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Abstract

This study examines the effects of the chemical composition of the clay fraction of various soil horizons on radiation shielding para-
meters. X-ray fluorescence (XRF) analysis did not reveal significant differences in the concentration of the most abundant oxides
(AL, O3, SiO,, Fe,0;) among the various horizons. Consequently, the mass attenuation coefficient did not vary among the horizons
in terms of the photon energies studied (15 keV-10 MeV). The mean free path (MFP), half-value layer (HVL) and tenth-value layer
(TVL) did not differ for energies up to 100 keV. However, at higher energies, these parameters were mainly influenced by the differences
in the densities of the soil horizons. The effective atomic number did not differ across the horizons for the various photon energies, nor
did the mass attenuation coefficient. It is shown that slight differences in the chemical composition of the clay fraction of soil horizons
do not affect radiation shielding parameters (MFL, HVL, TVL) for low photon energies (<500 keV). Density is more important for radi-
ation shielding than the chemical composition of the various horizons of the same soil type for higher energies (>100 keV); hence, com-

pacting the clay fraction might be more efficient for radiation shielding purposes at higher energies.
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Soil is a widely available material on Earth and is recognized as a
cost-effective and accessible natural resource for radiation shield-
ing purposes (Akman et al, 2019). There are several effective
shielding materials, several of which are costly and potentially
hazardous, such as heavy metals (AbuAlRoos et al., 2019).
When a soil is used as a shielding material, the clay fraction
can prove particularly advantageous due to the reactive nature
of its particles, facilitating the formation of cohesive structures
(aggregates; Schaefer et al., 2008). Soil horizons exhibit variability
in their physical and chemical properties influenced by the tex-
ture, chemical and mineralogical composition and type of the
parent rock, among other factors (Hartemink et al, 2020).
Thus, from an environmental perspective, determining the shield-
ing capacity of distinct soil horizons against radiation is crucial.

Numerous studies have confirmed the feasibility of depositing
radioactive waste in natural sites, highlighting the importance of
investigating the efficacy of various soil layers (horizons) for
attenuating radiation (Delage et al, 2010; Tsang et al, 2015;
Eke, 2022). It has been demonstrated that several dozen centi-
metres of natural materials, such as soil and clays, can efficiently
attenuate gamma ray photons of various energies (Mann et al.,
2016; Mamikhin et al., 2017).

Several parameters are used to evaluate the shielding ability of
various materials. The linear (k) and mass (i) attenuation coeffi-
cients are essential parameters that enable the determination of
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the probability that a photon will be attenuated (Hubbell &
Seltzer, 1995). Another highly influential parameter is the mean
free path (MFP), which indicates the average distance a photon
can travel in a specific material before experiencing a collision
(Alabsy & Elzaher, 2023). Overall, the MFP offers an objective
measure of the probability that a given interaction between
photons and matter will occur. In addition, two commonly
employed parameters are the half-value layer (HVL) and the
tenth-value layer (T'VL), which represent the thickness of material
required to reduce the radiation intensity by a factor of one-half
and one-tenth, respectively, of the initial intensity (Alabsy &
Elzaher, 2023). The effective atomic number (Z.¢) is another par-
ameter commonly used in radiation physics due to its importance
in calculating the absorbed dose of radiation (Alabsy & Elzaher,
2023). This parameter is used when materials composed of
many chemical elements are analysed, such as the clay fraction
of the soil.

Different techniques can be used in radiation shielding, which
can be based on experimental measurements and computer simu-
lation. These techniques allow numerous parameters to be
obtained, the most common being attenuation coefficient data,
cross-sections (), Zeg, electronic density (Neg), energy absorp-
tion and exposure build-up factors (EABF, EBF), effective con-
ductivity (Ceg), MFP, HVL, TVL and fast neutron removal
cross-section (FNRCS; Sakar et al., 2020). The attenuation coeffi-
cients, MFP, HVL, TVL and Z. are commonly found in the lit-
erature (Abdul & Rashid, 2021; Eke, 2021; Marquez-Mata et al.,
2021; Gili, 2023). Thus, our study used the radiation shielding
parameters most commonly employed in the scientific literature.
For a detailed description of radiation shielding techniques and
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the advantages and limitations of each method, we recommend
the review article by Shultis & Faw (2005).

