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Abstract
Purpose This study investigates the effects of surface liming
on soil attenuation radiation properties. For this, measure-
ments of soil chemical attributes (pH, organic carbon, H+Al,
Al3+, Ca2+, and Mg2+) and attenuation radiation parameters
(mass attenuation coefficient, μm, atomic and electronic cross
sections, σa and σe, effective atomic number and electron
density, Zeff and Nel) were carried out. This aim was motivated
by the fact that possible μm variation might cause as well
variation in the determination of soil physical properties.
Materials and methods The studied soil, classified as a
Dystrudept sity-clay, is located in South Brazil. The trial
consisted of five stripes, one of them under pasture and the
remaining under no-till system (NTS). Lime rates of 0, 10, 15,
and 20 t ha−1 were broadcast on the NTS soil surface.
Disturbed soil samples were collected 30 months after liming
at the top (0–10 cm) and subsoil (10–20 cm) layers. Soil
chemical attributes were characterized following standard ex-
perimental procedures. The soil oxide composition, obtained
by EDXRF analysis, was used to calculate μm for 241Am and
137Cs photon energies with XCOM computer code. μm values

were employed to calculate σa, σe, Zeff, and Nel and to predict
variations in soil bulk density (ρ) and total porosity (φ).
Results and discussion Surface liming notably increased con-
tents of soil pH, Ca2+, and Mg2+ while reduced H+Al and Al3+

at the top soil layer, where μm, σa, σe, and Zeff were also in-
creased with the lime rates. However, at the subsoil layer, liming
neither lessened soil acidity nor induced remarkable changes in
the attenuation parameters. When using 137Cs photon energy,
incoherent scattering totally dominated over the radiation inter-
action processes whereas photoelectric absorption and coherent
scattering substantially contributed when 241Am photon energy
was used. Therefore, the increasing in soil attenuation parame-
ters at the top soil layer was more accentuated considering
241Am than 137Cs photon energy. Variation in μm caused con-
siderable variation in ρ and φ only for 241Am photon energy.
Conclusions The findings regarding the effect of μm variation
induced by liming on the determination of soil physical prop-
erties are extremely relevant because traditionally, in the soil
science area, μm values are calculated without considering any
chemical modification to which the soil can be submitted.
Bearing in mind that ρ and φ are important parameters from
the agricultural and environmental points of view, not represen-
tativemeasurements ofμm can lead to biased values of ρ andφ.

Keywords Liming .Mass attenuation coefficient . Soil
acidity . Soil attenuation properties . XCOM .X-ray
fluorescence

1 Introduction

The mass attenuation coefficient (μm) is an important param-
eter for characterizing the penetration and diffusion of gamma
radiation in multi-element materials (Hubbell 1969). This pa-
rameter can be determined experimentally by nuclear
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techniques or theoretically by the knowledge of the soil chem-
ical composition, with good agreement between these meth-
odologies (Pires and Pereira 2014). The theoretical computa-
tion of μm for elements, compounds, or mixtures, in a wide
energy range (1 keV to 100 GeV), can be easily accomplished
with the help of computer codes specifically developed for
this purpose, such as XCOM (Berger and Hubbell 1987) and
its successor WinXCom (Gerward et al. 2004).

The aforementioned software programs take into consider-
ation the absorption and scattering mechanisms (photoelectric
absorption, Compton, pair production, and Rayleigh effects) by
which the radiation is attenuated by the matter (Kaplan 1977).
In the case of composite materials, the processes of radiation
interaction are related to the effective atomic number and elec-
tron density (Zeff and Nel), which are in turn dependent on the
molecular, atomic, and electronic cross sections (σm, σa, σe)
(Han and Demir 2009). All of these attenuation parameters
can be predicted based on μm and the soil chemical composi-
tion, as reported in Medhat (2011) and Un and Sahin (2012).

A great number of studies regarding measurements of soil
parameters such as water retention curve, water content, bulk
density, and porosity have been performed by adopting atten-
uation of photons as an accurate, convenient, and non-
destructive technique (Pires et al. 2005; Demir et al. 2008;
Pires et al. 2009; Costa et al. 2013). However, it is important
that any measurements of soil physical properties are repre-
sentative of this porous media. Hence, when it comes to addi-
tion of soil amendments, such as lime, even though the vari-
ation in μm is likely to be slight, biased results may be obtain-
ed if such variation is not considered.

