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RESUMO

Técnicas geofisicas na avaliagao de processos naturais que ocorrem na pedosfera, em
diferentes pedoambientes e sua contribuigao para o mapeamento digital de solos

O uso de técnicas geofisicas aplicadas em geologia recentemente vem sendo utilizadoas
para estudos em ciéncias do solo. Entretanto, a maioria dos estudos concentram-se em
modelagem e mapeamento de atributos do solo, com pouca ou nenhuma énfase na compreensao
dos processos que ocorrem na pedosfera, bem como na inter-relacdo entre processos e fatores
pedoambientais (geologia, relevo, pedogeoquimica e hidrologia). A pesquisa foi realizada com o
objetivo de utilizar sensores geofisicos proximais (gamma e susceptibilimetro) para a
compreensio dos processos naturais que ocorrem na pedosfera  (pedogénese,
pedogeomorfolégicos, pedogeoquimicos), bem como a relagao desses processos com os atributos
do solo e a contribuicao para o mapeamento digital pedologico, destacando o potencial e a
limitacdo da técnica. A area de estudo esta localizada no estado de Sao Paulo - Brasil. Os dados
geofisicos foram coletados com sensores de campo, usando gamaespectrometro e
susceptibilimetro, em 89 pontos. Além disso, foram realizadas tradagens (0-20 cm) nesses
mesmos pontos, para andlises fisico-quimicas tradicionais. Esses dados foram combinados com a
descricao morfologica e classificacio do solo em varios perfis, geoprocessados e analisados
estatisticamente utilisando-se os softwares AnGIS, SAGAGIS e R. A litologia contribuiu
fortemente para os teores de uranio, toério, potassio (radionuclideos) e suscetibilidade magnética
(SM) em classes de solo menos evoluidas. Por outro lado, nas classes de solo mais evoluidas, a
pedogénese teve maior influéncia no teor de radionuclideos e na SM. Os processos
pedogeomorfolégicos afetam a distribui¢io de radionuclideos e MS devido ao transporte e
deposi¢ao de materiais e efeito erosivo, aproximando a superficie do solo com material de
origem. O comportamento geoquimico dos radionuclideos e as vias pedogeoquimicas de
formacao de minerais ferrimagnéticos sio controlados pelo intemperismo e condi¢cdes ambientais
da pedosfera, cuja drenagem ¢é uma das mais importantes. Os radionuclideos apresentaram boa
correlagao principalmente com a textura do solo, enquanto a SM apresentaram com a textura do
solo, CEC e Fe203. A SM identificaram as areas de transicao entre as classes de solos e litologia,
bem como variagdes nos teores de radionuclideos, fornecendo uma ferramenta potencial para
estratificagdo de classes de solos e mapeamento digital pedolégico. Para cada pedoambiente
especifico, é necessario estabelecer um modelo conceitual para interpretar o conteudo de MS e
radionuclideos do solo e sua relagio com os processos da pedosfera, uma vez que muitas
variaveis com caracteristicas diferentes afetam o conteudo e a distribuicao de radionuclideos, bem
como os valores de MS.

Palavras-chave: Gammaespectrometria, Susceptibilidade magnética do solo, Pedologia,
Pedometria, Geofisica
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ABSTRACT

Geophysics techniques on the evaluation of natural processes in the pedosphere, at
different pedoenvironment and its contribution for digital soil mapping

The use of geophysical techniques applied in geology has recently been used for soil
science studies. However, most studies focus on attribute modeling and mapping, with little or no
emphasis on understanding the processes that occur in the pedosphere, as well as on the
interrelationship between the processes and environmental factors (geology, relief,
pedogeochemistry and hydrology). The research was carried out aiming the use of proximal
geophysical sensors (gamma and susceptibilimeter) for the understanding of naturally occurring
processes in the pedosphere (pedogenetic, pedogeomorphological, pedogeochemical), the
relationship of these processes with soil attributes and the contribution to digital soil mapping,
highlighting the potential and limitation of the technique. The study area is located in Sao Paulo
State — Brazil. The geophysical data were collected using field sensors using gammaspectrometer
and susceptibilimeter, at 89 points. Also, augers were performed (0-20cm) in these same points to
traditional physical-chemical analyses. These data were combined soil morphological description
and classification in various profiles, geoprocessed and statistical analyses was undertaken using
the softwares AnGIS, SAGAGIS and R. The lithology strong contribute uranium, torium,
potassium (radionuclides) content in and magnetic susceptibility (MS) in less evolved soil classes.
On the other hand, in more evolved soil classes the pedogenesis had more influence in
radionuclides content and MS. Pedogeomorphological processes affect distribution of
radionuclides and MS by transport and deposition of materials and erosional effect, oncoming
soil surface of parent material. The geochemical comportment of radionuclides and
pedogeochemical pathways of ferrimagnetic minerals formation are controled by weathering and
pedosphere conditions, wich drainage is one of the most important. Radionuclides had good
correlation mainly with soil texture, while MS had with soil texture, CEC and Fe203. MS
identified the transition areas between soil classes, lithology as well as radionuclides variation
content, providing a potential tool for soil classes stratification and digital pedological mapping.
For each particular pedoenvironment a conceptual model to interpret soil MS and radionuclides
contentits and their relation with pedosphere processes, need to be stablish, once many variables,
with different characteristics affect radionuclides content and distribution, as well as MS values.

