly impact the overall molecular weight when all oxides are taken into
account [23].

A comparison of soil land use at different depths showed distinct patterns (Table 4). At a depth of 0–5
cm, F and G did not differ from each other but had higher σM values than B. At a depth of 5–10 cm, G
exhibited significantly higher values, whereas F and B showed no difference. At the 10–20 cm depth, G
had significantly lower values, again with F and B not differing from each other. Finally, at a depth of 20–
40 cm, there was a clear distinction among the land uses, with values increasing in the order B < G < F,
indicating a greater impact of land use in the deeper soil layers.

The observed differences suggest that σM values are sensitive to structural and compositional changes

in the soil induced by land use. The more uniform behavior and increase with depth in F is consistent
with less disturbed systems, in which there is greater structural stability and profile organization [21]. In
G, the discontinuity at 10–20 cm may reflect effects of compaction and redistribution of organic matter
and minerals associated with land-use processes [41]. In B, the high variability and the peak at
intermediate depth indicate strong heterogeneity, possibly resulting from practices such as burning and
soil disturbance [42]. Taken together, these results show that σM is a sensitive indicator of use-
associated physicochemical soil modifications, making it a potentially useful parameter for radiation
shielding analysis.

3.4 Effective atomic number
The Zeff results for different land uses and depths are presented in Table 5. Zeff is related to the average
of all atomic numbers present in the soil’s chemical composition [23]. For the Neosol studied, the atomic
numbers ranged from 8 (O) to 41 (Nb), considering all the analyzed elements, not just the major oxides.
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Table 5
Average values of the effective atomic number (Zeff) for the

photon energy of 59.5 keV for the Neosol studied under
different land uses (grassland-G, biomass burning-B, and native

forest-F) for the four analyzed layers (0–5, 5–10, 10–20, and
20–40 cm).

Zeff

Soil layer 0–5 cm 5–10 cm 10–20 cm 20–40 cm

F 10.06 10.03 10.02 10.05

  (0.01) (0.02) (0.04) (0.01)

G 10.08 10.15 10.06 10.07

  (0.01) (0.06) (0.01) (0.01)

B 10.01 10.00 10.05 10.04

  (0.01) (0.01) (0.03) (0.01)

Since Zeff depends on the inverse of σE, and σE depends on the fractional abundance (fi), the elements

with the highest fractional abundance values are those present in the highest percentage in the soil’s
elemental composition [6]; for the land uses studied, these are Si and Al (Table 2). Therefore, the Zeff

values were closer to the atomic numbers of these elements (Z = 13 for Al; Z = 14 for Si) [24].

The average Zeff values for Neosol, determined at 59.5 keV, showed little variation across the different
land uses (F, G, B) and depths analyzed (0–5, 5–10, 10–20, and 20–40 cm). In general, Zeff values
remained close to 10 under all conditions (Fig. 5). These values are consistent with those reported in the
scientific literature for soils [15, 24, 30].

In the surface layer (0–5 cm), B was lower than F and G, which showed virtually no difference between
them. In the 5–10 cm layer, a greater distinction was observed among land uses, with G having a
significantly higher value than F and B, which showed no differences between them. For the deeper
layers (10–20 and 20–40 cm), Zeff values did not differ among land uses. This indicates that, at greater
depths, land use has a reduced influence on the effective atomic number.

Analysis of the different layers within each land use reinforces this pattern. The soil under F showed
virtually constant values throughout the profile. In contrast, the soil under G showed a localized increase
in the 5–10 cm layer, mainly due to higher Fe₂O₃ and TiO₂ contents in that layer (Fig. 5) [43]. On the other
hand, the soil under B showed a slight increase with depth, which falls within the range of the standard
deviation.

Soils with a more clay-rich particle size distribution and a chemical composition containing a higher
percentage of Fe₂O₃ are typically characterized by higher Zeff values [38]. Kumar et al. [44] had already
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noted that minerals with higher amounts of Fe₂O₃ in their composition have higher Zeff values compared
to those with higher SiO₂ contents. This demonstrates Zeff’s sensitivity to changes in the chemical
composition of soils consisting mainly of elements with high atomic numbers [43, 45]. Based on this
information, it is observed that Zeff generally follows the same trend of variation as Fe₂O₃ (Fig. 5).

