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Soils are porous materials with high shielding capability to attenuate gamma and X-rays. The disposal of
radionuclides throughout the soil profile can expose the living organisms to ionizing radiation. Thus,
studies aiming to analyze the shielding properties of the soils are of particular interest for radiation
shielding. Investigations on evaluating the shielding capabilities of highly weathered soils are still scarce,
meaning that additional research is necessary to check their efficiency to attenuate radiation. In this
study, the radiation shielding properties of contrasting soils were evaluated. The radiation interaction
parameters assessed were attenuation coefficients, mean free path, and half- and tenth-value layers. At

Keywords: . . . o . . .
XC{)M low photon energies, the photoelectric absorption contribution to the attenuation coefficient predomi-
Oxides nated, while at intermediate and high photon energies, the incoherent scattering and pair production

were the dominant effects. Soils with the highest densities presented the best shielding properties,
regardless of their chemical compositions. Increases in the attenuation coefficient and decreases in
shielding parameters of the soils were associated with increases in clay, Fe;03, Al;03, and TiO; amounts.
In addition, this paper provides a comprehensive description of the shielding properties of weathered
soils showing the importance of their granulometric fractions and oxides to the attenuation of the
radiation.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The literature shows a lot of research discussing the possible use
of soil as an effective shielding material [1—4]. Yoshikawa et al. [5]
presented a study in which they proposed the utilization of heavy
bentonite-based slurry to shield gamma-rays and neutrons during
decommissioning of the Fukushima Nuclear Power Plant. They
demonstrated that gamma-ray and neutron beam reductions are
directly dependent on the wet density of soil materials. Singh et al.
[6] calculated the shielding effectiveness of contrasting soils by
analyzing different radiation shielding parameters. They observed
that all soils studied were usually suitable gamma-ray shielding
materials, and the sandy loam type was considered the best
neutron absorber. In a recent study, Hila et al. [7] presented a
detailed analysis of the effectiveness of soil samples from the
Philippine islands as a radiation shielding material. Those authors
highlighted the importance of SiO, concentrations in soils to
attenuate radiation and reported that an increase in the amount of
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silica resulted in a negative correlation with the effective atomic
number.

Soil is a complex material composed of three phases: solid
(mineral and organic matter), gases, and liquids (soil solution). The
solid phase is mainly characterized by major oxides like SiO», Al,03,
Fe,03, and TiO,, among others in lower concentrations [8]. This is
important due to the role of the soil oxides in the aggregation and
stability of its structure, which influences the way this porous
material responds to possible changes caused by the action of
natural processes (water, wind, temperature, etc.) [9]. As a sub-
stantial extension of the Earth's surface is covered by soils and
rocks, c. 25%, these materials become interesting for radiation
shielding purposes due to their availability. However, contrasting
soil compositions and densities affect differently the way the ra-
diation interacts with this porous medium. The presence of higher
atomic number elements, such as Fe;0s3, especially in weathered
soils, tends to attenuate radiation more effectively than lower
atomic number elements (e.g. SiO;), depending on the photon
energy [10].

Weathered soils, commonly found in tropical climate countries,
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are formed due to the hot and humid conditions to which these
soils are exposed. The continuous action of temperature and
moisture causes significant changes in the soil parent material
throughout time. The soil mineralogy and chemical composition
can be affected by tropical/sub-tropical weathering with possible
consequences in their attenuation properties. Thus, monitoring the
degree of weathering of this porous material and correlating it with
the soil radiation interaction properties becomes a relevant matter
of investigation. Indices such as Ki and Kr, which describe the
molecular relationship between silicon and aluminum oxides (Ki)
and the molecular relationship between silicon, aluminum, and
iron oxides (Kr), can be utilized to infer the degree of soil weath-
ering. Following Ki and Kr index calculations, the next step involves
the radiation attenuation parameters calculation to access the soil
shielding capabilities.

The most important parameters to evaluate the shielding
properties of different materials are the linear (k) and mass atten-
uation (p) coefficients, the mean free path (1), the half-value layer
(Hyr), and the tenth value layer (Tyr) [1,11]. The linear attenuation
coefficient is related to the probability of a photon being attenuated
per unit of length, while A represents the average distance between
successive interactions of photons. The other two terms, Hyp and
Ty, represent the thicknesses of an absorber responsible for
reducing photon intensity to half and one-tenth (decreasing the
beam intensity by 90%) [11].