Keywords: Gammaspectrometry, Soil magnetic susceptibility, Pedology, Pedometry,
Geophysic
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1. THEORETICAL BACKGROUND

1.1. Geophysics

Geophysics comprehend the science that study the Earth surface and internal
proprieties throughout physical principles (Parasnis, 1986). It is a non-destructive and non-
invasive means of remotely investigating surface and subsurface of the Earth, using physical
phenomenon related to its constitution (Ruffell and McKinley, 2008), inferring the
distribution of Earth’s physical proprieties (Johansson and Akerman, 2008).

Geophysical surveys are the acquisition of a physical data set on land surface in a
specific area. The main physical proprieties are thermal conductivity, electrical
conductivity, propagation velocity of elastic waves, density, temperature, natural radiation
emission and magnetic susceptibility (Domra Kana et al., 2015). These proprieties are
determinate mainly by variation of physical-chemical attributes of structure of subsurface
Earth and rocks which, at least in one place present discontinuities, being possible to identify
throughout technique (Domra Kana et al., 2015).

According to Parker et al., (2010) geophysics techniques can be used in soil science
to study attributes and sediments. This technique allows studies and data acquisition of Earth
surface and subsurface, physical and hydrological processes at high resolution (Binley et al.,
2015), as well as, the analyses of interaction between surface and subsurface compartments in
pedosphere system (Falco et al., 2019). Besides, recently researchers have been made effort to
improve geophysical methods to mapping soil attributes (Romero-Ruiz et al., 2018).

There are many geophysics techniques used in geological prospection with potential
to be used in soil science studies, such as seismic, gravimetric, thermometric, electromagnetic,

magnetic and radiometric (Rutherford and Soddy, 1902).

1.2. Historical background of radiation and gamma-ray usage

Gamma spectrometry can be understood as measuring the natural emission of gamma
radiation (passive remote sensing) produced by the earth's surface, including soil, rocks and
sediments (Wilford et al., 1997). This methodology began after the discovery of the three
components of a, B and y radiation by Rutherford in 1902 and the later discovery and

formulation of the theory of radioactive decay in 1919 (principle of gamma-spectrometric
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measurement) by this same scientist, along with work developed by Rutherford and Soddy,
(1902).

After the discovery of radioactivity and radioactive decay, it was not long before
methods for measuring this energy were developed. The first detectors were built in the mid-
twentieth century, where the sensitivity of detectors made the greatest advances between the
1940s and 1950s. During this period the need for uranium exploration for war use in the
Second World War required research to be carried out. in order to identify new mines of this
mineral. Thus, the first countries to use aerogamaespectometry for 12 geological purposes
were Canada, the United States, and Russia in 1947 and later Australia in 1951 in search of
uranium (Pickup and Marks, 2000; Wilford et al., 1997).

After 1960, the development of laboratory gamma spectrometry began and major
applications in aerial gamma spectrometry for the purpose of mineral exploration and
environmental monitoring. The main applications of gamma spectrometry are: identification
of outcrop points and/or igneous intrusions, characterization of undifferentiated intrusions,
mineral prospecting, fertilizer influence analysis, oil exploration and environmental control
areas for exploration or leakage of radioactive elements (Ribeiro et al., 2013; Ulbrich et al.,
2009; Carrino et al., 2007; Conceicdo and Bonotto, 2003; Liining and Kolonic, 2003).

Recently, researchers were carried out using gamma ray spectrometry to study soil
attributes and pedology, as works developed by Herrmann et al., (2010) and Schuler et al.,
(2011). These researchers conducted soil mapping in Thailand from radiometric and
lithological data. The work of these researchers showed the efficiency of gamma-
spectrometry in predicting various soil attributes and weathering stage. According to Stenberg
et al., (2010), some of the attributes of soils that can be determined and quantified with

gamma-spectrometry are: clay content, total organic carbon, mineralogy and water content.