Liming is the most agriculture-employed practice to correct
soil acidity. The use of Ca amendments such as limestone has
been proven to increase soil pH and decrease exchangeable

Al, increasing crop yield as a result (Mora et al. 1999). In
addition, lime applications are particularly known to increase
soil organic matter content in the long term (Haynes and
Naidu 1998).

Besides changing the soil acidity, liming is also likely to
promote variation of soil elemental composition. Dolomite
limestone, for instance, generally contains 30.4% CaO,
21.8% MgO, and 47.8% CO3 (Jones 2003). Thus, after solu-
bilization, there might remain increased contents of CaO and
MgO due to the non-reacted part of lime products. Here, these
changes in the soil elemental composition can lead to modifi-
cations in μm.

The current research aims to investigate the effects of sur-
face liming, 30 months past the lime application, on soil
chemical attributes and soil attenuation properties, at the top
and subsoil layers. This study also evaluates how possible
differences in mass attenuation coefficients would promote
changes in the soil bulk density and total porosity, considering
the most common radioactive sources employed in soil phys-
ics (241Am and 137Cs).

2 Materials and methods

2.1 Soil sampling

The soil samples come from an experiment installed in
May 2012, in a familiar rural site located in the Southeast
region of Paraná State, Brazil (25°28′S, 50°54′W and 821 m
a.s.l). The soil was classified as a Dystrudept silty-clay (Soil
Survey Staff 2013).

The experimental area was designed in five stripes, one of
them under pasture, considered as reference (Ref.), and the

Table 1 Chemical attributes for
0–10 cm (A) and 10–20 cm (B)
soil layers (n = 4)

pH OC H + Al Al3+ Ca2+ Mg2+

(g kg−1) (cmolc dm
−3)

Layer A

Ref. 4.22 (0.22) 31.75 (6.29) 13.18 (2.72) 3.43 (2.04) 2.05 (1.09) 1.89 (0.76)

C0 3.93 (0.11) 36.50 (2.65) 15.35 (1.41) 4.15 (1.09) 1.53 (0.85) 2.55 (1.44)

C10 5.13 (0.43) 40.25 (7.59) 5.97 (2.04) 0.13 (0.15) 7.50 (2.16) 3.69 (2.45)

C15 5.59 (0.72) 42.00 (6.16) 4.31 (2.06) 0.10 (0.14) 8.95 (2.63) 4.63 (1.32)

C20 5.49 (0.48) 35.00 (1.83) 4.96 (2.11) 0.08 (0.05) 7.97 (1.75) 5.58 (0.88)

Layer B

Ref. 3.95 (0.09) 18.50 (3.11) 16.82 (0.94) 6.30 (0.83) 0.90 (0.41) 1.01 (0.37)

C0 3.89 (0.09) 25.25 (2.06) 16.84 (1.29) 5.85 (1.29) 1.05 (0.61) 1.02 (0.54)

C10 4.01 (0.17) 23.50 (6.24) 15.42 (2.19) 5.28 (1.86) 1.61 (1.42) 1.53 (0.53)

C15 3.98 (0.09) 21.00 (1.63) 13.78 (3.80) 5.73 (0.67) 1.16 (0.43) 1.33 (0.17)

C20 3.99 (0.10) 20.50 (2.08) 15.62 (2.60) 5.90 (1.25) 1.30 (0.49) 1.76 (0.46)

pH = in CaCl2. OC = organic carbon content (Walkley-Black method). H+Al = potential acidity. Al3+ , Ca2+ and
Mg2+ = exchangeable aluminum, calcium and magnesium. n represents the number of repetitions and values
between parentheses represent the standard deviation
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remaining under no-till system (NTS). Lime rates of 0 t ha−1

(C0), 10 t ha−1 (C10) 15 t ha−1 (C15), and 20 t ha−1 (C20) were
applied on the NTS soil surface, without disturbing the soil.
The lime used had 285 and 200 g kg−1 of CaO and MgO, and
100.6, 74.7, and 75.1% neutralizing power, reactivity, and
total neutralizing relative power, respectively.

Thirty months after lime application, during bean
flowering, four different locations per stripe were chosen to
collect the disturbed soil samples, so that spatial variability
was appropriately covered, at 0–10 cm (A) and 10–20 cm
(B) soil layers. More details about the history of crop rotation

adopted for the experiment under study can be found in Auler
et al. (2017).