Nevertheless, the radiation shielding capabilities of highly
weathered soils, like those found in tropical/subtropical regions,
have not been studied in detail yet. Tropical soils cover a significant
area of the Earth's surface (about 30 million km?) demonstrating
the importance of their characterization. Thus, this study aimed to
evaluate the radiation interaction properties of contrasting soils to
understand their suitability for radiation shielding. The following
parameters were analyzed: k, i, A, Hy, and Ty;. The hypothesis of
this study was that the clay content and heavy oxides
(Fe;03 + TiO,) of weathered soils affect positively their radiation
attenuation and shielding properties.

2. Material and methods

The influence of contrasting soils on the radiation attenuation
shielding properties was evaluated by analyzing fifteen soils of

Table 1
Granulometric fractions (clay, silt, and sand contents) and chemical composition
(major oxides) for the contrasting soil types studied.

Soil type Granulometric fractions Chemical composition wt(%)

wit(%)

Clay Silt Sand Al,03 SiO, Fe,03 TiO,
HC-1 66.4 16.1 17.5 393 274 27.5 3.7
HC-2 69.3 17.8 12.9 335 31.5 289 4.1
HC-3 70.4 17.0 12.6 379 334 229 3.0
C-1 59.3 15.1 25.6 37.4 333 23.6 39
C-2 55.0 20.2 24.8 35.8 31.6 26.1 33
C-3 58.0 24.0 18.0 454 37.5 123 2.0
C-4 50.6 223 27.1 31.9 31.8 28.9 4.6
C-5 474 29.1 235 339 29.6 28.8 4.8
C-6 53.3 171 29.6 42.9 223 274 5.5
SIL 23.2 55.9 20.9 16.0 74.6 43 1.2
SAL 18.1 17.6 64.3 21.1 715 3.0 0.8
CL-1 37.8 27.0 35.2 24.5 58.7 12.0 3.2
CL-2 36.0 34.5 29.5 22.1 68.4 4.8 0.8
SCL 25.5 20.5 54.0 20.1 714 44 1.0
S 8.0 0.9 91.1 18.5 76.6 2.8 0.7

Major oxides comprise more than 96% of the soil chemical composition. HC: Heavy
clay; C: Clay; SIL: Silt loam; SAL: Sandy loam; CL: Clay loam; SCL: Sandy clay loam; S:
Sand.
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different granulometric and chemical compositions (Table 1). Soil
samples were collected at the topsoil (0—10 cm) of different mu-
nicipalities in the State of Paran4, Brazil (Fig. 1a). The core idea was
to evaluate the importance of soils of contrasting textures (based on
clay, silt, and sand contents) and chemical compositions (oxide
contents) in radiation shielding properties. The soil texture deter-
mination was based on the densimeter method with previous
sample treatment (H,0, 30 v v~1) and the use of chemical disper-
sion (NaOH 1.0 mol L™1) [12]. According to the USDA soil texture
classification system, the soils studied were classified as Clay (HC
and C: 9 soils), Silt loam (SIL: 1 soil), Sandy loam (SAL: 1 soil), Clay
loam (CL: 2 soils), sandy clay loam (SCL: 1 soil), and Sand (S: 1 soil)
(Fig. 1b).

Semi-quantitative elemental analysis of the soils was accom-
plished using the energy dispersive X-ray fluorescence (XRF)
technique in the instrument model EDX-720 (Shimadzu) equipped
with an Rh X-ray tube. The equipment voltage varied from 5 to
50 kV and its tube current from 1 to 1000 pA. The system detector
was a Si(Li) semi-conductor cooled with liquid N at —196 °C. Details
of the EDXRF analysis procedures can be found in Ferreira et al. [ 10].

Mass attenuation coefficient values were calculated using the
XCOM computer code (Version 1.5), which gathers information
from a database of attenuation coefficients [13]. This program en-
ables p determination for pure and compound elements or mix-
tures with atomic number (Z) varying from 1 to 100 in the 1 keV to
100 GeV photon energy range. The mass attenuation coefficient of a
compound or mixture is given by [13]:

M:ZWmi (1)

where | is the mass attenuation coefficient of the i-th term and W;
is the weight fraction, respectively.

The mean free path (Eq. (2)), half-value layer (Eq. (3)), and
tenth-value layer (Eq. (4)) parameters are calculated employing the
following expressions [14]:

A= . (2)
Hyp = lnl(<2) (3)
Ty, = In(10) (4)

K

where « is the linear attenuation coefficient.