1.3. Radiometric technique: Radiation, radioactivity, radionuclides and gamma
spectrometry

Radiation refers to type of energy transmission in small particles moving at high
speed, or by light-like electromagnetic waves and can be classified in several types according
to electromagnetic spectrum. On the other hand, radioactivity is directly related to the
nucleus of atom and nuclear reactions that causes nucleus changes and transformation in other
elements (Rutherford and Soddy, 1902).
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According to Minty, (1997) there are some physically unstable elements of natural
occurrence in the nature. These elements tend to reach a stable form throughout radioactive
decay and nuclei disintegration. Radioactive decay is a statistical variable that demonstrates
the probability of an atom’s disintegration within a given time frame (Mernagh and Miezitis,
2008).The change to unstable form to stable form and nuclei change, emit a natural energetic
ionizing radiation that, according to penetration power can be classified in alpha, beta and
gamma.

Given this, alpha particles have lesser penetration energy and can be barred by thin
sheet of paper. Beta particle has an intermediate penetrative energy, ionizing the air for a few
centimeters and can pass through a metal blade with some millimeters thick. With respect to
gamma, it has highest penetrative energy and can penetrate up to 30 centimeters in rock and
tens of meters in the air. It is important to realize that, these radiations have no charge. As a
consequence, they cannot be diverted by electric or magnetic fields, exhibiting the
characteristics of an electromagnetic wave (Minty, 1997).

The Uranium (U), Thorium (Th) and Potassium (K) are the single unstable elements
naturally occurring in the earth's crust that emit gamma rays, during radioactive decay, with
sufficient energy intensity for detection in gammaspectrometric surveys and are considered
radionuclides (Minty, 1997).

Radionuclides are natural radioactive elements that emit radiation and are governed
by the law of radioactive decay, a process that generates gamma rays and are of short
wavelength electromagnetic spectrum. The most commonly used electromagnetic spectra in
geological studies (gammaspectrometric surveys) are energy spectra between 0.2 and 3 MeV,
encompassing the energy spectra of U, Th and K (Fig. 1) (Minty, 1997).
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Figure 1: Natural gamma ray Spectrum highlight the potassium, uranium and thorium
channels (Wilford et al., 1997).

Spectrometry can be understanding as the science concerned with the measurement
of spectra, which in turn, comprises a large spectral line (Fig. 2). Spectrometry is based on the
interaction of the radiation emitted by some sample with the detector, and the qualitative and
quantitative discrimination of radioisotopes present in the sample, result of these interaction
(Lindon et al., 2016). Gamma spectrometry, is the spectrometry and geophysical technique
(radiological) that generates data from gamma radiation emitted by naturally occurring

radionuclides in rocks, minerals, soils and sediments, mainly U, Th and K (Minty, 1988).
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Figure 2: different electromagnetic spectrum and type of waves, frequency and penetration (
Ashraf et al., 2011).

In gamma spectrometry, the thorium (Th) and uranium (U) elements are indirectly
quantified via absorption energy, (approximately 2.62 MeV and 1.76 MeV, respectively),
through the thallium (Tl,g) and bismuth (Bi2i14) child elements (Fig. 3), respectively. The Ky
is quantified in its entirety, including K in the rock and mineral structure, as well as K
adsorbed to soil minerals, and is directly measured by the absorption energy of 1.46 MeV,
resulting from decay from K* to Ar* (Fig. X). Since the Th and U elements are indirectly

quantified, they are called eTh and eU, respectively (Minty, 1997).
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Figure 3: a) U*® and Th®*? decay series adapted from Minty, (1997), simplified after
Radiological Health Handbook (1970), and Ivanovich and Harmon (1982). b) K* decay
series, adapted from (Gillot et al., 2006).

1.4. Radionuclides physico-chemical attributes in mineralogical, geological and

geochemical aspects in the pedosphere

Uranium exist in tetravalent and hexavalent forms in nature (Fig. 4). It is
positively correlated concentration with the silica content of igneous rocks, being more
abundant in intrusive felsic rocks and less common in ultramafic rocks. U occurs in rock
minerals such as quartz, biotite, horblende and feldspar or trace minerals such as
zirconium, epidote, apatite, titanite, monazite, among others, in the form of traces. Its
most common mineral form is Uranite UO,, Us0g. The mobility of this element is
extremely dependent on pH and redox potential conditions. The U may be leached with
soluble minerals under oxidizing conditions or precipitated under reducing conditions
(Lancmuir and Herman, 2002). U** and Th** released by weathering can be adsorbed on
the surface of clay minerals, iron and aluminum oxides and organic matter in the form of

impurities and traces. Concentrations vary depending on the content and types of clay
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minerals. Unlike Th, the oxidized form of U (uranil) is soluble, which gives U greater
instability under weathering conditions than Th. In intense weathering and favorable
conditions, the uranium is preferably removed, with the U/Th ratio being a measure of the

degree of material change (Dickson & Scott, 1997).