The effective atomic number is a crucial parameter for evaluating how radiation interacts with matter,
particularly at energy levels in the tens of kiloelectronvolts (keV) range, where the photoelectric effect is
most significant. In this energy range, Zeff greatly depends on the material's elemental composition,
especially the presence of elements with higher atomic numbers.

The results indicate that changes in land use, including biomass burning and pasture conversion, did not
significantly affect Zeff. This finding suggests that the dominant soil mineral constituents, which govern
its radiative behavior, remain relatively stable despite these interventions [21]. From a radiation shielding
perspective, the small variation in Zeff across different land uses and depths suggests that Neosol has
relatively uniform photon attenuation within this energy range.

3.5 Electron density
The Nel results for different land uses and soil layers are presented in Table 6. It is worth noting that this
parameter depends on µ/ρ and Zeff, so variations in these parameters will also influence the Nel results
[40].

Table 6
Average values of the electron density (Nel) for the photon

energy of 59.5 keV for the Neosol studied under different land
uses (grassland-G, biomass burning-B, and native forest-F) for
the four analyzed layers (0–5, 5–10, 10–20, and 20–40 cm).

Nel (×1023 electron g− 1)

Soil layer 0–5 cm 5–10 cm 10–20 cm 20–40 cm

F 2.95 2.95 2.94 2.92

  (0.01) (0.01) (0.01) (0.01)

G 2.95 2.95 2.96 2.94

  (0.01) (0.02) (0.01) (0.01)

B 2.98 2.98 2.97 2.95

  (0.01) (0.01) (0.02) (0.01)

Nel values showed little variation across different treatments and depths, ranging from 2.92×10²³ to
2.98×10²³ electrons g⁻¹. However, consistent differences were observed among land uses. Generally,
land use B exhibited the highest Nel values across almost all layers, particularly in the surface layers (0–
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5 and 5–10 cm), with notable differences compared to F and G. Conversely, F consistently had the
lowest values, especially in the deepest layer (20–40 cm). In contrast, G displayed intermediate values.
These differences were most pronounced in the surface and deep layers, with no significant differences
among land uses in the 10–20 cm layer.

Regarding depth variation, a decreasing trend in Nel values was observed in both F and B, with the
greatest reduction between the surface and the deepest layers. In contrast, the values in G remained
virtually constant throughout the profile, with strong overlap across all layers, indicating no significant
variation. These findings suggest that land use affects not only the absolute Nel values but also their
distribution within the profile.

It can be observed that Nel follows the same trend as SiO₂ oxide rather than Fe₂O₃. Although Nel depends

on µ/ρ and Zeff, which in turn depend directly on the iron oxide content, Nel values are also generally
influenced by the most abundant oxide (Fig. 6) [46]. Higher Nel values indicate a greater probability of
interaction, primarily due to the photoelectric effect [35], suggesting greater shielding efficiency [24]. In
this context, the higher values observed in B suggest that this system has a greater capacity for radiation
attenuation compared to F and G, especially in the surface layers, where the difference is most
pronounced. On the other hand, lower values in F, especially at greater depths, indicate a lower relative
shielding potential.

The variations observed in land use are linked to changes in soil elemental composition, which directly
affect the number of electrons per unit mass [24]. In G, a greater uniformity in Nel values was noted,
suggesting that this parameter was not affected by depth-dependent differences in soil elemental
composition (Fig. 6). In contrast, the decrease in Nel values with depth in F and B may be associated with
variations in organic matter content and grain-size distribution throughout the soil profile [24]. These
results indicate that land use has a measurable effect on properties relevant to soil-radiation
interactions, with implications for studies of natural shielding and for the assessment of environments
exposed to radioactive sources.