In this study, the radiation shielding properties of contrasting
soils were studied in the 1 keV to 10 MeV energy band. Four photon
additional energies were also selected referring to the 24'Am
(59.5 keV), 133Ba (356 keV), 137Cs (661.6 keV), and ®°Co (1.33 MeV)
radioactive sources. These radioactive materials can be produced,
for example, in underground nuclear explosions. Thus, the soil
shielding properties associated with these four-photon energies
were also investigated.

The linear attenuation coefficient of the soils was also measured
using the gamma-ray attenuation traditional method. The counting
sequence by Conner et al. [15] was selected for the measurements
due to its low statistical uncertainty. The mass attenuation coeffi-
cient was then obtained using information about the density
(disturbed samples) of the soils. The **Am and 3’Cs radioactive
sources were employed in the experimental measurements. A
Nal(TI) flat solid scintillation detector (7.62 x 7.62 cm) along with
standard spectrometric gamma-ray electronics were utilized to
detect the photons emitted from the gamma-ray sources [14].
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Fig. 1. (a) Location of the experimental sites (tropical/sub-tropical climate) and (b) USDA soil texture triangle presenting the soil types studied. HC: Heavy clay; C: Clay; SIL: Silt

loam; SAL: Sandy loam; CL: Clay loam; SCL: Sandy clay loam; S: Sand.

Circular lead collimators presenting diameters of 2 and 4.5 mm
were assembled between the radioactive sources and the detector.
The distance between them was kept constant (23 cm), and both
collimators were adjusted and aligned using a laser point to avoid
inappropriate beam geometry. For the experimental evaluation of
K, disturbed soil samples were dried in a forced air circulation oven
(105 °C for 24 h) and sieved in a 1 mm mesh sieve. After that, the
soil samples were gently packed into a thin wall (0.5 cm) acrylic
container (10 x 10 x 10 cm).

The Beer-Lambert law was employed to measure k through the
following equation:

1,
kfgln(T)

(5)

where [ is the intensity after transmission through the sample of
thickness x and I is the incident photon intensity (on the sample),
respectively. Soil density (p) was obtained through the relation
between the dry soil mass and the internal volume of the acrylic
container filled with soil. The relation between k and p was utilized
to calculate p.

The degree of weathering was measured based on the use of Ki
and Kr indices, which are calculated as follows [16]:

)><1.70

%Si0,,/0.60
(%Al,03,/1.02) + (%Fe,05/1.60)

. [ %Si0y
Ki = (%A1203

(6)

Kr = (7)

In tropical/sub-tropical soils, the kaolinite molecular ratio (Ki) is
the basis to distinguish highly (<2.2) or poorly (>2.2) weathered
soils. The Kr index varies from <0.75 (highly weathered soils) to
>0.75 (poorly weathered soils), respectively.

Pearson correlation coefficients were calculated to check
possible correlations between clay, silt, sand, oxide contents (major
oxides), and the radiation shielding parameters (g, A, Hy, and Tyy).
Multiple linear regression analyses were employed to compare the
role of the soil composition in the radiation attenuation. All data
were analyzed using the software Past [17].

3. Results

The variation of the total and partial mass attenuation co-
efficients with the photon energy for the contrasting soils is dis-
cussed below (Fig. 2). The results demonstrate that 1 is dependent
on the photon energy and chemical composition of the soils
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(Fig. 2a). In the soils studied, p variation with photon energy was
almost similar among them (E < 6 keV and E > 0.2 MeV). The main
differences noticed at low photon energies, between 6 and 80 keV,
were related to Fe;03, TiO;, and Al;,03 amounts found in the soil
samples [18]. These three oxides were linearly correlated with p
presenting strong to very strong positive correlations at low photon
energies, e.g. 59.5 keV (Al,03: r = 0.78, p < 0.05; Fe;03: r = 0.94,
p <0.05; TiO,: r = 0.83, p < 0.05). Soils with the highest amounts of
these oxides were also those with the highest p (Table 1). Strong to
very strong linear positive correlations were also found between
clay x Fe;0O3 (r =0.84, p = 0.09), clay x TiO; (r = 0.71, p < 0.05), and
clay x Al,O3 (r = 0.87, p = 0.32) (Table 1). Sand was inversely
related to Al;03 (r = —0.61, p < 0.05) and Fe;Os3 (r —0.64,
p < 0.05). The same trend was observed for SiO, x pand sand x p at
low photon energies, e.g. 59.5 keV (SiO3: r = —0.93, p < 0.05; sand:
r = —0.66, p < 0.05).