2.2 Soil analyses

2.2.1 Chemical attributes

Prior to chemical analysis, the soil samples were dried in
forced air circulation oven (40 °C/48 h) and ground to pass
through a 2-mm sieve. Soil organic carbon (OC) was deter-
mined by the Walkley-Black method according to Brazilian

Fig. 1 Comparison of soil
chemical attributes after 18 (Auler
et al. 2017) and 30months of lime
application at a 0–10 cm (A) and
b 10–20 cm (B) soil layers. For
this comparison, only C0 and C15
were considered

J Soils Sediments (2018) 18:1641–1653 1643



guidelines reported in van Raij et al. (2001). Soil pH (active
soil acidity) was determined in a 0.01 mol L−1 CaCl2 suspen-
sion (1:2.5 soil/solution, v/v).

The potential acidity (H+Al) was determined by a SMP
buffer procedure and exchangeable Al3+, Ca2+, and Mg2+

were extracted with neutral 1 mol L−1 KCl (1:10 soil/solution,
v/v), according to standard methods described in Pavan et al.
(1992). Exchangeable Al3+ (exchangeable acidity) was deter-
mined by titrating with 0.025 mol L−1 NaOH solution, Ca2+

and Mg2+ by titrating with 0.025 mol L−1 EDTA.

2.2.2 X-ray fluorescence technique

Semi-quantitative elemental analyses of the soil samples were
performed through an energy dispersive X-ray fluorescence
(XRF) spectrometer model EDX-720 (Shimadzu), equipped
with an Rh X-ray tube. The equipment voltage varied from 5
to 50 kVand its tube current from 1 to 1000 μA. The system
detector was a Si(Li) semi-conductor cooled with liquid N at
− 196 °C. Standard procedures of calibration were performed
whenever necessary (Pires et al. 2016).

Three measurement repetitions were carried with sample
portions (~ 2 g containing equal aliquots from the four original
samples for each stripe and soil layer) powdered and reduced
to diameters lower than 45 μm which were placed into proper
sample analysis cups covered with Mylar film (6 μm thick-
ness). The measuring time for each sample was 100 s in Na-Sc
(15 kV) and Ti-U (50 kV) energy bands. Measurements were
performed under 30 Pa pressure and the spectral output was
acquired in terms of oxides.

2.2.3 Attenuation parameters

The computer codeXCOM, available in aweb version supported
by the National Institute of Standards and Technology, was used
to compute the soil mass-absorption coefficients, μm = μ/ρ
(cm2 g−1), where μ is the linear absorption coefficient (cm−1)
and ρ is the soil bulk density (g cm−3). For that, the oxide com-
position obtained from XRF analyses was taken as input data.

Photon energies related to the most common radioisotopes
used as sources for γ-ray attenuation experimental investiga-
tions were selected for this study: 59.5 keV (241Am) and
661.6 keV (137Cs) (Corey et al. 1971; Reginato 1974;
Ferreira and Pires 2016).

Contents of soil pH, OC, H+Al, Al3+, Ca2+, andMg2+ were
plotted against values of μm and a second-degree polynomial
mathematical function was used to fit the data. Additionally,
analyses of linear correlation were performed between values
of μm and oxide mixtures aiming to determine if μm variations
can be mostly explained by variations in the proportions of
particular soil oxides.

For each studied photon energy, XCOM also provided the
contribution of the incoherent scattering (is), coherent T
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scattering (cs), photoelectric absorption (pa), and pair produc-
tion (pp) in μm (Berger and Hubbell 1987):

μm ¼ μm is þ μm cs þ μm pa þ μm pp; ð1Þ

The μm values were also used to determine the total molecular
cross section (σm) as follows (Akça and Erzeneoğlu 2014):

σm ¼ μmð Þ M

NA

� �
; ð2Þ

where M ¼ ∑iniAi is the molecular weight of the com-
pound, NA is Avogadro’s number, Ai is the atomic
weight of the ith element and ni is the number of for-
mula units in the molecule.

The average atomic and electronic cross sections (σa and
σe) were in turn obtained through (Han and Demir 2009):

σa ¼ σm

∑ini
; ð3Þ

σe ¼ 1

NA
∑i

fiAi

Zi
μmð Þi; ð4Þ

where∑ini is the total number of formula units; fi = ni/∑jnj and
Zi are fractional abundance and atomic number of the constit-
uent element, nj is the number of atoms of the constituent
element, and ∑jnj is the total number of atoms present in the
molecular formula.

