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Abstract

The study of radiation interaction parameters in complex materials (e.g., soils) has gained great importance in the last dec-
ades. However, few studies have directly addressed in detail how the radiation interaction is affected by the chemical and
physical characteristics of soils, especially in tropical and subtropical climate regions like Brazil. The soil is an important
material widely utilized in agriculture and engineering. Knowing this material radiation interaction properties is funda-
mental to understand its role in different areas of applied sciences such as radiation shielding, environmental monitoring,
and geological characterization. This study presents a detailed analysis of how parameters like the atomic (¢,4), molecular
(o)), and electronic (o) cross-sections are affected by the texture and chemical composition of soils. The effective atomic
number (Z,;) and electron density (N,;) were also investigated. Photon energies in the energy range from 10 to 1330keV
were selected. The XCOM computer code was chosen to simulate the radiation interaction parameters. Five soils presenting
different physical characteristics and oxide compositions were studied. The results show a strong dependence of the radia-
tion interaction parameters on the elemental composition up to 100keV . After this photon energy, factors such as fractional
abundance, for example, become important to discriminate the soils. The parameters o, o, and Ze#’ followed the same trend
as that of the percentage of the oxides Fe,0; and Ti0O, among soils, while o), and N, matched the oxides SiO, and Al,O;. Our
results highlight that understanding how the chemical composition influences the radiation interaction in complex materials
provides information that can be useful in areas such as radiation shielding and image analysis and processing, which are
based on radiation interaction data.
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1 Introduction as soil [1]. For example, in computed tomography studies,

high-resolution images of soils are obtained after the interac-

Understanding the radiation interaction with the matter is fun-
damental to understand the processes of attenuation, absorp-
tion, and scattering of photons in complex materials such
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tion of photons (e.g., y-rays) with this porous material [2-7].
Radiation attenuation data can be converted, after proper
calibrations, into tomographic units (Hounsfield units) [8].
Several soil physical properties (e.g., moisture, bulk density,
porosity) calculated based on tomography are sensitive to the
image quality, which is closely related to the conversion of the
attenuation data into tomographic units [9]. Thus, the under-
standing of how radiation interacts with complex materials
such as soil can, for example, be useful for applied studies like
the analyses of tomographic data [10-12].

In the process of radiation interaction with matter, pho-
tons can interact with the atom (or molecule), the atomic
nucleus, and the orbital electrons. The cross section (o) is
the parameter that represents the probability that one of these
interactions might occur [13]. Depending on the interaction
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considered, the abundance and chemical characteristics
of the soil will allow the determination of the molecular
(o)), atomic (o), and electronic (o) cross sections. Fur-
thermore, as a heterogeneous medium, the incident photons
are expected to interact differently with each fraction (clay,
sand, silt) of the soil. Thus, it becomes impossible to define a
single atomic number (Z) for the soil, which is achieved for
pure elements. The effective atomic number (Z,) is the the
elements found in these materials. Another parameter that
is closely related to Z,; and provides information about how
radiation interacts with the soil is the electron density (V,;)
[14], which represents the number of electrons per unit mass.
N, is related to the probability of finding any one of the
electrons in a specific location around an atom (or molecule)
[15]. It is important to highlight that all these parameters are
strongly dependent on the photon energy (E) [16].

Torikoshi et al. [10] used a dual-energy computed tomog-
raphy system to obtain images from N,, and Z, data fol-
lowing their own methodology. The authors obtained high-
quality images, which clearly depicted the structures of
the samples. Although Torikoshi et al. [10] examined bio-
logical samples, the methodology proposed by them can be
applied to other materials such as soil, and in this sense, the
knowledge of how the radiation interaction parameters are
influenced by the chemical composition or other factors can
result in the development of high-quality images.