Previous studies have examined soil and clays as potential radi-
ation shielding materials (Kucuk et al, 2013; Mann et al., 2013;
Akman et al, 2019; Isfahani et al, 2019a; Hila et al.,, 2021).
However, these studies usually analyse one unique layer and the
soil as a whole rather than its fractions, such as the highly reactive
clay fraction (Medhat et al., 2014a; Singh et al., 2014; Mamikhin
et al., 2017). As the various soil horizons may differ in the chem-
ical compositions of their clay fractions, thus affecting radiation
attenuation (Gedik & Baytas, 2015; Pires, 2022), collecting soil
samples along the soil profile is necessary to assess how each
layer influences radiation shielding.

This study is based on the hypothesis that the various horizons,
with slight differences between their mineral compositions and soil
bulk densities, show variations in shielding parameters in terms of
the various photon energies based on analysis of their soil clay frac-
tions. The study aimed to characterize the chemical composition of
the clay fractions in various horizons of an Arenosol and evaluate
the efficiency of these horizons for shielding radiation.
Additionally, the study aimed to observe the variations of the shield-
ing parameters depending on the photon energy. A schematic illus-
tration of the research steps is presented in Fig. S1.

The main advance of this study regarding the area of radiation
shielding is the analysis of the clay fractions of various soil horizons.
This type of investigation can provide information on the efficiency
of each soil layer for attenuating radiation. The study also evaluates
the clay fraction obtained through physical fractionation of the soil
rather than clays composed of single minerals. In general, studies on
radiation shielding in the scientific literature focus on pure clays.
Using the clay fraction obtained directly from the soil could be an
alternative for producing low-cost materials for radiation shielding.

Materials and methods
Soil sampling and soil preparation

The studied soil was collected from the profile located at coordi-
nates 16°30°27" S and 52°22°29" W, with a local average elevation
of 565 m, in the municipality of Baliza in the state of Goias, Brazil
(Fig. 1). This soil was identified as an Arenosol according to the
IUSS Working Group WRB (2022) classification system. The soil
comprises five horizons (Table 1).

The samples were air-dried at 40°C and passed through a
2 mm mesh sieve to obtain air-dried fine earth (ADFE). The
silt and clay fractions of the ADFE were separated using NaOH
(1 mol L), with the sand fraction (2 mm to 53 pum) separated
by sieving. The silt and clay fractions were physically fractionated
according to Stokes’ law (Gee & Bauder, 1986). The particle dens-
ity of the ADFE was determined using a He gas pycnometer, ran-
ging from 2.60 to 2.62 g cm ™.

The clay fraction was separated from the water with the add-
ition of CaCl, (1 mol L™). Once obtained, the clay fraction was
dried at 40°C, ground with a pestle and mortar and sieved
through a 45 um sieve. The soil texture (Fig. 2) was determined
using the pipette method according to the procedure outlined
in Tech et al. (2022).

X-ray diffraction and X-ray fluorescence analysis

X-ray diffraction (XRD) measurements of the clay fraction were
obtained from one sample from each portion. The samples were
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placed in the sample holder and gently pressed with a glass
slide to fix them in place. The XRD analysis was carried out
using an Ultima IV diffractometer from Rigaku, Cu-Ko radiation,
40 kV, 30 mA, in the range 3-100°28, with a 0.02°26 scanning
step and a time of 5 s per step. The slit settings used were as fol-
lows: 10 mm horizontal divergence slit, 1° scatter slit and
0.15 mm receiving slit. The XRD traces were compared with the
standard mineral patterns of the Mineralogy Database (https:/
www.webmineral.com/) and the American Mineralogist Crystal
Structure  Database  (http:/rruff.geo.arizona.edu/AMS/amcsd.
php). This comparison was carried out by considering at least
the three most intense diffraction peaks of each mineral, the cor-
responding interlayer spacing and the peak position for Cu-Ko
radiation (Prandel et al., 2014).

The chemical composition of the clay fractions in each horizon
was determined semi-quantitatively using energy-dispersive X-ray
fluorescence (EDXRF). Na to Sc were determined at 5 kV and Ti
to U were determined at 50 kV, using ~1 g of powder samples.
The samples were dried at 40°C, ground with a pestle and mortar,
sieved through a 45 um sieve and placed into sample holders. The
measurements were carried out using a benchtop XRF spectrom-
eter (EDX-720, Shimadzu) with a Si(Li) semiconductor system
detector cooled with liquid N at -196°C (Ferreira et al., 2018).