Regarding the dominance of the partial photon processes of
interaction with the soils (photoelectric absorption — PA; inco-
herent scattering — IS; pair production at the nuclear field — PP),
slight differences were observed for . among soils in the energy
region where photoelectric absorption was dominant (E < 0.1 MeV)
(Fig. 2b). For intermediate photon energies (0.1 < E < 1 MeV), the
incoherent scattering was predominant over p as expected (Fig. 2c).
At photon energies higher than 1.022 MeV (energy related to two
times the electron rest mass), the pair production (nuclear field)
started to contribute to p (Fig. 2d). The soils showing the highest
amounts of Fe;03 and TiO, were those with the highest ppp values,
which confirms Z? dependence on p for this effect [ 19]. However, it
seems relevant to highlight that the division between low, inter-
mediate, and high photon energies, selected in this study, was
based on the dominance of each of the radiation interaction pro-
cesses (PA, IS, PP) when different energy ranges are analyzed.

To demonstrate the feasibility of the simulated method pre-
sented here to analyze the radiation attenuation properties of
contrasting soils, the computer-based (XCOM) simulated p values
were compared to the experimental ones at two photon energies:
59.5 keV (*4'Am) and 661.6 keV (1*7Cs) (Table 2). The lowest and the
highest relative differences (absolute values), between the XCOM
and experimental values, were 0.2% (C-4) and 21.0% (C-2) (**'Am),
and 0.3% (SCL) and 5.3% (C-4) (**Cs), respectively. Difficulties in
filling up the acrylic containers, mainly regarding clay soils
(composed of small particles — equivalent spherical diameter
<2 um), can explain the highest relative differences observed in this
study for some soils. Additionally, the highest differences observed,
mainly in relation to low photon energies, can be associated with
the nature of the mixture rule, which sometimes disregards in-
teractions amongst the atoms of the compounds [7,20].
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Fig. 2. (a) Simulated total mass attenuation coefficient (1) variation with photon energy (E), (b) Contribution of the photoelectric absorption (PA) to n and its variation with E, (c)
Contribution of the incoherent scattering (IS) to 1 and its variation with E, and (d) Contribution of the pair production (PP) to p and its variation with E. HC: Heavy clay; C: Clay; SIL:
Silt loam; SAL: Sandy loam; CL: Clay loam; SCL: Sandy clay loam; S: Sand.

Table 2

Experimental and theoretical mass attenuation coefficient (i) and soil density (p) of
the contrasting soils studied at two photon energies (59.5 and 661.6 keV).

Soil type Photon energy (keV) Soil density (g cm—3)

59.5 661.6

Meas. Theor. Meas. Theor.
HC-1 04315 0.4473 0.0746 0.0759 0.93
HC-2 0.4079 0.4582 0.0765 0.0759 1.03
HC-3 0.3934 0.4959 0.0780 0.0761 0.97
C-1 0.4148 04216 0.0749 0.0760 1.03
C-2 0.4258 0.5391 0.0771 0.0760 0.95
Cc-3 0.3187 0.3812 0.0792 0.0764 0.96
C-4 0.4630 0.4638 0.0719 0.0759 1.04
C-5 0.4681 0.4934 0.0766 0.0760 1.03
C-6 0.4540 0.4515 0.0779 0.0758 1.08
SIL 0.2753 0.2915 0.0773 0.0769 0.90
SAL 0.2750 0.2812 0.0779 0.0769 1.32
CL-1 0.3151 0.3433 0.0768 0.0766 0.92
CL-2 0.2892 0.2938 0.0784 0.0768 0.89
SCL 0.2790 0.2903 0.0771 0.0769 1.00
S 0.2599 02718 0.0781 0.0770 1.27

HC: Heavy clay; C: Clay; SIL: Silt loam; SAL: Sandy loam; CL: Clay loam; SCL: Sandy
clay loam; S: Sand.

The results of A demonstrate that low energy photons lost their
energy in shorter distances traveling through the soil than inter-
mediate and high energy photons, as expected (Fig. 3a). For pho-
tons with energies of 10 keV and 0.1 MeV (photoelectric absorption

dominance maximum energy value), the average distance between
successive interactions of photons ranged from 0.019 cm (C-4) to
0.045 cm (CL-2) (10 keV) and from 4.36 cm (SAL) to 6.37 cm (CL-2)
(0.1 MeV) (Supplementary Fig. S1). For photons of intermediate
energies (incoherent scattering dominance), for example, 1 MeV,
the average distance between successive interactions of photons
ranged from 11.97 cm (SAL) to 17.77 cm (CL-2) (Supplementary
Fig. S1). For high energy photons (nearing pair production domi-
nance), for example, 10 MeV, the average distance between suc-
cessive interactions of photons ranged from 33.29 c¢cm (SAL) to
49.19 cm (CL-2) (Supplementary Fig. S1).