Bound in minerals such as uraninite, pitchblende, coffinite, etc.
fixed as a replacement ion for Y, Ce, Zr, Th, Ca, and Ba in other,
particularly accessory minerals and adsorbed as ion on clay
minerals, hydrous iron oxides etc,

U4+

Immabile

Reduction; solution,
adsorption, and precipitation

Oxidation: solution,

Solution and mobilization
as colloids

Degradation
of organic

compounds \

and mobilization
as colloids

u*

4+ Mobile as U“ complexes
Immobile/fixed in humus,
plants, animals, and
organo-metallic compounds

Mobile as (U0,)** complexes
Immobile/bound in uranate,
uranyl minerals, plants,
and animals

Reduction; absorption by plants and

animals; adsorption, chelation

Bacterial and chemical oxidation

Figure 4: Interconversion cycle of U** and U®" in nature (after Boyle, 1982) adapted by
Dahlkamp, (1993).

The thorium (Th) only exists in the tetravalent forms in nature and reduction
processes have no important in its geochemistry cycle (Fig 5). Th found in quartz and
feldspar minerals in rocks, or forming other minerals such as thorianite, monazite,
cheralite, huttonite and thorita. This element has a large ionic radius and has little affinity
for the solid phase. Its precipitation following magma crystallization is associated with
other incompatible elements (HFSE or LREE group) such as zirconium, niobium,
hafnium, tantalum, uranium, K and rare earth elements. Th is most abundant in felsic
igneous rocks such as granites, rhyolites and gneisses. The Th present in the minerals
occurs as a tetravalent Th*" ion. In solution, the Th** ion forms complexes with chlorides,
fluorides, nitrates, sulfates, carbonates, phosphates, silicates, acetates, organic matter and
others (Mernagh and Miezitis, 2008). Associated with organic complexes Th is very
dynamic, with great mobility in solution with pH below 8.0 (Lancmuir and Herman,

2002). In the sand fraction of soils, Th and U are associated to a greater degree with
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minerals of Zr (zircon) and Ti (anatase and rutilium), whose affinity is due to the great
stability and resistance of these minerals to weathering. Generally, the higher expression
of these minerals is associated with their relative residual concentration due to the
advanced weathering state with clay destruction. They may also be associated with

ferruginous nodules and concretions, also residual in conditions of intense weathering.

Bound in the minerals thorianite and thorite

Bound as replacement for U, Zr, Ce, elc. in uraninite,
zircon, monazite, brannerite, allanite, etc.

Fixed as an adsarbed ion or complex on clay colloids,
hydrous iron oxide, etc.

Th*

Immobile

Soluble as sulphate, 4+ 4+
halide, nilrale,pand as Th ‘ Th . Bound as humates
hydroxide, carbonate,  (\obile) (Mobile and immobile) ales,
silicate, phosphate fulvates, organic colloids,
fuorde %rgaﬁic <. Complexes Chelates and organo-  pyronitumen, etc.

N "7 and colloids compounds

complexes

o0
Bﬁcfen'a, and chemical deg(ade

The reaction Th" = Th* is possible but does not oceur in nature as Th*

is unstable in an aqueous environment.

Figure 5: Cycle of Th*" interconversions in nature (modified from Boyle, 1982) and
adapted by Mernagh and Miezitis, (2008).

In relation to K, the main source on the earth's surface comes from the
decomposition of igneous rocks. K is a highly incompatible element with melting magma
(HFSE group), being more abundant in acid plutonic rocks, proportionally to the silica
increment. Compared to these rocks, in mafic minerals, olivines and pyroxenes the K
contents are lower. Potassium minerals include orthoclase and microline; feldspar,
muscovite, biotite and amphibole. In soil K contents are associated with the intensity of
weathering. Due to the solubility and mobility of these minerals there is marked depletion
of K content during the advancement of pedogenesis. In conditions of intense weathering
and free drainage K soil is easily removed by leaching the profile. The K + ion released
in solution can be adsorbed on the clay surface replacing Si**, AI**, Fe* and Mg,

mainly as a function of pH. K detected in gamma spectrometric surveys in soils is
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generally related to minerals in which it is part of the structure, such as micas, potassium
feldspars and illites, as well as soils where there is a possibility of formation of expansive

clay minerals such as montmorillonite (Dickson & Scott, 1997).