The effective atomic number (Zeff) was obtained by relat-
ing the Eqs. (2), (3), and (4) (Han and Demir 2009; Akça and
Erzeneoğlu 2014):

σm ¼ σa∑ini ¼ Zeffσe∑ini; ð5Þ
∴Zeff ¼ σa

σe
; ð6Þ

Finally, the effective electron number or electron density
(number of electrons per unit mass) was calculated by
(Medhat et al. 2014):

N el ¼ μm

σe
: ð7Þ

Values of μm along with percentage contributions of cs, is and
pa, σa, σe, Zeff, and Nel were plotted as function of soil lime

treatments (C0, C10, C15, and C20) and Ref., for 241Am and
137Cs. In addition, the variation of μm, Zeff, and Nel (plus the
behavior of Zeff versus Nel), as function of the photon energy
(40–661.6 keV), was graphically presented with power, loga-
rithmic, and linear fittings.

2.2.4 Prediction of soil physical properties

When a gamma-ray beam of incident intensity I0 (cps) inter-
acts with a soil of thickness x, the transmitted intensity I (cps)
through the absorber follows the Beer-Lambert law (Pires and
Pereira 2014):

I ¼ I0e−μmρx: ð8Þ
Therefore, the values of μm obtained in the present study,
together with fixed values of I (62,035 cps), I0 (506,458
cps), and x (6.027 cm), which were extracted from a previous
study performed with a soil of similar elemental composition
(Pires et al. 2014), were used to predict the soil bulk density
(ρ) and total porosity (φ) as follows:

ρ ¼ 1

μmx
ln
I0
I
; ð9Þ

φ ¼ 1−
ρ
ρp

: ð10Þ

where ρp is the soil particle density which was determined
with an Helium gas multipycnometer (model MVP-D160-E,
Quantachrome Instruments). The average ρp values obtained
for layers A and B were 2.38 and 2.47 g cm−3, respectively.

3 Results and discussion

Comparing C10, C15, and C20 to Ref. and C0 (Table 1), it is
notable that surface liming increased contents of soil pH,
Ca2+, and Mg2+, while reduced H+Al and Al3+ at layer A.
Nevertheless, at layer B, chemical attributes did not undergo
as pronounced variations. The less successful effect of liming
to correct soil acidity at the subsurface layer is due to the slow
natural mobility of lime through the soil depth related to the
low solubility of agricultural limestones (Ernani et al. 2004).

Fig. 2 Soil mass attenuation
coefficients (μm) obtained
through XCOM as function of the
soil treatments (Ref., C0, C10,
C15, and C20) at 0–10 cm (A)
and 10–20 cm (B) soil layers for a
241Am and b 137Cs photon
energies

J Soils Sediments (2018) 18:1641–1653 1645



Fig. 3 Soil chemical attributes
correlated to mass attenuation
coefficients (μm) by a second-
degree polynomial mathematical
model at 0–10 cm (A) layer under
soil treatments: Ref, C0, C10,
C15, and C20 for a 241Am and b
137Cs photon energies. R2 stands
for the coefficient of
determination
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At both soil layers, no effect of management alone can be
inferred from the results since only slight changes occurred
between Ref. (pasture area) and C0 (no-till system without
liming), regarding all chemical attributes.

An investigation concerning effects of surface and incor-
porated liming on physical-hydrical attributes of the same soil
under study in this work, after 18 months of lime application,
is found in Auler et al. (2017). For each application manner,
the mentioned investigation considered only 0 and 15 t ha−1

(calculated to raise the base saturation at the 0–20-cm soil
layer to 70%) lime rates, respectively equivalent to C0 and
C15. Twelvemonths after this evaluation, totalizing 30months
of lime application, most of the chemical attributes undergone
greater changes for C15 in relation to C0 at the top soil layer
(Fig. 1a). This is an indicative that variations in soil chemical
attributes after the 30-month period is not only due to crop
rotation, whose effects are exclusively seen in C0, but it is still
strongly related to lime reaction.