The linear regression analysis revealed close relationships be-
tween A and the soil parameters clay, Al,03, Fe;03, and TiO; con-
tents (Table 1). Moderate to strong linear negative correlations
were found between these parameters (A x clay: r —-0.67,
p < 0.05; A x AlbO3: r = —0.74, p < 0.05; A x Fe;03: r = —0.86,
p = 0.40; A x TiOy: r = —0.78, p < 0.05), meaning that increases in
these parameters improve the capability of the soil to attenuate
radiation. A strong linear negative correlation was found between
A x u for low photon energies, as observed for 59.5 keV (r = —0.86,
p < 0.05). However, it is important to point out that A, Hyg, and Ty,
were obtained based on the linear attenuation coefficient, which is
highly dependent on the soil density [19,21—23]. It is also worth
mentioning that the measured density (Table 2) was obtained for
disturbed soil samples, which means that there was no soil
structure.
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Fig. 3. (a) Mean free path (1) variation with photon energy (E), (b) Half-value layer (Hy,) variation with E, and (c) Tenth-value layer (Ty) variation with E. HC: Heavy clay; C: Clay;

SIL: Silt loam; SAL: Sandy loam; CL: Clay loam; SCL: Sandy clay loam; S: Sand.
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HyL and Ty, parameters (Fig. 3b and c) followed the same trend
as that of the results observed for A based on k measured (results
not shown in Table 2), as expected. Lower Hy; and Ty values mean
higher efficiency of a specific soil to attenuate the photons. Thus,
lower values of these two parameters are an indication of better
shielding capabilities. For photons with energies of 10 keV and
0.1 MeV (photoelectric absorption dominance), Hy; ranged from
0.013 cm (C-4) to 0.031 cm (CL-2) (10 keV) and from 3.02 cm (SAL)
to 4.42 cm (CL-2) (0.1 MeV); while Ty, ranged from 0.043 cm (C-4)
to 0.103 cm (CL-2) (10 keV) and from 10.04 cm (SAL) to 14.67 cm
(CL-2) (0.1 MeV) (Supplementary Figs. S2 and S3). For photons of
intermediate energies (incoherent scattering dominance), like
those of 1 MeV, Hy, ranged from 8.30 cm (SAL) to 12.32 ¢m (CL-2)
(Supplementary Fig. S2), while Ty ranged between 27.56 cm (SAL)
and 40.92 cm (CL-2) (Supplementary Fig. S3). For photons of high
energy (nearing pair production dominance), like those of 10 MeV,
Hyy ranged from 23.07 cm (SAL) to 34.10 cm (CL-2) (Supplementary
Fig. S2), while Ty, ranged from 76.64 cm (SAL) to 113.27 cm (CL-2)
(Supplementary Fig. S3), respectively.

Similar to the results of A, the linear regression analysis revealed
close relationships between Hy; and Ty and the soil parameters
clay, Al;03, Fe;03, and TiO; contents (Table 1). Moderate to strong
linear negative correlations were found between these parameters
(clay: r = —0.65, p < 0.05; Al,03: 1 = —0.74, p < 0.05; Fe,0s:
r = —0.86, p = 0.40; TiO,: r = —0.79, p < 0.05 for Hy. and clay:
r = —0.66, p < 0.05; Al;03: r = —0.74, p < 0.05; Fe;03: r = —0.86,
p = 0.40; TiOy: r = —0.79, p < 0.05 for Tyr), which means that in-
creases in these parameters mean better soil shielding capability.

The results observed here indicate that not only do the soil
chemical and granulometric compositions influence A, Hy, and Ty,
but their densities also play an important role. For example, at
photon energies higher than 0.1 MeV, SAL presented the best
shielding properties (A, Hy;, and Ty). This soil has the second
smallest clay content and only 24.9% is Al,03 + Fe;03 + TiO, con-
tents (Table 1). However, SAL presented a 1.32 g cm > density when
packed into the acrylic box (experimental measurement), which
was on average 1.3 times higher than the values found for clay soils.
It seems important to mention that the soil density affects the
measurement of k directly influencing the values of A, Hyg, and Ty,
(Egs. (2)—(4)).