Calculation of shielding parameters

The XCOM (Hubbell & Berger, 1987) and Phy-X/PSD (Sakar et al.,
2020) programs were used to calculate the mass attenuation coeffi-
cient. These programs can analyse both pure and compound ele-
ments, such as soil clay fractions composed of several chemical
elements. For this study, the photon energy range selected was
15 keV to 10 MeV. This range was chosen to verify the attenuation
efficiency of the clay fraction for low (15 and 50 keV), intermediate
(100 keV to 1 MeV) and high (>1 MeV) energy levels. The mass
attenuation coefficient of a compound or a mixture can be obtained
using the formula given in Equation 1 (Hubbell & Berger, 1987):

m= Wi M

where y; is the mass attenuation coefficient of the ith term and W;
is the weight fraction.

Based on the soil bulk density (py,) results, the linear attenu-
ation coefficient of the clay fraction was calculated. Soil bulk dens-
ity was determined using sieved soil samples placed in volumetric
flasks with a volume of ~17.7 cm”. The flasks were carefully filled
with a funnel using small vibrations. The filling procedure fol-
lowed is similar to that used in k measurements according to
the gamma-ray attenuation method (Costa et al., 2014). The py,
values obtained for the various horizons are listed in Table 1.
Multiplying p by py, enabled calculation of k, which is related to
the probability of a photon being attenuated or absorbed per
unit length.

The MFP, which measures the average distance travelled by a
particle before it collides with another particle, was calculated
using the relationship given in Equation 2 (Sakar et al., 2020):

foxe™¥dx 1
MFP=20"_ 2 — 2
e @

where x represents the thickness of the absorber material.
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Figure 1. (a,b) Location of the studied experimental site (Baliza, state of Goias, Brazil) (adapted from the Brazilian Institute of Geography and Statistics (IBGE)). (c)
Aerial view of the area (accessed from Google Earth on 10 February 2024). (d) Photograph of the experimental area. (e) Photograph of the Arenosol soil profile
(horizons A, AC, CA, C1 and C2).

The HVL and TVL were calculated according to Equations 3 & The effective atomic number was calculated from the ratio

4 (Sakar et al., 2020): between the atomic (c,) and electronic (o.) cross-sections as
— In2)  0.693 5 per Equation 5 (Sakar et al., 2020)(:)-

Tk K Zeft = — ©)
Te

In(10)  2.302 The atomic cross-section was obtained from division of the

TVL = = (4)  molecular cross-section (c,,,) by the total number of formula

K units as per Equation 6 (Medhat et al., 2014b):

Table 1. Description of the soil horizons and the soil bulk densities (p,) of the

1
studied Arenosol. Oy = Umﬂ (6)
it
A AC CA a ()
Depth (cm) 021 it 1205 o125 s where > n; is the total number of formula units of the com-
epth (cm - - - - > ; i .
os (g cm™) 145 143 L4 143 147 pound. 'The molecular cross-section was calculated as per

Equation 7 (Medhat et al., 2014b):
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Figure 2. Percentages of sand, silt and clay in the studied Arenosol for the various horizons: (a) A, (b) AC, (c) CA, (d) C1 and (e) C2.

M
O'm:}LN—A (7)

where M = )" n;A; is the molecular weight of the compound, N,
i

is the Avogadro number, 4, is the atomic weight of the ith element
and #; is the number of formula units in the molecule. The total
electronic cross-section was obtained using Equation 8 (Medhat
et al., 2014b):

1 A;
Ue:N_A;ﬁZMi €))

L=
where f; = o
atomic number of the ith constituent element, respectively, n; is
the number of atoms of the constituent element and ) n; is the
J
total number of atoms present in the molecular formula.

and Z; are the fractional abundance and the

Statistical analysis

Analysis of variance (ANOVA) was used to compare the results
among the various soil horizons regarding their chemical compo-
sitions and mass attenuation coefficients. The normality and equal
variance assumptions were checked using the Shapiro-Wilk and
Bartlett tests, respectively. Once these assumptions were con-
firmed, the F-test was employed. When significant interactions
were found, Tukey’s test was used for post-hoc comparisons.