At layer B, from 18 to 30 months, C0 and C15 (Fig. 1b)
presented much more subtle effects than at layer A (Fig. 1a).
Besides, at this soil depth, only reduction of H+Al content is

Table 3 Simple linear correlation coefficients of Pearson (r) between
individual contribution of soil oxides and mass attenuation coefficients
(μm) determined with 241Am and 137Cs photon energies for 0–10 cm (A)
and 10–20 cm (B) soil layers

Layer A Layer B

Oxides
(g kg−1)

rμ(241Am) rμ(137Cs) rμ(241Am) rμ(137Cs)

SiO2 − 0.942 − 0.945 − 0.549 0.993

Al2O3 − 0.986 − 0.981 − 0.053 − 0.762

CaO 0.993 0.996 – –

Fe2O3 − 0.861 − 0.894 0.996 − 0.644

K2O − 0.733 − 0.765 0.668 − 0.862

SO3 0.757 0.735 0.875 − 0.309

TiO2 − 0.281 − 0.325 0.321 − 0.873

MnO 0.664 0.678 0.915 − 0.314

ZrO2 − 0.143 − 0.253 0.580 0.304

ZnO 0.545 0.499 0.854 − 0.783

Rb2O − 0.254 − 0.356 0.583 0.296

Higher values of r are indicated in italic

Fig. 4 Percentage contributions
of coherent scattering, incoherent
scattering, and photoelectric
absorption to the computation of
the mass attenuation coefficients
(μm) as function of the soil
treatments (Ref, C0, C10, C15,
and C20) at 0–10 cm (A) and 10–
20 cm (B) soil layers for 241Am
(a, c, e) and 137Cs (b, d, f) photon
energies
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more pronounced for C15 in relation to C0, which indicates
that soil acidity components were not remarkably ameliorated
at the subsurface layer in the course of time. Similar results
regarding effects of liming on soil chemical attributes, over a
period of 4 years, at the 0–5, 5–10, 10–20, and 20–40 cm soil
depths are found in Caires et al. (2006).

Rheinheimer et al. (2000) developed a study considering
lime rates of 0.0, 2.0, 8.5, and 17 Mg ha−1 superficially ap-
plied and incorporated to a soil from south Brazil. These au-
thors reported that the soil acidity correction at the top layer
was proportional to the lime rate, independent of the applica-
tion manner. However, greater values of soil pH, OC, and
Ca2+ as well as lower values of H+Al and Al3+ were observed

for C15 instead of C20, at layer A (Table 1). This indicates that
the highest lime rate did not promote further soil chemical
amelioration beyond the intermediary rate.

Among soil constituent oxides, SiO2, Al2O3, and Fe2O3 are
predominant (Garrison 2008) (Table 2). Considering that CaO
was not identified for neither Ref. and C0 at layer A nor for
any treatment at layer B, it is reasonable to say that this par-
ticular oxide is not inherent to this soil. Inceptisols classified
as Dystrudept, such as the soil under investigation, are indeed
base-poor due to its acid parent material (Hudnall 2011).
Therefore, the appearance of CaO at layer A is most likely
exclusively due to liming and, as it would be expected, its
contribution increases with the increase in the lime rate. In

Fig. 5 Average atomic and
electronic cross sections (σa and
σe), effective atomic number
(Zeff), and effective electron
density (Nel) as function of the
soil treatments (Ref, C0, C10,
C15, and C20) at 0–10 cm (A)
and 10–20 cm (B) soil layers for
241Am (a, c, e, g) and 137Cs (b, d,
f, h) photon energies
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virtue of the slowmobility of lime through the soil depth, CaO
have not reached the soil subsurface layer in sufficient amount
to be detected by XRF technique.

It is known that low energy photons have more pronounced
interaction with the matter in comparison to the high energy
ones (Rangacharyulu 2014). For this reason, lower values of
μm were obtained using the higher photon energy of 137Cs
(Fig. 2b). The μm values shown in Fig. 2 are in agreement to
the findings of Pires et al. (2016) (241Am: 0.26–0.30 cm2 g−1

and 137Cs: 0.0764–0.0765 cm2 g−1) concerning different
Brazilian hardsetting soils. As can be seen from Fig. 2, μm

increases with the increasing in the lime rate at layer A, con-
sidering both sources. At layer B, though, μm values kept
practically constant among treatments regardless the photon
energy.

Chemical attributes from layer A (Table 1) plotted against
data of μm (calculated for 241Am and 137Cs photon energies)
for Ref. and lime treatments (Fig. 2) resulted in curves which
were in most cases well fitted by a second-degree polynomial
mathematical model (Fig. 3). For both sources, better adjust-
ments were found for contents of soil pH, H+Al, and Ca2+,
which indicates thatμm variation is in fact related to the effects
of liming.