Regarding the indices utilized to infer soil weathering, soils HC
and C were seen to present Ki values lower than 2.2. For these soils,
Ki values ranged from 0.88 (C-6) to 1.69 (C-4). This is an indication
that they are highly weathered. The same result was obtained for Kr
with values close to 0.75 for HC and C soils. Kr values ranged from
0.63 (C-6) to 1.20 (C-3) in these soils. The other soils analyzed
presented high Ki values (ranging from 4.08 — CL-1 to 7.91 — SIL)
and Kr (ranging from 3.11 — CL-1 to 6.76 — SIL), which is an indi-
cation of poorly weathered soils. The analysis of correlation showed
that both Ki and Kr were inversely related to clay (Ki: r = —0.91,
p <0.05; Kr: r = —0.92, p < 0.05), Fe;03 (Ki: r = —0.90, p < 0.05; Kr:
r=-0.92, p < 0.05), Al,03 (Ki: r = —0.94, p < 0.05; Kr: r = —0.93,
p <0.05),and TiO; (Ki: r = —0.84, p = 0.91; Kr: r = —0.86, p = 0.38)
contents. The same behavior was observed for the relation between
px Ki(r=-0.89, p=0.07) and p x Kr (r = —0.91, p < 0.05) at low
photon energies (59.5 keV). On the other hand, strong linear pos-
itive correlations were found between Ki and Kr and the parame-
ters of radiation shielding A (Ki: r = 0.84, p < 0.05; Kr: r = 0.82,
p < 0.05), Hyr (Ki: r = 0.82, p < 0.05; Kr: r = 0.81, p < 0.05), and Ty
(Ki: r = 0.83, p < 0.05; Kr: r = 0.82, p < 0.05). This result indicates
that weathered soils, considering their chemical and granulometric
compositions regardless of the density influence, tend to present
the best shielding capabilities.

Fig. 4 shows an analysis of Hy; values for different energy ranges
considering the distinct radiation interaction processes. At low
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photon energies (E < 0.1 MeV), Hy. increased rapidly with the
energy increase influenced mainly by the photoelectric absorption
(Fig. 4a). In the intermediate photon energy range
(0.1 < E <1 MeV), Hy, kept its increasing trend influenced mainly
by the incoherent scattering, which presented an interaction cross-
section directly proportional to Z (Fig. 4b). Finally, in the high en-
ergy range studied (1 < E < 10 MeV), the pair production cross-
section along with the incoherent scattering were responsible for
the increase in Hyy (Fig. 4c). At energies higher than 0.1 MeV, SAL
was the soil with the best shielding properties (lowest slope of the
straight lines at all energy ranges studied) (Figs. 3b and 4b,c). The
region of high photon energies (Fig. 4c) was the one where SAL
showed its best shielding performance when compared to the
other soils; mainly influenced by the importance of the incoherent
scattering and pair production processes [19].

The values of %, Hy;, and Ty, at the photon energies of 24'Am,
1333, 1375, and %°Co radioactive sources for the contrasting soils
and lead (Pb) are shown below (Table 3).

Analyzing the results presented in Table 3, the soil with the best
shielding properties (SAL) (except for 59.5 keV) showed a differ-
ence of c. 25 times for A, Hyy, and Ty; when compared to lead at
356 keV (**Ba) photon energy, c. 12 times for 661.6 keV (13’Cs), and
c. 9 times for 1.33 MeV (%°Co). As it is well known, the lead best
shielding properties in relation to other materials is mainly related
to its high density (c. 11.3 g cm ). To improve the efficiency of the
soil as a shielding material, besides the influence of its composition,
one of the best options is to compact this porous material to in-
crease its density. However, for soils with similar densities, those
composed of high atomic number elements and high amounts of
clay tend to present the best shielding performance. Thus, a com-
bination between soil density and its chemical and granulometric
composition will offer the best radiation attenuation.