Analyses based on radiation interaction processes
(tomography, radiation shielding, y-ray attenuation, etc.)
provide data that are directly related to the mass attenuation
coefficient () of the materials that found in the soil [12].
Tropical and subtropical soils are complex materials hav-
ing their chemical composition consisting mostly of oxides
such as Si0,, Al,0;, Fe,05, and TiO, [17, 18]. However, the
number of studies showing possible correlations between the
radiation interaction parameters, the chemical composition,
and the granulometric fractions (texture) of tropical and sub-
tropical soils is still low. In tropical and subtropical regions
characterized by hot and humid climates, weathering is a
process that occurs more severely and intensely. The soil for-
mation processes are also more active and often continuous,
mainly due to differences in climate and biological processes
[19]. Thus, the weathering action reflects on the constituents
and texture of the soil. Studying the relationships between
the soil constituents, weathering, and the radiation interac-
tion parameters might also be useful to understand how these
parameters can be influenced by the soil formation [20]. As
recently demonstrated by Camargo et al. [18], u is influenced
by the chemical composition of the soil, which is closely
related to its texture. Thus, changes in soil texture will affect
u with direct impacts on the measurement of physical prop-
erties based on radiation interaction [21-23].

This study aimed to analyze the effect of the chemical
composition and texture of tropical and subtropical soils,
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exposed to different levels of weathering, on the parameters
Ous Oas Ops Zyy, and N,,. The photon energy range investi-
gated varied from 10 to 1330keV, due to the frequent use of
these energies in studies on radiation interaction with soils.
The parameters analyzed were derived from the y values
obtained via the XCOM computer code [24]. The option
to investigate using this program was due to its availabil-
ity, speed, ease of use, and the number of scientific studies
that use it [5, 12, 25, 26], even though there are other tools
that can also be used in this kind of study, e.g., GEANT4,
FLUKA, and MCNP [27]. The novelties of this research
include (1) detailed analysis of the parameters (e.g., molecu-
lar weight, number of formula units, fractional abundance,
etc.) that influence the cross sections (o,,, 64, and o) as a
function of soil composition, (2) investigation of the relation
between weathering and soil texture on radiation interac-
tion, and (3) the influence of major oxides in tropical and
subtropical soils in Z,; and N,,.

2 Materials and methods

Five soils with distinct contents of the four major oxides
usually found in tropical and subtropical soils were selected
(8i0,, Al,05, Fe,04, and TiO,) for this study. The soils iden-
tified as 1 and 2 in this report are from Piracicaba—Sao
Paulo State (22° 4' S; 47° 38" W; 580 m above sea level),
3 is from Pato Bragado—Parana State (24° 37’ S; 54° 13’
W; 282 m above sea level), 4 is from Ponta Grossa—Parana
State (25° 09’ S; 50° 16’ W; 975 m above sea level), and 5 is
from Paranavai—Parana State (23° 04’ S; 52° 27" W; 446 m
above sea level) (Fig. 1).

Based on the elemental analysis (oxide composition) of
the soils, the mass attenuation coefficients were calculated.
The oxide compositions (major oxides) and granulometric
fractions (Table 1) of the first four soils (soils 1 to 4) were
obtained from the data presented in the study by Medhat
et al. [28]. The soils were chosen based mainly on the differ-
ences found in sand, silt, and clay contents. For the granulo-
metric analysis, the pipette method [29] was selected, which
is based on the difference in the speed of deposition of soil
particles in a NaOH dispersant solution. The sand fraction
was firstly separated by sieving and the other fractions (silt
and clay) by decantation. The sedimentation time for the
silt particle was estimated by Stokes’ law, and the remain-
ing volume of the suspension was pipetted to determine the
clay fraction.