Furthermore, Pearson’s linear correlation analysis was conducted
to assess possible correlations among the measured parameters.
The MFP, HVL, TVL and Z.; parameters were analysed based
on the average values and standard deviation. The statistical data
processing was performed using the Past program (version 3.20),
as described by Hammer et al. (2001).

Results
Mineralogical and chemical analysis

The XRD traces of the clay fractions of the soil samples are shown
in Fig. 3. The clay fractions of all horizons were similar in terms of
mineralogical composition, indicating a predominance of kaoli-
nite (Kln; Bish & Von Dreele, 1989) and gibbsite (Gbs; Balan
et al, 2006). Other minerals present are calcite (Cal; Graf,
1961), quartz (Qz; Wei, 1935), anatase (An; Howard et al.,
1991) and magnetite (Mag; Wechsler et al., 1984), with the latter
two minerals being the main hosts of the Ti and Fe detected in the
clay fractions.

No significant differences (p > 0.05) were found for the con-
tents of Al,O3, SiO,, Fe,O3 and SO; (Table 2). The first three oxi-
des accounted for ~95% of the chemical composition of the clay
fraction in the studied horizons. The variation in Al,Os, SiO, and
Fe,05 between horizons ranged between ~3.8% (AC and Cl),
~44% (A and Cl1) and ~9.9% (A and Cl1). CaO, K,O and
TiO, displayed significant differences (p <0.05) between specific
horizons (Table 2). However, their contribution (CaO + K,O +
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Figure 3. XRD traces of the clay fractions of the
Arenosol for the various soil horizons (A, AC, CA, C1
and C2); d-spacings are in Angstroms (A). An = anatase;
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TiO,) to the composition of the clay fraction was relatively low,
ranging from ~4.8% (A) to ~5.8% (AC). Only those oxides
with concentrations near or exceeding 1% are presented in
Table 2. The full chemical composition of the soil clay fraction
is listed in Table S1.

Radiation shielding parameters

No significant differences (p >0.05) were observed in the mass
attenuation coefficients between the different photon energy
ranges analysed and among the soil horizons (Table 3). The
most considerable variations were observed at lower energies
(15 and 50 keV), between AC and Cl1, by ~3%. When analysing
the partial effects of radiation attenuation (namely, photoelectric
absorption, coherent scattering, incoherent scattering and pair
production), it became evident that photoelectric absorption is
responsible for the majority of photon attenuation at lower ener-
gies, accounting for ~95% of the total attenuation (Fig. 4). As
photon energy increased to intermediate levels, incoherent scat-
tering became the predominant contributor to photon attenu-
ation, responsible for ~82% at 100 keV and virtually 100% at
1 MeV. However, at higher energies, nuclear field pair production
was more significant, accounting for ~32% of the radiation
attenuation (Fig. 4f). However, as observed for the p values
(Table 3), there were no differences in the contributions of the

50 60 Cal = calcite; cps=counts per second; Gbs = gibbsite;

Kln = kaolinite; Mag = magnetite; Qz = quartz.

Table 3. Average values of the mass attenuation coefficients for the various soil
horizons (A, AC, CA, C1 and C2) and photon energies (E).

Photon energy (MeV)

Horizon

0.015 0.05 0.1 0.5 1 10
A 7.6 (0.1)* 0.39 (0.02)* 0.176 (0.002)® 0.086 (-) 0.063 (-) 0.023 (-)
AC 7.7 (0.2)* 0.39 (0.02)* 0.176 (0.003)* 0.086 (-) 0.063 (-) 0.023 (-)
CA 7.6 (0.1)* 0.39 (0.02)* 0.176 (0.003)® 0.086 (-) 0.063 (-) 0.023 (-)
C1 7.5 (0.1)* 0.38 (0.02)* 0.175 (0.003)* 0.086 (-) 0.063 (-) 0.023 (-)
C2 7.6 (0.1)* 0.38 (0.01)*> 0.174 (0.001)* 0.086 (-) 0.063 (-) 0.023 (-)

Notes: The values in parentheses represent the standard deviation of the average (n=3). (-)
indicates a standard deviation much smaller than the last significant figure of the average
value. Superscript letters indicate significant differences between soil horizons in terms of
the photon energy in question (p <0.05). The statistical test was not applied for energies
greater than 100 keV due to the lack of variability between the mass attenuation coefficient
results among horizons.

partial attenuation effects between the horizons of the clay frac-
tion studied.