1.5. Distribution of radionuclides in rocks and soils

Previous research undertaken by Wilford et al., (1997) in Australia,
demonstrated a positive correlation between silica content and radionuclides in igneous
rock, which felsic rocks present the highest radionuclide content (Fig. 6). All
radionuclides tend to increase with increasing silica contents in the rock, however, the
thorium contents increase overmuch (Dickson & Scott, 1997; Mernagh and Miezitis,
2008). On the other hand, in metamorphic rocks, there are decreases in radionuclides

content, with increases in metamorphic degrees (Mernagh and Miezitis, 2008).
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Figure 6: variation in average of Uranium, thorium and Potassium in igneous rock with
increasing in acidity (silica content) (Dickson & Scott, 1997).
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In sedimentary rocks, there is certain variability of radionuclides content (Tab.

1), due to the nature of formation of this type of rock, throughout sedimentary cycle

(Boyle, 1982). Therefore, sedimentary rocks reflect the parent material pre-weathered

and minor radionuclides content compared to immature sediments (Dickson & Scott,

1997).

Table 1: Uranium and thorium content according to rock type. Adapted from Boyle,

(1982).

Radionuclides

U (ppm) Th (ppm)

Igneous

Ultrabasics (peridotite, dunite, etc.)

Basic intrusives and extrusives (gabbro, basalt, etc.)
Intermediate intrusives and extrusives (diorite, andesite, etc.)
Acid intrusives and extrusives (granite, rhyolite, etc.)
Alkali-rich (sienites, alkali granites)

Metamorphic

Quartizites, meta-greywacke, meta-conglomerate
Marbe and crystaline dolomite

Phyllite, meta-argillite, slate

Schists (igneous parentage)

Gneisses and granulites

Sedimentary

Arenites and rudites (sandstone, arkose, greywacke, conglomerate)

Lutites (shales, argillites)

Precipitates (limestone, dolomite, siderite)

Evaporite (halite, silvite)

0.02 0.1
0.6 3

2 5
45 15

up to 100 up to 100

15

0.5

25 10
6

3 10

15 5

3.5 12

15 1

0.1 0.2

Due to the large variation of radionuclides in the same rock group, it is very

difficult to predict a given concentration of radionuclides in each specific rock.

Therefore, a petrographic classification based on radionuclides concentration cannot be

performed (Dickson & Scott, 1997).

Second Boyle, (1982) the Th content in soil is relatively high, varying from 0.1

ppm to 50 ppm with an average of about 1 ppm (Tab. 2). In residual soils, the Th content

depends of parent material, which the high values occur on acid igneous rock, schists and

gneisses, whereas the lowest in basic igneous rock. The Th overly values (200 - 1000 ppm
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or higher) occur in soils, clays, laterite or bauxite developed from thorium-rich pegmatites
or alkaline rocks.

The U in soil has a complex behavior, due to several chemical species form and
various environmental factors that influence its behavior. As result, there is a great
variability of U content in soil (Tab. 2). There are two main processes that affect U
mobility on inorganic soils: sorption and complexation. The main soil attributes related to
these processes are clay type and content, iron and aluminum oxides, organic matter and
biological activity (transformation and fixation). So, the system of U distribution and
concentration in pedosphere is complex, due to all of these environmental factors act
simultaneously (Vandenhove et al., 2007). Other important soil attribute related to U
content is pH and its relationship with sorption process. Increases in pH results in more
available negatively charged binding sites on clay surface. As a consequence, more U is
adsorbed on mineral particle surface. The opposite it is also true. Above pH 6, the
fraction of U that is complexed by carbonates increases. As a result, it tends to enhance
the U mobility in soil (Koch-Steindl and Prohl, 2001).