The elemental analysis was carried out using an energy
dispersive X-ray fluorescence spectrometer (Shimadzu,
model EDX-720). The equipment has a rhodium (Rk) tube
with the voltage unit ranging from 5 to 50kV and filament
operating currents from 1 to 1000uA. The detector is a Si(Li)
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Fig.1 Map of Brazil. The area highlighted in red on the map has been enlarged and shows locations of the four cities where soil samples were
collected. Satellite image courtesy © Google, Data SIO, NOAA, U.S. Navy, NGA, GEBCO

semiconductor, which works with liquid nitrogen maintained
at —196°C. For the measurements, the soil samples were
macerated in pistils, placed in a sample holder provided by
the equipment manufacturer, and sealed with Mylar (6 — pm
thickness). The time taken to obtain the spectrum was 100 s,
in the sodium to scandium (Na — Sc) (15kV) and titanium to
uranium (77 — U) (50kV) energy bands. All measurements
were carried out under 30Pa pressure in semi-quantitative
mode [30]. In this study, we considered soils composed
mostly of the SiO,, Al,O;, Fe,0;, and TiO, oxides, since
these were the most abundant oxides found in the five soil
samples.

From the percentage of oxides, the values of u were
calculated through the XCOM (Version 1.5) computational
code [24], which is based on the mixture rule. This soft-
ware provides data of the total and partial (coherent and
incoherent scatterings, photoelectric effect, and pair pro-
duction) y for elements, compounds, and mixtures having
atomic number ranging from 1 to 100. The photon energy
range covered by the XCOM computational code varies
from 1keV to 100GeV . The (cm*g~"), for compounds and
mixtures, can be found from the contribution of the ele-
ments constituting the material and their respective weight
fractions [31]:

p=y W, )

where (u); represents the mass attenuation coefficient of the
ith element and W, represents its weight fraction, which is
obtained from the following relationship:

W = mA;
2 A;

where A; is the atomic mass of the ith element (gmol‘1 )s 1y
is the number of formula units, and Z njAj is the sum of the
atomic mass and formula unit number of the elements in
the material.

Since u results from the contributions of partial effects
such as coherent and incoherent scatterings, photoelectric
effect, and pair production, its values are strongly influ-
enced by the photon energy and the atomic number (Z)
of the elements found in the soil. Regarding low-energy
photons (30keV'), greater contribution of the photoelectric
effect (dependence directly proportional to Z*73) to the
radiation attenuation is observed, while at intermediate
energies (150keV to 3MeV), the incoherent scattering is the
most important effect (linear dependence with Z) [13, 32].

(@)

Table 1 Percentage of the

. . . Soil Oxides (%) Granulometry (%)
major oxides and granulometric
fractions for the different soils Si0, Al,O4 Fe, 0, Tio, Sand Silt Clay
studied
1 65 30 3 2 66 6 28
2 47 33 17 3 26 26 48
3 33 35 28 4 18 20 62
4 32 52 14 2 17 22 61
5 77 19 3 1 91 1 8
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As described before, each of the partial interaction pro-
cesses has a direct dependence on the atomic number of the
absorber [33]. However, since soils represent complex mate-
rials, it is not possible to define a single atomic number for
each interaction process, so that Zgﬁ is defined. The effective
atomic number is a parameter that directly depends on the
contribution of the partial interaction processes, causing its
dependence on the Z values of the elements that constitute
the material. The values of Z, are strictly linked to N, [16],
another parameter of interest when the radiation interaction
with complex materials is studied.

When photons interact with the matter, this interaction
might occur with individual atoms, molecules, and orbital
electrons, so it is possible to calculate cross sections (molec-
ular, atomic, and electronic) for each of these types of inter-
action. The photon interaction at the molecular level is given
by [31]:

0,,(b molecule™) = <%> 3)

where N, is Avogadro’s number and M is the sum of the
molecular weights of the mixture, which is directly propor-
tional to the sum of the number of formula units and their
respective atomic masses (A;):

M=) nA @)

The interaction with the atomic nucleus can be written
as a function of the molecular cross-section and the sum of
formula units of the mixture () n,):

o,(b atom™) = o, <2Ln) ()]

Finally, the interaction with the electron orbital, that is,
at the electronic level, can be written as a function of the
fractional abundance (f;), u, A, and Z of the elements found
in the complex media:

ae(b electron_l) = NL <z %(M)l) (6)
A i

with f; calculated as follows:

n;

ﬁ==§;; (7

where Y’ n; is the total number of atoms in the molecular
formula.