Given the deviations (error bars) from the average values, the
MFP differences were less noticeable for the lowest photon ener-
gies (15 and 50 keV; Fig. 5a,b). However, as photon energy
increased (>50 keV), the differences between the soil horizons
became more apparent (Fig. 5c-f). The intermediate horizon
(CA) displayed the greatest average MFP value, while the surface
horizon (A) displayed the lowest average MFP value. The range of

Table 2. Average values of the chemical compositions of the clay fractions of the soil horizons (A, AC, CA, C1 and C2) of the studied Arenosol.

Oxides (wt.%)

Horizon

AlLLO; Si0, ca0 Fe,05 SO, K,0 TiO,
A 57.7 (0.6)° 32.9 (0.5) 2.1 (0.1)¢ 4.4 (0.3)° 0.7 (0.1)2 1.1 ()P 0.9 (0.1)2®
AC 57.3 (0.9)? 32.7 (0.5) 3.3 (0.1)° 1(0.2) 0.5 (-)2 1.1 (-)° 0.9 (0.1)*®
CA 58.4 (0.9) 32.5 (0.3)° 2.1 (0.1)° 43 (0.2)° 0.6 (0.1) 1.1 () 1.0 (0.1)%°
c1 59.5 (1.1) 315 (1.0) 2.5 (-)P 4.0 (-)? 0.5 (0.1)2 1.0 ()b 0.8 (0.1)°
2 57.7 (0.8)? 32.8 (0.4)° 2.3 (0.1)° 43 (0.3) 0.6 (0.1) 12 (-)? 1.0 (-)?

Notes: Only the oxides with the highest concentrations are shown. The values in parentheses represent the standard deviation of the average (n=3). () indicates a standard deviation much
smaller than the last significant figure of the average value. The superscript letters indicate significant differences between the soil horizons in terms of the oxide in question (p <0.05).
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Figure 4. Contributions of partial effects (photoelectric absorption (PA), coherent scattering (CS), incoherent scattering (IS) and pair production (PP)) to the total
attenuation coefficients (u) for photon energies of (a) 15 keV, (b) 50 keV, (c) 100 keV, (d) 500 keV, (e) 1 MeV and (f) 10 MeV. A, AC, CA, C1 and C2 represent the various
Arenosol horizons. PPn = pair production in a nuclear field; PPe = pair production in an electron field.

MFP values between the horizons (A and CA) varied by ~5.4%
(15 keV to 10 MeV). When accounting for the different photon
energies, the MFP (average values considering all of the horizons)
ranged from ~0.091 cm (15 keV) to 30.51 cm (10 MeV).
Similarly to MFP, lower photon energies (15 and 50 keV)
exhibited more subtle differences in the HVL (Fig. 6a,b) and

TVL (Fig. 7ab). Nonetheless, as photon energy increased
(>50 keV), both HVL (Fig. 6¢-f) and TVL (Fig. 7c-f) exhibited
more pronounced differences (based on error bars) among the
studied horizons. The surface horizon (A) demonstrated the low-
est average values of both parameters, while the CA horizon
exhibited the highest values. In accordance with MFP, the
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difference between the highest and lowest HVL and TVL average
values for the horizons (A and CA) was ~5.4% (50 keV to
10 MeV). Considering the different photon energies, the HVL
and TVL (average values considering all of the horizons) ranged
from ~0.063cm (15keV) to 21.14cm (10 MeV) and from
0.21 cm (15 keV) to 70.24 cm (10 MeV), respectively.

The effective atomic number showed slight differences among
the soil horizons considering the average values and their devia-
tions (error bars) for the various photon energies examined
(Fig. 8). Generally, the Z. average values were similar across hor-
izons for the various energies, with the AC horizon having the
greatest Z.g value. Among the photon energies, the lowest one
(15keV) had the greatest Z.g values, averaging ~14.5 (Fig. 8a).
The Z. value demonstrated a noticeable decrease with energy
increasing up to 1 MeV, averaging ~10.3. It then showed a slight
increase up to 10 MeV, averaging ~10.6 (Fig. 8e,f). The most sig-
nificant decrease in Z.; was recorded between the energies of
50 keV (Fig. 8b) and 100 keV (Fig. 8c), where it decreased up
to ~14.4%.