Potassium has high solubility and mobility in pedosphere, under strong weathering
conditions like tropical environments, resulting in loss in soil solutions or sorption in clay
minerals (Ulbrich et al., 2009; Wilford et al., 1997). Due to this, the K content in soil is
generally low compared to other radionuclides (Table 2).
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Table 2: Radionuclides content in Australian rock and soil. Adapted from (Dickson &
Scott, 1997)

Rock type Rock Soil
K@) U(pm) Th(ppm) K(%) U(ppm) Th(ppm)

Intrusives
Granitoids 03-45 04-78 23-45 04-39 05-78 2.0-37
Gneissic 24-38 21-36 18 - 55 07-19 16-38 6.0-19
Pegmatite 2.6-55 03-1 0.3-9.6 - - -
Aplites 06-4 1.8 3-20 - - -
Quartz-feldspar 1.5 13-29 6-14 - - -
porphyry
Intermediate 07-56 01-12 08-61 07-34 15-23 29-84
intrusives

Mafic intrusive 0.1-08 00-11 0.0-31 - - -

Extrusives
Felsic volcanics 2-4.4 1.4-13 13-28 18-32 13-24 10 - 18
Intermediate 18—-41 09-56 15-15 10-27 12-36 4.0-17

volcanics
Low-K andesites 0.7-0.9 1.0-25 3.8 08-15 12-15 4.0-6.0
Mafic volcanics 0.3-1.3 0.3-1.3 20-50 02-14 06-25 3.3-13
Ultramafic 02-09 03-09 00-40 0.6 2 6.0
volcanics

Sedimentary

Archaeanshales 04-16 03-1.3 15 0.8 1.2 3.0
Other shales 0.1-4 1.6-3.8 10-55 0.7-3.0 1.2-5 6.0-19
Arenites 0.0-55 0.7-5.1 40-22 0.1-24 12-44 7.0-18

Carbonates 0.0-05 04-29 0.0-29 - - -

1.6. Perspectives of gamma spectrometry in soil science

Many works, in addition to geology studies, demonstrate several applicability of
gamma spectrometry in pedosphere studies such as soil texture prediction (Priori et al.,
2014; Heggemann et al., 2017; Coulouma et al., 2016; Egmond et al., 2018), weathering
index (Wilford, 2012), soil survey and digital soil mapping (Moonjun et al., 2017),
organic carbon mapping (Dierke and Werban, 2013), geochemical studies (Guagliardi et
al.,, 2013; Paisani et al., 2013), pedogenesis processes (Schuler et al., 2011),
pedogeomorphology and landscape evolution (Triantafilis et al., 2013). With advances in

remote sensing and arise of new geotechnologies, it will be possible to combine these
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technologies with geophysical gamma survey to be used in soil science, in order to
understand natural processes in pedosphere, soil attributes modelling and mapping, as
well as the usage of these information establish farming planning and environmental

management.

1.7. Magnetic proprieties and methods

The magnetic susceptibility K, is defined by M = [K] x H, which M is the induced
magnetization of the material and H is the inductive magnetic field, it is the degree to which a
substance can be magnetized (Rochette et al. 1992), having applicability in geophysical
surveys of magnetic susceptibility throughout magnetic methods. The magnetic methods are
well established in applied geophysics as an investigative methods used to understand the
magnetic elements in petrophysics and optimize field data acquisition and interpretation
(Clarck & Emerson, 1991).

The tree chemical element which are magnetizable are iron (Fe), cobalt (Co) and
nickel (Ni). However, the magnetic attributes of rocks, soil and minerals are iron dependent,
once Fe is 40 times more abundant than the sum of all other magnetic elements in the earth’s
crust (Coey, 1987).

The MS is determined by magnetic particle concentrations, grain sizes, grain shapes
and mineralogy (Thompson and Oldfield, 1986). There are two main methods to measure of
MS: field measures, which is reported as dimensionless volume units (e.g., X 10™ (SI units))
and, laboratory measurements, reported in mass-based units (e.g., X 10 m® x Kg™* (SI units))
(Mullins, 1977).

1.8. Magnetic susceptibility in minerals and soils

The magnetic behavior of minerals is result of magnetic moment produced by
electron orbiting their nucleus and spinning around their axis (Mullins, 1977). According to
magnetic moment and strength of each mineral, they can be classified as ferrimagnetic,
ferromagnetic, diamagnetic, paramagnetic and anti-ferromagnetic (Tab. 3) (Dearing, 1994;
Mullins, 1977).