Following the calculation of the cross sections, it is pos-
sible to determine the value of Zoy [34]:

O-a
Zof = o ®)
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The electron density N, (electronsg™") of a material, the
last parameter analyzed in our study, can be written as a
function of y and o, as well as Zeﬁ and M:

Z
_ K eff
Ny = o = <_M >NA Z”i )

In this study, the photon energy range from 10 to 1330keV
was selected to analyze the radiation interaction parame-
ters (6, 64, 6g, Zyz and N,;). Other four specific photon
energies were chosen referring to the "' Am(59.54keV),
133Ba(356keV), 137 Cs(661.6keV), and °*Co(1330keV) radio-
active sources. The selection of these additional energies, as
well as the photon energy range, is due to the frequent use of
these energies in studies on radiation interaction with soils
[35, 36]. Moreover, the same photon energies were investi-
gated in a previous study performed by Camargo et al. [18],
for which this work is a sequence. However, it is important
to highlight that our study does not present any experimental
measurements of the radiation interaction parameters, since
our main objective was to use simulation to verify the effect
of the chemical composition of soils, weathering, and granu-
lometric fractions on interaction parameters across different
photon energy ranges.

Aiming to verify the existence of possible correla-
tions between the radiation interaction parameters and
other soil characteristics (chemical composition (major
oxides), weathering index (K; = (SiOz/A1203) x 1.7) [37],
and granulometric fraction), a multiple linear regression
analysis was performed. The analyses were conducted at
59.54,356,661.6, and 1330keV photon energies to verify the
influence of low, intermediate, and high photon energies in
the radiation interaction parameters. All statistical analyses
were performed using the PAST (PAleontological STatistics)
software [38].

3 Results

The u variation as a function of E in the five different soils
studied is presented (Fig. 2). The photon energy range (1 to
10°keV) selected in Fig. 2a emphasizes the regions where
the radiation interaction partial effects (coherent and inco-
herent scatterings, photoelectric effect, and pair production)
with soils were predominant. The hatched area delimits
the energy range (10 to 1330keV) commonly employed in
measurements of soil physical properties through radiation
methods, by encompassing characteristic energy ranges of
stable elements for analyses involving radiation [1, 28, 30].
An analysis of the y variation in this energy range is shown
in Fig. 2b.

A decrease in the p value was observed when the photon
energy increased in all soils analyzed as expected (Fig. 2)
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Fig.2 Mass attenuation coefficient (u) as a function of photon energy
(E) for the five soils analyzed. a The energy range extends from 1
to 10°keV, showing the different percentages of the partial effects of
the interaction of radiation with matter (coherent (CS) and incoherent
(IS) scattering, photoelectric effect (PA), and pair production (PP)).

[18, 30], showing that at lower E, there is a separation of
the characteristic spectra of each soil having contrasting
chemical compositions (Fig. 2b). Soil 3 presented the high-
est 4 when compared to the other soils (soil 2>4>1>5) for
E < 100keV. Nonetheless, for E > 100keV , the curves con-
verge presenting small differences between them. The corre-
lation analysis (Online Resource 1—Table 1) demonstrated
that for photons with £ < 100keV, specifically for those of
59.54keV , positive linear relationships occurred between
the pairs Fe,O; X pu (r = 0.999) and TiO, X u (r = 0.927).
The same behavior was observed for the pairs of clay X u
(r = 0.833) and silt X u (r = 0.769).