Discussion

This study aimed to verify the efficiency of the clay fractions from
various horizons (with slight differences in their mineralogical
compositions) to shield photons of various energies. The clay
fraction used was selected as it is possible to be mixed with
other materials (e.g. concrete and metal) to produce radiation
shielding materials (Akbulut et al., 2015; Isfahani et al., 2019a).

Clay also has a high capacity to form soil aggregates; hence, it
might be used as a shielding material due to its ability to produce
soil aggregates that are relatively stable and have a strong structure
(Hillel, 2014; Mann et al., 2016).

The soil texture results (Fig. 2) show that the clay fraction var-
ied from 9% (A horizon) to 14% (C2 horizon). The soil studied
mainly consists of sand, ranging from 80% (A) to 70% (C2).
The soil composition aligns with the Arenosols found in Brazil
(Oliveira et al., 2016; Silva et al., 2017), with the texture classified
as loamy sand in the most superficial horizon (A) and sandy loam
in the remaining horizons. The clay fraction is mainly composed
of Al,O; and SiO, (Table 2), the most abundant Arenosol oxides
(Ngole-Jeme & Ekosse, 2015). The mineralogical composition of
the clay fraction is in agreement with other Arenosols
(Mareschal et al., 2011; Bortoluzzi et al., 2013; dos Santos et al.,
2017; Lima et al., 2022; Zachary et al., 2023).

Due to the slight variations in the contents of the major oxides
(ALOs3, SiO, and Fe,03) present in the clay fractions, no differ-
ences were observed in the mass attenuation coefficients
(Table 3) for the various photon energies between the various
horizons. The p values are comparable to previous studies on
soils, clays or sands (Medhat et al, 2014a; Eke, 2021; Pires,
2022; Gili, 2023). As photon energy increases, p values decrease,
similar to that which has been observed in previous work
(Singh et al, 2014; Gurler et al, 2021; Gili, 2023). Analysing
the partial attenuation effects, it can be observed that photoelec-
tric absorption is prevalent at lower energies (Fig. 4a,b), as it
depends on Z° (Camargo et al., 2021). However, with increasing
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energy levels, photoelectric absorption becomes less critical due to
its inverse dependence on photon energy (E”'* Kaplan, 1963). For
intermediate energy levels (Fig. 4c—e), incoherent scattering is the
predominant process affecting photon attenuation. This effect is
directly proportional to Z (Camargo et al., 2021). For higher ener-
gies (Fig. 4f), pair production (i.e. when an electron-positron pair
is formed after a photon with an energy of 1.022 MeV or more
interacts with an atom’s nuclear force field) contributes more sig-
nificantly to the photon attenuation, which is related to the
dependence of this effect on z? (Camargo et al., 2021). Overall,
the similarities in the contribution of partial effects (i.e. photo-
electric absorption, coherent scattering, incoherent scattering
and pair production) to the total mass attenuation coefficient
can be explained by slight variations in the chemical compositions
of the clay fractions between horizons, particularly for the heavier
chemical elements (Camargo et al., 2021; Pires, 2022).

The parameters for MFP (Fig. 5), HVL (Fig. 6) and TVL
(Fig. 7) showed slight variations among the horizons for the low-
est photon energies (15 and 50 keV) considering the deviations
(error bars) of the average values. The horizons with the highest
bulk densities (A and C2) had the lowest MFP, HVL and TVL
values, even at the lowest energies (except for 50 keV).
Nevertheless, as the photon energy increased (>50 keV), the dif-
ferences in MFP (Fig. 5c-f), HVL (Fig. 6c-f) and TVL
(Fig. 7c—f) between the various horizons became more pro-
nounced. This result does not indicate that the proportional dif-
ferences between these parameters’ highest and lowest values
across the horizons have changed considering the various photon
energies. These differences remain practically the same (~5.4%),