4. Discussion

The results presented in this study showed the importance of
the granulometric soil fractions, especially clay content, and the
main soil oxides (Al,03, Fe;03, TiO,, and SiO,) in the attenuation of
radiation [18]. As expected, increased photon energy caused de-
creases in p (Fig. 2). The mass attenuation coefficient decreases
sharply at low photon energies (E < 0.1 MeV), which is mainly
associated with the dominance of the photoelectric absorption
when compared to the other processes [19,23—25]. The cross-
section of the photoelectric absorption is inversely related to the
photon energy (E>®) and directly proportional to the atomic
number (Z*>) [19]. The differences observed in the chemical
composition of the soils explain the differences observed in ,
mainly at low photon energies (Tables 1 and 2). The several jumps
at energies lower than 0.01 MeV are related to the K-edge ab-
sorption for the high atomic number compounds (Fig. 2). At inter-
mediate photon energies (0.1 < E < 1 MeV), n decreased slowly
with the increased incident photon energy, which occurs due to the
incoherent scattering dominance. However, no differences were
observed among the soils due to the linear dependency of this ef-
fect with Z. As for the incoherent scattering, the number of elec-
trons per gram is the most important factor in the photon
interaction with the soil [19]. Finally, in the high energy region
(E > 1 MeV), pair production along with incoherent scattering were
the most important processes contributing to the radiation atten-
uation (Fig. 2). The increases observed in p with the photon energy
for the pair production were associated with the Z> dependence on
its cross-section [19,23].

The results of p for the contrasting soils showed the importance
of their chemical composition in the radiation attenuation [26]. For
the weathered soils studied, the ones containing high atomic



LE Pires

Nuclear Engineering and Technology 54 (2022) 3470—3477

@) 5.1 (®) 127 . © 320
5 3.4 g 9.8 ¢ 523.0
Zosil Lo Fuol,
0 } | 4 .04 ) | 5.0+ _ } |
0 0.06 0.12 0.30 0.70 1.10 0.50 3.00 5.50
E (MeV) E (MeV) E (MeV)
®HC-1 ®HC-2 ®HC-3 ©C-1 @C-2 ®C-3 $C-4 —C-5 —C-6 @SIL WISAL /.CL-1 XCL-2 “SCL ©S

Fig. 4. Half-value layer (Hy.) variation with energy (E). (a) 0.01 <E < 0.1 MeV, (b) 0.1 <E <1 MeV, and (c) 1 < E < 5 MeV. HC: Heavy clay; C: Clay; SIL: Silt loam; SAL: Sandy loam;

CL: Clay loam; SCL: Sandy clay loam; S: Sand.

Table 3

Mean free path (1), half-value layer (Hy.), and tenth-value layer (Ty.) for the contrasting soils studied and photon energies of interest in the soil science.

Soil type/Material Shielding property (cm)/Photon energy (keV)

59.5 356 661.6 1330

A HyL TvL A Hvi TvL A HyL Tw A Hvi TwL
HC-1 24 1.7 5.5 10.8 7.5 249 14.2 9.8 32.6 19.9 13.8 45.8
HC-2 2.1 1.5 49 9.7 6.8 224 12.8 8.9 294 18.0 12.5 414
HC-3 2.1 14 4.8 103 7.1 23.7 13.6 9.4 31.2 19.1 13.2 43.9
C-1 23 1.6 53 9.8 6.8 225 12.8 8.9 294 17.9 124 41.3
C-2 2.0 14 4.5 10.5 73 242 13.9 9.6 319 19.5 135 449
C-3 2.7 19 6.3 104 7.2 24.0 13.6 9.5 314 19.1 133 441
Cc-4 2.1 14 4.8 9.7 6.7 22.2 12.7 8.8 29.2 17.8 123 41.0
C-5 2.0 14 45 9.7 6.7 224 12.8 8.9 294 18.0 12.5 414
C-6 2.1 14 4.7 9.3 6.5 214 12.2 8.5 281 17.2 119 395
SIL 3.8 2.6 8.8 11.1 7.7 25.6 14.4 10.0 333 203 14.0 46.7
SAL 2.7 1.9 6.2 7.6 52 174 9.9 6.8 22.7 13.8 9.6 31.8
CL-1 3.2 2.2 7.3 10.9 7.5 25.1 14.2 9.8 32.7 19.9 13.8 45.9
CL-2 3.8 2.7 8.8 11.2 7.8 25.9 14.6 10.1 33.7 20.5 14.2 47.2
SCL 34 2.4 7.9 10.0 6.9 23.0 13.0 9.0 30.0 18.2 12.6 42.0
S 29 2.0 6.7 7.9 5.5 18.1 10.2 7.1 236 14.3 9.9 33.0
Lead 0.02 0.01 0.04 0.3 0.2 0.7 0.8 0.6 19 1.6 11 3.6

The parameters A, Hy;, and Ty, are expressed in centimeters (cm). HC: Heavy clay; C: Clay; SIL: Silt loam; SAL: Sandy loam; CL: Clay loam; SCL: Sandy clay loam; S: Sand.