The last results indicate that the tropical and subtropical
soils with the highest amounts of clay and silt were also
those with the highest Fe, 05 and TiO, contents. This fact
was confirmed by the correlation analysis between these
two oxides and clay (r = 0.845-Fe,O5; r = 0.768-Ti0,) and
silt (r = 0.779-Fe,05; r = 0.706-Ti0,) contents. Thus, a
possible explanation for the results observed in Fig. 2, that
is, the separation between the curves, is the differences
found in the chemical composition and granulometric frac-
tions of the contrasting soils studied [18, 28, 39]. This
might result in the distinction of spectra and may also be
caused by information intrinsic to soils such as its min-
eralogy and organic content. However, it seems relevant
to mention that the correlation analysis presented, only
intended to give an idea of the possible effects of the soil
chemical composition and its granulometry on the radia-
tion interaction parameters. More detailed analysis on this
subject should include a larger number of soils with con-
trasting characteristics.

The o,, (Fig. 3a), o, (Fig. 3b), and o (Fig. 3c) variations
as a function of E for the five soils studied are presented

The hatched area corresponds to the main energy range used in soil
studies. The percentages of the partial effects were calculated based
on the contributions of each partial effect relative to the total u for
soil 4. b Variation of u in the energy range from 10 to 1330keV

below (Fig. 3). The cross-section (molecular, atomic, and
electronic) values decreased increasing E, as evidenced by
other results already reported in the scientific literature [28].
The curves presented small differences between each other
for E < 100keV, but at higher photon energies, soil 5 is the
one exhibiting the highest o), (soil 1>4>2> 3) (Fig. 3a).

Similar behavior was observed for the ¢, and ¢ param-
eters, in which the greatest differences among soils occurred
for E < 100keV (Figs. 3b, c). The following sequence
in the o, or oy values (E < 100keV) was found: soil
3>2>4>1>5 (the last two overlapping). For E > 100keV,
o, and o converged practically do not present differences
among soils. Contrary to o, and o, 6, presented the greatest
differences among soils for £ > 100keV. An inversion was
also found in the soils order for ), (soil 3<2<4<1<5)
relative to o, and o.

To explain the o), results, its values were analyzed as
a function of M for the five soils at the 20, 30, 40, 59.54,
and 661.6keV photon energies (Fig. 4a). We observed that
the increase in the photon energy decreased the dependence
between o,, and M. This result shows that the sum of the
molecular weights of the soil compounds explains the inver-
sions in the sequence of o, curves when compared to 6, and
oy (with the highest value now having the lowest value and
vice versa) observed in the curves among soils, regardless
of their y values (Fig. 2a). The parameter o, (Fig. 4b) was
evaluated as a function of Y n; Eq. (5) for the same photon
energies as presented in Fig. 4a. An inverse relation was
observed between ¢, and Y, n;, with a lower dependence of
these two parameters at higher energies.

The last analysis might explain the inversion observed in
the sequence of curves (now changing from 3 to 5) between
the o, curves for the contrasting soils studied. The linear

@ Springer
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correlation analyses (Online Resource 1-Table 1) at the
59.54keV photon energy confirms the results obtained; a
direct relationship between o, and M (r = 0.989) and an
inverse relationship between o, and Y, n; (r = —0.989) were
noticed. For the other photon energies (356, 661.6, and

1330keV), the behavior observed between these parameters
remained similar.

The results of the linear correlation analysis (Online
Resource 1—Table 1) at the 59.54keV energy showed
that o), was inversely related to clay (r = —0.859), silt

Fig.4 a Molecular cross-
section (o) as a function of the
sum of the molecular weights of
the mixture (M) for the soils at
five photon energies. b Atomic
cross-section (6 4) as a function
of the sum of formula units of
the mixture (3 n;). The vertical
dashed lines indicate M and

N w B
o o o

-
o

(b)

)

240 F
160
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c, (b atoms

> n; of each soil (1-5) studied.
The colored straight lines repre-
sent linear fits for each specific
photon energy
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(r = —0.846), Fe,05 (r = —0.826), and TiO, (r = —0.932)
contents. Thus, increases in the amounts of these oxides
and silt and clay granulometric fractions reduced o, at
lower energies. Similar behavior was observed at the higher
energies (356, 661.6, and 1330keV) investigated (Online
Resource 1—Tables 2, 3, and 4). Inverse linear relation-
ships were also found between ¢, and u (r = —0.830). For
the parameters o, and o, similar to the results observed
for u, positive linear relationships were found between the
pairs o4 X clay (r = 0.828), o X clay (r = 0.837), 0,4 X silt
(r =0.754), o X silt (r = 0.773), 64 X Fe, 05 (r = 0.999), 6,
X Fe, 05 (r = 1.000), 64 X TiO, (r = 0.928), and o X TiO,
(r = 0.926), at the 59.54keV photon energy.