(e) ®)

but the average values’ deviations (error bars) become negligible
for the higher energies. One possible explanation for these find-
ings is that MFP, HVL and TVL values converge at greater photon
energies due to the weaker attenuation caused by the absorber,
resulting in reduced variability (Table 3). Inasmuch as the hori-
zons have comparable chemical compositions, the differences in
MFP, HVL and TVL were mainly influenced by the bulk density
values of the absorber. Horizon (A), with the greatest bulk dens-
ity, displayed the lowest MFP, TVL and HVL values, whereas
horizon (CA), with the lowest bulk density, exhibited the highest
MFP, TVL and HVL values. Eke (2022) also observed more sig-
nificant variation in MFP, HVL and TVL between various soil
layers (horizons) at the greatest photon energies for soils com-
posed mainly of Ca and O, similar to the findings observed in
our study.

The linear attenuation coefficient is affected by the soil bulk
density, as previously stated. Thus, an increase in py, leads to an
increase in k, assuming that the chemical composition of the
material and the photon energy remain constant (Ferraz &
Mansell, 1979). The parameters MFP, HVL and TVL are inversely
related to « (Equations 2-4). In general, samples with higher pj,
exhibited lower MFP (Fig. 5), HVL (Fig. 6) and TVL values
(Fig. 7). In this study, , obtained by multiplying u by py, and
u, which varied depending on the chemical composition of the
soil, influenced the MFP, HVL and TVL parameters.

The MFP, HVL and TVL values observed were consistent with
those reported in the literature (i.e. they increased with increasing
photon energy; Giilbicim et al., 2017; Isfahani et al., 2019a; Eke,
2022). The MFP values were comparable to those observed by
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Eke (2021), although Eke reported slightly lower values than
those in the current study due to the greater density of the ana-
lysed sands. However, in another study conducted with soils,
Eke (2022) reported MFP values similar to those observed in
our study. Our HVL values are consistent with those of Singh
et al. (2014), who worked with various soils with densities simi-
lar to ours; Gurler et al. (2020), who analysed soils with similar
amounts of Fe,Oj3 to those observed in our study; and Giilbi¢im
et al. (2017), who investigated the efficiency of vermiculite in
radiation shielding. Regarding the study by Giilbi¢im et al.
(2017), their MFP and HVL values were lower than those
observed in the current study as they only used a single type
of clay. The TVL values obtained were consistent with those
obtained in similar studies that used clays and soils of compar-
able chemical composition (i.e. consisting mainly of SiO,,
Al,O; and Fe,Os; Isfahani et al., 2019b; Gurler et al., 2020;
Pires, 2022).

The optimum values for horizon (A), with the best shielding
results for MFP, can be defined as a function of photon energy
as 0.088cm (15keV), 1.74cm (50keV), 3.82cm (100 keV),
7.77 cm (500 keV), 10.68 cm (1 MeV) and 29.59 cm (10 MeV).
The same horizon exhibited the greatest shielding capacity
according to the HVL and TVL results. The HVL values obtained
were 0.061 cm (15 keV), 1.21 cm (50 keV), 2.65 cm (100 keV),
539 cm (500 keV), 7.40 cm (1 MeV) and 20.51 cm (10 MeV),
whereas for TVL the values recorded were 0.202 cm (15 keV),
4.02cm (50keV), 8.79cm (100 keV), 17.90cm (500 keV),
24.59 cm (1 MeV) and 68.14 cm (10 MeV).

The effective atomic number showed slight differences between
the horizons and the various photon energies in terms of average
values and the corresponding standard deviations (error bars;
Fig. 8). The results of this study are consistent with those in the lit-
erature for soil and clay samples (Akman et al., 2019; Marquez-Mata
et al., 2021, Gili, 2023). The fluctuations observed in Z.g values with
energy were also reported for zeolites (Gili, 2023), soils of various
textures (Kucuk et al, 2013) and various types of natural quartz
(Marquez-Mata et al, 2021). Thus, although natural materials
such as clays and quartz have distinct chemical compositions, they
are mainly composed of light elements (low Z), so the Z values
are similar to those in the current study.