Among all chemical parameters evaluated, OC seem to
play a less important role in the increasing of μm (Fig. 3).
The soil OC is an indirect parameter to evaluate the content
of soil organic matter but it measures only the carbon contri-
bution (Baldock and Broos 2011), which, for being a light
element, weakly influences μm. At layer B, neither polynomi-
al nor linear adjustments fitted well to the data, suggesting that
variation on soil chemical attributes and μm cannot be associ-
ated at this soil depth.

Linear correlation analysis between soil constituent oxides
(Table 2) and μm values obtained for each soil treatment
(Fig. 2) also provides evidence that, at layer A, the increase
inμm ismore strongly related to the increasing amount of CaO
in the soil (Table 3). At this same layer, the correlation coef-
ficients from 241Am and 137Cs photon energies are more alike
in comparison to layer B. This happens probably because μm

variation at layer B (Fig. 2) presents an inverse behavior when
comparing results for the two different energies, i.e., while μm

slightly diminishes for 241Am, it slightly increases for 137Cs.
Therefore, at layer B, the decrease in μm for the 241Am photon
energy is mostly due to the reduction in Fe2O3, which is in line
with results of Pires et al. (2016), and the increase in μm for
137Cs is governed by the increase in SiO2 (Table 3).

It is notable from Fig. 4 that the incoherent scattering is the
dominant process by which the radiation interacts with matter,
mainly for 137Cs (~ 99.5% of the radiation interaction).
Incoherent scattering in fact dominates over the remaining
processes when the incident photon energy is in an interme-
diary energy range ~ 100 keV to ~ 1MeV (Kucuk et al. 2013).
On the other hand, considering the lower characteristic photon

energy of 241Am, the incoherent scattering contribution drops
to about half of the total contribution (Fig. 4c) and substantial
percentages of photoelectric absorption (Fig. 4e) and coherent
scattering (Fig. 4a) take place.

Incoherent scattering cross section is weakly influenced by
the chemical composition of the target because it has linear
dependence on Z. The photoelectric and coherent cross sec-
tions, on the other hand, are more strongly dependent on the
atomic number of the constituent elements (Z4–5 and Z2–3,
respectively) (Medhat et al. 2014). Thus, taking into account
the variations in chemical composition among treatments, the
greater changes in μm found for 241Am in comparison to 137Cs
(Fig. 2) are justified by the differences regarding the contribu-
tions of scattering and absorption processes between the con-
sidered photon energies (Fig. 4).

The assumption that the original atoms in a given molecule
or compound could be replaced by an equivalent number of
average atoms, each of which having the same average atomic
number, leads to the idea of the effective atomic number (Zeff)
(Manohara et al. 2010). Zeff depends not only on the atomic
numbers of the various composite material elements and its
relative proportion but also on the number of elements present
in it (Mudahar and Sahota 1988; Baltaş and Çevik 2008). A
demonstration of the dependence of Zeff on the chemical com-
position of amino acids is found in the study of Manohara and
Hanagodimath (2007).

Table 4 Fractional abundance (fO + fAl + … + fZn = 1) of constituent
soil elements for 0–10 cm (A) and 10–20 cm (B) soil layers

Fractional abundance

Ref. C0 C10 C15 C20

Layer A

O (8) 0.495 0.496 0.494 0.491 0.483

Si (14) 0.285 0.283 0.285 0.280 0.272

Al (13) 0.159 0.163 0.154 0.154 0.139

Ca (20) – – 0.006 0.016 0.049

Fe (26) 0.037 0.036 0.036 0.035 0.034

K (19) 0.013 0.013 0.012 0.012 0.012

S (16) 0.005 0.004 0.005 0.005 0.006

Ti (22) 0.005 0.005 0.005 0.005 0.005

Layer B

O (8) 0.492 0.494 0.494 0.494 0.495

Si (14) 0.269 0.278 0.277 0.274 0.277

Al (13) 0.174 0.167 0.167 0.173 0.171

Ca (20) 0.040 0.038 0.039 0.037 0.035

Fe (26) 0.013 0.013 0.012 0.012 0.012

K (19) 0.005 0.005 0.005 0.004 0.004

S (16) 0.006 0.005 0.005 0.005 0.005

Values between parentheses represent the atomic number of each element.
The fractional abundance of Mn (25), Zr (40), Zn (30) and Rb (37)
correspond to less than 0.001
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The current soil under study has in its composition ele-
ments with atomic number varying from 8 (O) to 40 (Zr)
and, as expected, Zeff lies within this interval (Fig. 5e, f).
However, Zeff is inversely dependent on the sum over the
fractional abundance (f) of each soil constituent element (see
Eqs. 4 and 6) and the elements that present higher f are O (8),
Si (14), and Al (13) (Table 4). For this reason, Zeff is closer to
the inferior limit of the Z variation in the soil.