In ferromagnetic minerals, mainly in iron crystalline, occur an interaction between

adjacent atomic spin magnetic moments, which millions of atoms behave collectively as a
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tiny magnet. Ferrimagnetic minerals, which in turn, the same phenomenon occurs but, in this
particular case, two out of three of the magnetic moment up in one direction, whereas the
other one is oppositely aligned. In antiferromagnetic minerals, adjacent atomic magnetic
moments naturally align themselves in opposite direction resulting in zero magnetic moment.
Diamagnetic minerals have zero magnetic moment and, when it is applying a magnetic field,
the electrons motions tend to organize in the direction opposite to the applied field. On the
other hand, in paramagnetic minerals, with small magnetic moment, when subjected to a
magnetic field, the electrons tend to line up in the direction of the magnetic field (Figure 7)
(Mullins, 1977).
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Ferromagnetism Ferrimagnetism
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moment null
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Antiferromagnetism Paramagnetism
Figure 7: different kind of magnetic comportament (adapted from Luque, 2008).

According to Mullins, (1977), the two most important magnetic minerals in soils are
magnetite and maghemite. Despite of that, there other minerals in soil with great variability of
MS (Tab. 3).
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Table 3: Magnetic susceptibilities for several iron oxides and soil constituents adapted from
(Van Dam et al., 2004) (data Maher, 1998; Thompson, R., Oldfield, 1986).

Material Chemical form Magnetic status Magnetic
susceptibility (10-8
m3 kg-1)
Water H,O Diamagnetic -0.9
Quartz Sio, Diamagnetic -0.6
Pyrite Fe,O4 Paramagnetic 30
Ferrihydrite 5Fe,05.9H,0 Paramagnetic 40
Lepdocrocite g-FeO.OH Paramagnetic 70
IImentite FeTiOs Superparamagneitic 200
Hematite a-Fe, 0O, Antiferromagnetic 60
Goethite a-FeO.OH Antiferromagnetic 70
Pyrrhotite Fe;Sg / FegSq / FegSyg Ferrimagnetic ~5,000
Maghemite g-Fe,03 Ferrimagnetic 40,000
Magnetite Fes0, Ferrimagnetic 50,000

Ferromagnetic and ferrimagnetic minerals are strongly magnetic susceptibility, with
large positive MS values, such as magnetite and maghemite. Diamagnetic minerals with
negative and low MS such as quartz and orthoclase. On the other hand, paramagnetic minerals
have positive and low MS, such as ferrinydrite, biotite, pyroxenes, olivines. Anti-
ferromagnetic minerals have positive and negative magnetic moment resulting in magnetic
moment null, but the spin results in positive moderate magnetic susceptibility, such as
goethite and hematite (Deng, 2015; Van Dam et al., 2004).

The pedogeochemical pathways of iron-mineral released from parent material and
neoformation of magnetic minerals, are showed in Figure 8. The various pathways depend of
pedoenvironmental conditions, as pH, drainage, micro-organisms activities, temperature,
organic matter content. Ferrihydrite is mineral precursor to hematite and goethite formation,
as well as magnetite and maghemite. To pedogenesis of main magnetic minerals in
pedosphere (magnetite and maghemite), it is required presence of Fe Ill in parent material and
the liberation of Fe to soil system throughout weathering.

Once the Fe is in soil system, it is subject to pedoenvironmental conditions. If the
organic matter content is high (in pH 3 — 8), the Fe can complex with it, decreasing Fe
availability in soil system. As a result, ferrihydrite formation will be reduced and goethite
formation will be favorable. On the other hand, in low organic matter content, ferrihydrite is

formed and can follow the pathway of hematite. If the temperature is high (favorable to
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complete dehydration) and drainage efficient (no redox conditions) hematite is formed. Also,
ferrihydrite is precursor of magnetite and maghemite. If dehydration is partial in efficient
oxidizing conditions, magnetite will be formed. However, once magnetite is formed and, if
oxidizing is slowly on magnetite occur, it will be convert to maghemite (Dearing et al., 1996;

Schwertmann, 1988).
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Figure 8: Schematic representation of pedogeochemical pathways of formation of magnetic
minerals in pedosphere system (adapted from Dearing et al., 1996; Schwertmann, 1988).

1.9. Perspectives magnetic susceptibility in soil science

Recently, many researchers were in order to evaluate soil processes throughout MS
(Blundell et al. 2009; Sarmast et al. 2017; Ayoubi et al. 2018; Cervi et al. 2019; Gholamzadeh
et al. 2019). The knowledge of these processes and combination of the MS with other sensors
and technologies can be used as a tool in soil classification and digital mapping (Sarmast et al.
2017; Cervi et al. 2019). As a result, it will be possible to undertake farming and
environmental planning and monitoring, in order to reach a sustainable land use and