Horizon (AC) exhibited the greatest Z.¢ values for all of the
analysed photon energies. One possible explanation for this is
the greater concentration of CaO and Fe,O; (7.4% in total)
encountered in this layer (Al-Masri et al., 2013; Taqi & Khalil,
2017; Camargo et al., 2022). The importance of Fe and Ca oxides
to attenuating radiation in soils, especially for lower photon ener-
gies, has been well demonstrated (Mudahar et al., 1991; Al-Masri
et al., 2013; Tarim et al, 2013; Taqi & Khalil, 2017; Camargo
et al., 2021). In addition, soils with greater Ca contents had higher
Zegr values (Eke, 2022), which is in accord with the findings from
the current study. The remaining horizons have comparable CaO
and Fe,O; contents; hence, the differences in the abundances of
the remaining elements across photon energies may explain the
differences between these horizons. In addition, the minor differ-
ences in the Fe,O; contents observed between horizons may
explain the similar Z.¢ values (Table 3).
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Azreen et al. (2018) analysed two types of concrete made from
silica sand and lead glass and reported p, HVL and TVL values of
0.065 cm® g', 2.56 cm and 4.17 cm, respectively, for the silica sand
concrete and 0.071 cm” g', 2.44 cm and 4.05 cm, respectively, for
the lead glass. Gili (2023) analysed natural zeolite and reported a p
value of 0.077 cm” ¢! and a HVL value of 8.05 cm. Isfahani et al.
(2019b) recorded HVL and TVL values ranging from 3.53 to
496 cm (HVL) and from 11.74 to 16.47 cm (TVL) for clays modified
with barite powder. Working with clay fly ash bricks, Mann et al.
(2016) found p values ranging from 0.0757 to 0.0789 cm® g
The Z.s reported in the aforementioned works ranged from
10.73 to 11.85. Mirji & Lobo (2017) reported u, HVL and TVL
values ranging from 0.079 to 0.088 cm’® g', from 3.78 to
8.37 cm and from 12.54 to 27.76 cm, respectively, for polymeric
materials of various compositions. The shielding parameters of
all of these studies were obtained for the '*”Cs radioactive source.
For comparison, in the current study, which also simulated the
results for the photon energy of a '*’Cs source, u was 0.076
cm? g’1 (all soil horizons), HVL ranged from 6.10 cm (horizon
(A)) to 6.44 cm (C2), TVL varied from 20.25 (A) to 21.40 cm
(C2) and Z. varied from 10.27 (C1) to 10.31 (C2)

The clay fraction of the studied soil has the potential to be used
for radiation shielding. Previous studies suggested that natural
materials can be as effective for radiation shielding as conven-
tional materials such as concrete and are therefore promising
for shielding due to their low cost, abundance and ease of extrac-
tion (Mann ef al., 2013; Giilbi¢im et al., 2017). For lower photon

energies, blocks containing clay or clay mixtures may provide a
viable alternative for radiation shielding (Mann et al., 2016).

Conclusions

This study of a Brazilian Arenosol as a radiation shielding mater-
ial yielded the following conclusions. The major oxides (Al,Os3,
SiO; and Fe,03) and the mineralogical composition do not differ
significantly between the soil horizons. The mass attenuation
coefficient and the effective atomic number of the horizons across
the radiation energies did not differ significantly between the soil
horizons. The proposed hypothesis was partially confirmed, as
evidenced by the differences between the horizons, mainly for
photon energies greater than 100 keV for MFP, HVL and TVL.
The horizons with the greatest bulk densities exhibited the best
shielding efficiencies. Overall, the surface horizon (A) demon-
strated the most effective shielding results. This finding is evi-
denced by its lower MFP, HVL and TVL values compared with
the other horizons. The effective atomic number was not a sensi-
tive parameter for demonstrating differences between the hori-
zons due to the slight variations in soil chemical compositions
and mass attenuation coefficients. However, upon comparison
of the results of this study with the previous scientific literature,
it is evident that the clay fraction of the studied Arenosol is effect-
ive for shielding radiation. The presence of Fe and Al oxides in the
clay fraction is fundamental to forming cohesive structures due to
the clay minerals’ ability to form aggregates. This factor makes the



Clay Minerals

clay fraction interesting as a material for attenuating radiation as
denser clay structures are more efficient as radiation shielding
materials. Another advantage of using clays is that extraction of
a soil fraction can produce more affordable materials with the
potential for use in radiation attenuation.
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