elements (e.g. Fe;03 + TiO;) were also the soils with the highest
attenuation capacity (Tables 1 and 2), mainly at low photon en-
ergies [14,26,27], corroborated by linear relations between the
oxides Fe,03 and TiO,, and u [14]. Similar findings were observed
for the relation between clay content and p (Tables 1 and 2), which
was associated with the composition of clayey soils. Soils in
tropical/sub-tropical regions are composed of several types of
minerals (mainly secondary minerals) having different chemical
compositions and densities with important influence in radiation
interaction processes as evidenced in this research [9,28,29]. Thus,
the variations in p observed among soils, in the region of the
photoelectric absorption and pair production dominance, were
related to the differences in the soil chemical composition and the
cross-section dependence on Z for these two processes [21,30].
The radiation shielding parameters (A, Hyy, and Ty.) were also
influenced by the granulometric fractions of the soils, especially
clay content and the soil chemical compositions (Fig. 3,
Supplementary Figs. S1—S3). As already mentioned, increases in
the clay, Al;03, Fe;03, and TiO, contents caused reductions in A, Hy,
and Ty, demonstrating the effectiveness of these properties to
attenuate radiation. Low values of these parameters mean that
small thicknesses are necessary for shielding the radiation at spe-
cific photon energies [31]. Another finding was that A, Hyg, and Ty,
values are low at lower photon energies (photoelectric absorption
region) gradually increasing at intermediate (incoherent scattering
region) and high photon energies (pair production region) (Fig. 3,
Supplementary Figs. S1—S3) [6]. Despite the importance of the
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granulometric soil fractions and the chemical composition to the
radiation attenuation, the density of the soils also plays an impor-
tant role in their shielding properties [1,5,32—34]. In this study, for
example, the sandy loam and sand soils presented densities c. 1.3
times higher than the other soils (Table 2), influencing their values
of k and, consequently, A, Hy;, and Ty values (simulated through
XCOM) (Table 3).

One of the purposes of this study was to present an analysis of
the radiation shielding capability of contrasting weathered soils.
The soil chemical composition and the granulometric soil frac-
tions have great importance in radiation attenuation, influenced
mainly by the degree of soil weathering. Density is another
property that influences the soil radiation shielding properties (2,
Hyr, and Ty). The results demonstrated that the contrasting soils
present interesting shielding capabilities varying as a function of
several parameters such as their chemical composition; demon-
strating that the soil origin is important to explain the attenuation
ability of the soils. Thus, this study showed the influence of con-
trasting soil compositions in the radiation attenuation and its
variation as a function of the photon energy. However, a limited
number of soil types was evaluated in this study, which means
that for a better understanding of the shielding capability of
weathered soils, increasing the number of soils investigated might
be advisable. It is also important to include other soil properties
such as bulk density, total porosity, structure, etc. Finally, the
neutron shielding effectiveness (not covered in this study) might
also be another interesting subject for future studies aiming to
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check the potential application of weathered soils in radiation
shielding.

5. Conclusions

This study focused on the influence of contrasting soil types
(different degrees of weathering), presenting distinct densities,
clay, silt, sand, and oxide contents, in parameters of the radiation
interaction (mass attenuation coefficient, mean free path, half-
value layer, and tenth-value layer) aiming at the use of this mate-
rial for radiation shielding purposes. The results showed that p
decreases rapidly with photon energy due to the influence of the
photoelectric absorption at low photon energies. At intermediate
and high photon energies, the incoherent scattering and pair pro-
duction became the predominant radiation interaction effects in all
soils. Pair production was the process that allowed better
discrimination of partial p among soils (E > 5 MeV). Clay soils (high
Fe,03 and TiO, amounts) showed the highest ppp, mainly influ-
enced by the Z> dependence of the pair production at the nuclear
field.

Concerning A, Hyy, and Ty, the sandy loam soil presented the
lowest values of all these parameters, which demonstrated that this
soil was the most effective for radiation shielding purposes (photon
energies larger than 0.1 MeV). However, this result was mainly
achieved due to the high density of the sandy loam soil analyzed.
On the other hand, the clay loam was the soil with the highest 2,
Hyi, and Ty values. Although the clay loam presented similar
chemical composition to that of the sandy loam, its density was c.
1.5 times lower than the latter, influencing its shielding properties.
This result reinforces the importance of the density of the soil to
influence radiation penetration through this material.
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