The same type of relationship was observed at higher
photon energies (Online Resource 1—Tables 2, 3, and 4),
indicating that when FE increases, the clay, silt, Fe,05, and
TiO, contents have similar influence in the 6, and o param-
eters as that at lower E. The mass attenuation coefficient was
also strongly related to o, (r = 1.000) and o, (r = 1.000) at
the lowest energy (59.54keV), highlighting the close rela-
tion between these parameters (Figs. 2 and 3). An inverse
relationship was also observed between SiO, and the o,
(r = —0.827) and o (r = —0.836) parameters in 59.54keV .
A similar result was found at higher E (Online Resource
1—Tables 2, 3, and 4). These results demonstrate the great
influence of the granulometric fractions, and the most com-
mon oxides found in tropical and subtropical soils in the
radiation interaction parameters studied.

The electron density and effective atomic number as a
function of E for the soils investigated are shown below
(Fig. 5). In both cases, each soil presented a characteristic
curve with similar behavior among them. We also noticed
that three regions of £ can be highlighted in our results. For
E < 30keV, N, (Fig. 5a), and Zeﬁ (Fig. 5b) had their lower
values characterized by slight variations. However, for E
between 30keV and 356keV (1**Ba), N, and Z, presented an
increasing trend in all soils; and finally, at higher E, N,, and

Z,4 reached their highest values becoming approximately

constant [28].

‘703

0 L (b)

S 10.8 |

g |
o 10.4 f
Pe) C

3 100 eor” |
z 10" 102 10° 10" 10° 10°
E (keV) E (keV)
—— Soil 1 —— Soil 2 —— Soil 3 —— Soil 4 —— Soil 5

Fig.5 a Electron density (N,). b Effective atomic number (Z,;,) as a
function of photon energy (E) for the soils studied

The electron density as a function of the sum of the con-
centrations of iron and titanium oxides (Fig. 6a) showed an
inverse relationship mainly at lower E. The opposite was
noticed when N,; was plotted as function of the sum of the
concentrations of silicon and aluminum oxides (Fig. 6b).
The effective atomic number, inversely to N,;, presented a
direct relationship with the sum of the iron and titanium
oxide concentrations as expected, with greater depend-
ence on higher E (Fig. 6¢). However, when Z , was plotted
against the sum of the concentrations of silicon and alu-
minum oxides (Fig. 6d), the opposite was observed.

At the 59.54keV photon energy, the linear correlation
analyses (Online Resource 1—Table 1) showed that N, is
inversely related to clay (r = —0.938), silt (r = —0.896),
and Fe,0; + TiO, (r = —0.968) amounts, although a direct
relationship was observed between N, and sand content
(r = 0.946) and SiO, + Al,O5 (r = 0.968). The same behav-
ior was found for the other E investigated (Online Resource
1—Tables 2, 3, and 4). Thus, we noticed that soils with
higher clay, silt, and Fe,0; + TiO, amounts tend to have
lower N,, while higher sand and SiO, + Al,0; contents
increase N, (Fig. 5a). Also,Z,; showed an opposite behavior
to N, in terms of the linear correlation coefficients (Online
Resource 1—Tables 2, 3, and 4) as expected (Fig. 5b). The
correlations between the pairs N,; X Fe,05 + TiO,, N, X
Si0, + A0, Z,5 X Fe;,05 + TiO,, and Z,5 X SiO, + AL, O,
confirmed the data presented in Fig. 6a—d.