As the variety of soil constituent elements increase when
Ca starts being computed (Table 4) due to the lime rates, at
layer A, Zeff also increases (Fig. 5e, f). Thus, at this layer, the
increase of photoelectric absorption (Fig. 4e, f) and conse-
quent decrease in incoherent scattering (Fig. 4c, d) contribu-
tions with lime treatments can be related to the increase in Zeff

(Önder et al. 2012). This is because of the much stronger
dependence on Z of photoelectric absorption in comparison
to the incoherent scattering (Kaplan 1977). At layer B, it can

be considered from the plot scale that Zeff kept rather constant
among treatments and consequently slighter changes are seen
for percentages of radiation interaction.

From Fig. 5, one can see that the trend behavior of all
attenuation parameters (σa, σe, Zeff, and Nel) is practically
the same for the two photon energies. Nevertheless, the vari-
ation of these parameters is smaller for 137Cs than for 241Am
due to the total dominance of incoherent scattering in the
former and broader contribution of photoelectric absorption
in the last (Fig. 4). Both atomic and electronic cross sections
increase with the increasing in the lime rate, meaning that the
limed soil samples present a higher probability to attenuate the
gamma-ray photons, in accordance with the variation in μm

(Fig. 2) (Eisberg 1885).
Figure 6 portraits how μm, Zeff, and Nel vary from 40 to

661.6 keV. It is possible to see that over this energy range, μm

goes from about 0.60 to under 0.10 cm2 g−1 in a power law

Fig. 6 Variation of mass
attenuation coefficients (μm),
effective atomic number (Zeff),
and effective electron density
(Nel) as function of the photon
energy (E) (40–661.6 keV) with
power and logarithmic adjust-
ments. Nel variation as function of
Zeff, with linear adjustment, over
the same energy range at 0–10 cm
(A) (a, c, e, g) and 10–20 cm (B)
(b, d, f, h) soil layers
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(Fig. 6a, b; Table 5) and the variation due to treatments is more
evident at lower energies, as seen also in Fig. 2.

For all treatments, Zeff undergoes a sharp increase from 40
to 200 keV and then its increasing turns smoother, which is
well represented by a logarithmic function (Fig. 6c, d;

Table 5). The Zeff behavior described here is very similar to
the one presented in Medhat et al. (2014), within the same
energy interval, for eight soils from the Southeast and South
of Brazil. Among treatments, though, differences in Zeff are
not magnified at low or high energy regions, but on the con-
trary remain almost the same over the entire range (Fig. 6c, d).

Just like Zeff, Nel varies logarithmically with the energy, as
seen in Fig. 6e, f and Table 5. Several studies such as those
performed by Baltaş and Çevik (2008), Medhat (2011), and
Marashdeh et al. (2015) report that Zeff and Nel present indeed
similar dependence on photon energy. This was confirmed by
plotting these two important attenuation parameters against
each other (Fig. 6g, h), which resulted in a linear relation
(Table 5). It is worth to mention that the plot scales in Fig. 6
were zoomed in relation to Fig. 5 in order to better visualize
variations in Nel and Zeff.

Finally, it is notable that although the variation in μm

among treatments is subtle, when using 247Am photon energy,
it causes relevant variation in ρ and φ, in the sense that a
higher μm gives lower ρs and higher φ (layer A) and vice
versa (layer B) (Table 6). On the other hand, μm values ob-
tained with 137Cs photon energy practically did not change ρs
andφ at neither of the soil layers. This occurs due to the weak
interaction of the photon with the soil for this specific energy,
which explains the similarities in μm values (Pires and Pereira
2014; Pires et al. 2016).

With these results inmind, one should be aware that using a
unique attenuation coefficient, in order to determine ρs and φ
of a soil submitted to different lime rates, may over or under-
estimate these important soil physical properties, especially
when the chosen energy source is 247Am.