4. Conclusions
The results show that, in general, the studied Neosol exhibits variations in chemical composition across
different land uses (F, G, and B), particularly in the amounts of SiO₂, Al₂O₃, and Fe₂O₃, with the soil under
B standing out as tending to be richer in silica in the surface layers. However, when depth is taken into
account, these differences become less evident.

The mass attenuation coefficient varied with the elemental composition of the samples at a photon
energy of 59.5 keV. The soil under G showed the highest µ/ρ values in the surface layers (0–5 and 5–10
cm), followed by F, while B showed the lowest. In the deeper layers (10–20 and 20–40 cm), the
differences between treatments decreased, mainly due to increased Fe₂O₃ and TiO₂ contents. Regarding
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variation within each land use with depth, F remained practically constant; G showed greater fluctuation,
with a peak in the 5–10 cm layer; and B showed a slight tendency to increase with depth.

In general, σM values vary across land uses and with depth. In the surface layer (0–5 cm), only B differed
from the other land uses, and in the next two layers (5–10 and 10–20 cm), only G differed. In the deepest
layer (20–40 cm), however, all land uses showed differences. In summary, land use influences the
distribution of σM, with F tending toward higher values at depth and G and B showing more pronounced
variations between layers.

Zeff values showed little variation across land uses and depths. The greatest variations among land uses

were observed in the most superficial layers (0–5 and 5–10 cm), mainly in G, with smaller differences at
depth. In the analysis of Zeff variation with depth for a given land use, it was observed that Zeff remained
practically stable with depth, indicating a small influence of chemical composition variations along the
profile on Zeff.

Nel values showed relatively small variations among different land uses and depths, although consistent
patterns were observed that highlight the influence of soil cover and composition. Land use B showed
the highest values, especially in the surface layers, while F showed the lowest, particularly at greater
depths, and G showed more uniform behavior throughout the profile. It was also observed that the
distribution of Nel correlates more strongly with variations in SiO₂ than with those in Fe₂O₃, indicating
that overall soil composition, rather than a single constituent, affects Nel.

In summary, the study's results indicate that certain parameters are more sensitive than others in
revealing the potential effects of land use and depth-dependent variations in soil chemical composition
on radiation shielding. The findings suggest that silicon-rich soils could be an interesting alternative
material for radiation shielding, especially considering the high sand content found in Neosol.
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Figure 1

Map of Brazil showing the location of the state of Tocantins and the municipality of Esperantina. The
satellite image from Google Earth shows the city of Esperantina and the location (pin) where the
samples were collected.
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Figure 2

Trend in the variation of the mass attenuation coefficient (μ/ρ) (black line) and the Fe₂O₃+TiO₂oxide (blue
line), as a function of soil depth (0–5, 5–10, 10–20, 20–40 cm) for forest (F), grassland (G), and biomass
burning (B). The vertical lines indicate the standard deviation from the mean.
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Figure 3

Trend in the variation of the molecular cross-section (σM) (blue line) and the total molecular weight of
the compound (niAi) (black line), as a function of soil depth (0–5, 5–10, 10–20, 20–40 cm) for forest (F),
grassland (G), and biomass burning (B). The vertical lines indicate the standard deviation from the mean.
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Figure 4

Trend in the variation of the total molecular weight of the compound (niAi) (black line) and the niAi of
SiO₂ (blue line) as a function of soil depth (0–5, 5–10, 10–20, 20–40 cm) for forest (F), grassland (G),
and biomass burning (B). The vertical lines indicate the standard deviation from the mean.
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Figure 5

Trend in the variation of the effective atomic number (Zeff) (black line) and the amount of Fe2O3 (blue
line) as a function of soil depth (0–5, 5–10, 10–20, 20–40 cm) for forest (F), grassland (G), and biomass
burning (B). The vertical lines indicate the standard deviation from the mean. 
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Figure 6

Trend in the variation of the electron density (Nel) (black line) and the amount of SiO2 (blue line) as a
function of soil depth (0–5, 5–10, 10–20, 20–40 cm) for forest (F), grassland (G), and biomass burning
(B). The vertical lines indicate the standard deviation from the mean. 
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