Finally, the measured index (K;) of soil weathering [37]
presented an inverse relationship with the pairs K; X clay
and K; X silt, indicating that higher concentrations of these
granulometric fractions implied a higher degree of weath-
ering. However, it is important to emphasize that this type
of analysis only serves to indicate how weathering could
explain the results between soils, but for a more complete
analysis, we suggest analyzing a larger set of soils under
different weathering stages.

4 Discussion

The radiation interaction parameters investigated in this
study presented noticeable distinct behavior among soils as
a function of the photon energies studied. The different soil
granulometric and chemical (oxides) compositions greatly
influenced the parameters u, 6,4, and o, at lower E. Regard-
ing the o,, parameter, the regions of intermediate and higher
E were the most important for discriminating the different
soil types studied. The parameters N, and Z,; showed differ-
ences among soils in the whole range of E analyzed, demon-
strating that these two parameters are clearly sensitive to the
chemical and granulometric composition of the soils [1, 40].
The influence of the soil particle size (granulometry) as well
as its chemical composition significantly affect the radiation

@ Springer
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Fig.6 Electron density (N,;)
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interaction parameters studied, as proven by the linear cor-
relation analyses carried out (Online Resource 1—Tables 1,
2, 3, and 4). The predominance of the different partial effects
of radiation interaction (coherent and incoherent scattering,
photoelectric effect, and pair production) explains the dif-
ferences observed in the different E range investigated [1,
13, 16, 18].

When analyzing Fig. 2a, we verified a reversal trend in
the contribution of the dominant partial effect at ~ 100keV,
that is a transition from the predominance of the photoelec-
tric effect to incoherent scattering. Since the dependence
of the photoelectric effect is directly proportional to Z*~>
at lower E, we might conclude that the separation among
the soil u curves is mainly related to the differences found
in the Fe, 05 + TiO, contents (Fig. 2b) [18, 34]. Soils 3 and
5 exhibited the highest and the lowest u, respectively, as
they are the soils with the highest and lowest Fe,O; + TiO,
amounts. However, in the region where the incoherent scat-
tering (linear dependence with Z) was predominant, an
overlap among the soil u curves occurred demonstrating the

@ Springer

v 59.54keV & 661.6keV

chemical composition irrelevance in this region to discrimi-
nate soils [18, 39].

Due to the influence of partial effects on u [18] and the
dependence of o, on M Eq. (3), an overlap of the curves up
to the ~ 100keV energy was observed (Fig. 3a), and their
separation from this E onwards. The overlap observed for
low E (photoelectric effect domain) is mainly associated
with the relationship between the values of y and M (Fig. 4a)
due to the compensation of higher values of x4 and lower
values of M in this energy range, while the separation among
curves above ~ 100keV is related to the incoherent scattering
and the values of M among soils (soil 5: the highest; soil 3:
the lowest). The o, and M values had significant correla-
tions with each other (Online Resource 1—Tables 1, 2, 3,
and 4) so that the dependence between these two parameters
is most sensitive at the lowest photon energies (< 40keV).
However, an analysis of the increase in E demonstrated no
variation in the slope of the o,, and M straight lines, which
might explain the separation between the curves among soils
(Fig. 4a).
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Among the factors that influence 0,4, one that has great
relevance is the sum of formula units of the mixture (3 n;)
[1, 16, 41], so that when the ratio of Zln is calculated, curves

of variation of ¢, with E (Fig. 3b) tha't follow the order of
the contents of Fe,0; + TiO, were obtained, for each of the
soils studied (5 <1 <4 <2< 3). Similar behavior was also
observed for u (Fig. 2b) and o (Fig. 3c) due to the existing
dependence between these parameters (Eqgs. 5 and 6) [37].
The fractional abundance of the elements (f;) is the factor
with the greatest influence on o (distinction between the
curves) among the soils studied, in £ < 100keV. We noticed
that the soils possessing the highest f; of Fe,05 + TiO,
(5 <1<4<2<3) were those with the greatest . The con-
vergence among the curves in E > 100keV is mainly associ-
ated with the incoherent scattering and its probability of
occurrence [42].