These findings are relevant because traditionally, in the soil
science area, μm values are calculated without considering any
chemical modification to which the soil can be submitted. As

Table 5 Parameters of power adjustment for mass attenuation
coefficients (μm) and logarithmic adjustment for effective atomic
number (Zeff) and effective electron density (Nel) plotted as function of
the energy (E) (40–661.6 keV); linear adjustment for Nel plotted as func-
tion of Zeff in the same energy range, considering the 0–10 cm (A) and
10–20 cm (B) soil layers. R2 stands for the coefficient of determination

Layer A Layer B

a b R2 a b R2

Power fit: μm = aEb

REF 4.097 − 0.631 0.926 4.206 − 0.635 0.926
C0 4.002 − 0.627 0.927 4.103 − 0.631 0.926
C10 4.161 − 0.633 0.926 4.141 − 0.632 0.926
C15 4.270 − 0.637 0.925 4.045 − 0.628 0.927
C20 4.799 − 0.656 0.923 3.940 − 0.624 0.927

Logarithmic fit: Zeff = aln(E) + b
REF 0.054 9.926 0.822 0.057 9.930 0.820
C0 0.052 9.970 0.827 0.055 9.923 0.818
C10 0.053 10.000 0.816 0.056 9.924 0.816
C15 0.050 10.048 0.815 0.053 9.928 0.819
C20 0.046 10.215 0.830 0.051 9.933 0.806

Logarithmic fit: Nel = aln(E) + b
REF 0.016 2.287 0.822 0.016 2.868 0.820
C0 0.015 2.878 0.827 0.016 2.872 0.818
C10 0.015 2.877 0.816 0.016 2.871 0.816
C15 0.015 2.883 0.815 0.015 2.875 0.819
C20 0.013 2.894 0.830 0.015 2.880 0.806

Linear fit: Nel = aZeff + b
REF 0.290 − 2.10−11 1.000 0.289 − 9.10−12 1.000
C0 0.289 − 1.10−11 1.000 0.289 − 2.10−11 1.000
C10 0.288 0.000 1.000 0.289 4.10−11 1.000
C15 0.287 0.000 1.000 0.290 3.10−11 1.000
C20 0.283 − 7.10−11 1.000 0.290 − 2.10−11 1.000

Table 6 Values of soil bulk
density (ρs) and total porosity (φ)
predicted based on mass attenua-
tion coefficients (μm) determined
with 241Am and 137Cs photon en-
ergies for 0–10 cm (A) and 10–
20 cm (B) soil layers of the
Dystrudept

Layer A Layer B

μm

(cm2 g−1)

ρ

(g cm−3)

Φ

(cm3 cm−3)

μ

(cm2 g−1)

ρ

(g cm−3)

Φ

(cm3 cm−3)

247Am

REF 0.2929 1.190 0.502 0.2953 1.180 0.523

C0 0.2907 1.199 0.498 0.2930 1.189 0.520

C10 0.2944 1.183 0.504 0.2939 1.185 0.521

C15 0.2970 1.173 0.509 0.2916 1.195 0.517

C20 0.3088 1.128 0.526 0.2891 1.205 0.513
137Cs

REF 0.07668 1.236 0.482 0.07663 1.237 0.500

C0 0.07668 1.236 0.482 0.07666 1.237 0.501

C10 0.07670 1.236 0.482 0.07666 1.237 0.501

C15 0.07671 1.236 0.482 0.07665 1.237 0.500

C20 0.07678 1.235 0.483 0.07666 1.237 0.501

J Soils Sediments (2018) 18:1641–1653 1651



the soil bulk density and its total porosity are important pa-
rameters from the agricultural and environmental points of
view, not representative measurements of μm can lead to bi-
ased values of ρs and φ as shown (Pires and Medhat 2016).

4 Conclusions

1. Thirty months after liming application in the soil surface,
substantial improvements of chemical attributes were
achieved at the top soil layer, reflecting reduction in soil
acidity. However, this procedure was not efficient to cor-
rect soil acidity at the subsoil;

2. Liming increased the soil attenuation parameters (mass
attenuation coefficient, atomic and electronic cross sec-
tions, effective atomic number and electron density) at
the surface layer but practically did not change them at
the subsurface;

3. The increasing in the soil attenuation parameters was
more accentuated when using the 241Am photon energy
in comparison to 137Cs due to the higher contribution of
photoelectric absorption in the former;

4. The determination of soil physical properties such as bulk
density and total porosity is more influenced by variation
of mass attenuation coefficients computed with 241Am
than 137Cs photon energy.
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