Considering that the Fe contribution in o decreases from
~ 100keV onwards, and the dependence of Z,; with o and
o, Eq. (8), an increase in Z,; occurs from this energy
onwards (Fig. 5b). At lower photon energies (< 100keV),
both soil u and their constituent elements depend on 745,
reducing Z,; [30]. At higher photon energies (> 100keV), a
reduction in the dependence of u on the chemical composi-
tion of the soils tends to occur, so that the differences among
the curves are mainly related to the Zln factor.

For N,,, its inverse dependence on o-lE and direct depend-
ence on u Eq. (9) explains the inversion of the sequence of
curves observed among the curves (Fig. 5a). At lower photon
energies (< 100keV), the soils with higher Fe amounts, and
consequently higher y, were those with higher o, lowering
N,,. At higher photon energies (> 100keV'), o had the great-
est influence on N,; when all the soils were compared [28].
Considering the dependence of Z,; and N, on the soil chem-
ical composition [1], the correlation between these param-
eters with the Fe,0; and TiO, contents (Online Resource
1—Tables 1, 2, 3, and 4) demonstrated that the soils with
higher values of this sum presented the highest values of
Z, and consequently the lowest values of N, (Fig. 6a, c).

€

Meanwhile, when relating the sum of the SiO, and Al,04
oxides (Fig. 6b, d), we noticed lower Zeﬁc values and higher
N,, values. This result highlights the importance of the major
soil oxides on radiation interaction parameters in tropical
and subtropical soils.

Based on the results presented, we demonstrated that
the granulometry and chemical composition of the soils
had important influence in radiation interaction param-
eters. It seems relevant to emphasize that there are still few
studies addressing a detailed analysis of radiation interac-
tion parameters and characteristics associated with the soil
formation, especially in soils from tropical and subtropical
climates. Thus, our study reported a detailed investiga-
tion of the influence of factors that are intrinsically linked

to soil formation in the radiation interaction parameters.
Additionally, we verified the photon energy ranges that are
more sensitive to the differences observed in the soil char-
acteristics studied. Correlation analyses were performed
to verify how the soil characteristics influence radiation
interaction parameters, so this study presented a detailed
analysis of the relationship among different soil proper-
ties. However, we noticed that the results obtained in our
study still need to be extended to larger amounts of soils
with different physical and chemical characteristics. This
suggestion aims to obtain more representative results of
the influence of parameters related to soil formation and
weathering in radiation interaction parameters, which
unfortunately was not possible to carry out in our study.

5 Conclusion

Our research analyzed the effect of the chemical composi-
tion and granulometric fractions of tropical and subtropical
soils with different levels of weathering in the oy, 04, 0,
Z,y, and N, parameters in the photon energy range between
10 and 1330keV. The XCOM computational code was
used in the analyses. We observed that at £ < 100keV, the
parameters y, 0,4, and o are sensitive to the chemical com-
position of the soils studied, mainly to their Fe,05 + TiO,
contents. The clay and silt fractions showed a strong cor-
relation with the o4, o5, and Zeﬁ parameters at the 59.54,
356, 661.6, and 1330keV specific photon energies, while o,
and N, presented an inverse trend in the correlations. Direct
correlations were also observed between the clay and silt
fractions when compared to the Fe,0; + TiO, content, as
well as inverse correlations between the clay and silt frac-
tions against the K index (related to weathering). A detailed
analysis of the partial effects (coherent and incoherent scat-
terings, photoelectric effect, and pair production) and of a
couple of variables (sum of the molecular weights of the
mixture, fractional abundance, and sum of formula units of
the mixture) sensitive to radiation interaction was carried
out. The results showed that the soil granulometric fractions
and the most common oxide contents found in tropical and
subtropical soils have a great influence on radiation interac-
tion parameters.
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