management.
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Abstract

The understanding of pedogeochemical, pedogeomorphological processes and their
relationship with soil attributes can provide data that optimize land use and management.
Geophysical methods such as proximal gamma spectrometry have high potential to provide
information for understanding the processes that occur in the pedosphere and some
pedological attributes. Therefore, this research was undertaken aiming at understanding and
recognizing landscape dynamics, pedogenesis processes, soil attributes, as well as, the use of
gamma-spectrometry. The study was carried out in southeastern Brazil. Soil samples were
physico-chemical analyzed at 89 locations (0 - 20 cm). At these sites, surface gamma-
spectrometric data were collected, which gives information about radionuclides such as
uranium, thorium and potassium. The data were analyzed and geoprocessed using R, SAGA
GIS and ArcGIS softwares. Radionuclides were analyzed in four topossequences and related
to geology, relief and soil classes considering pedogeochemical aspects. The concentration of
radionuclides in the soil has a direct relationship with the contents present in the parent
material and, consequently, with the rocks and sediments mineralogy. In addition, the
geochemical behavior and weathering of each radionuclide determines its permanence or its
removal in the soil. Denudation processes that occur along each topossequence determine the
distribution of radionuclides along the relief. The radionuclide contents in certain soil class is
related to pedogenesis processes, mainly claying for more evolved soil classes and / or those
with argic horizon, whereas in less evolved soil classes the parent material exerts a more
significant effect than pedogenesis. There was a negative correlation between uranium and
altitude, indicating greater mobility of this element in relation to thorium which, in turn
presented a negative correlation with sandy texture and positive with clay. Potassium
presented a positive correlation with soil CEC and clayey texture. The gamma-spectrometric
sensor detected significant variations in certain parts of the topossequences, that were not
detected in traditional soil survey. This may indicate changes from one soil class to another or
the continuity of a particular soil class, demonstrating the potential of this tool for digital
mapping and pedogeochemical, pedogeomorphological and pedogenesis processes studies.
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2.1. INTRODUCTION

Soil is the substrate for all agroforestry activities, being an essential environmental
component for the maintenance of human life, through the production of food, fiber and wood
(Robinson et al. 2017). According to FAOSTAT (2003), approximately 95% of world
agriculture depends on the soil. Some studies suggest that food production will have to be
nearly doubled to meet the demand of 9 billion people by 2050 (Godfray et al. 2010). As a
result, agriculture has been expanding to new frontiers, causing losses of native vegetation,
biodiversity and impacts on the hydrological cycle, carbon emission and soil degradation
(Silvério et al. 2015; Barlow et al. 2016; Baumann et al. 2017).

The soil composes the pedosphere, which in turn, interfaces with the hydrosphere,
lithosphere, atmosphere and biosphere, directly affecting the dynamics of all aquatic and
terrestrial ecosystems. There are many processes occurring in pedosphere, which in turn
affects other environmental spheres. Some of important processes are: pedogeomorphological
referring to geomorphological effects like erosional and depositional processes on soil
(Atalay, 2018); Pedogeochemical is the geochemical processes on mineral formation and
some soil attributes (Paisani et al. 2013); Pedogenesis refers to geochemical and biological
processes that result in specific soil classes formation and / or horizons (Van Breemen and
Buurman, 2003).

To mitigate or prevent soil degradation, land planning is needed, throughout the
knowledge of processes, attributes and their distribution on the landscape. Soil spatial
information is important to the efficient use of resources, once it allow a better decision
making and consequently a sustainable management of soils (Foley, 2011). Land surveys
provide information on the spatial distribution of soil classes and attributes for a given area.
However, according to Hartemink et al. (2013), few countries have detailed soil maps that,
despite of provide useful information, do not attend the necessity of pedologists due to
widespread information (Arrouays et al. 2014). In Brazil, the RADAMBRASIL project
carried out in the 1970s produced pedological maps on the scale 1: 1,000,000 or less
(McBratney et al. 2003), However, it provides only a general information about the soil
variability.

Traditional soil mapping is expensive and time-consuming. Usually, it provides

limited information (Soil Survey Staff, 2017), and in some cases, do not allow field incursions
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(Kempen et al. 2012). Nevertheless, in recent years, new technologies have emerged allowing
Earth observation, being remote sensing one of the most important for soil data acquisition
(Soil Survey Staff, 2017). According to McBratney et al (2003), the proximal remote sensing
can be used to soil attributes mapping. Among the techniques, the reflectance spectroscopy is
one of most used to extract soil information. However, these techniques have limitations in
time to prepare samples (Dematté et al. 2015).

Recently, geophysical methods such as gamma-spectrometry, so far used for
geological prospecting, have great potential for soil studies (Schuler et al. 2011; Beamish,
2013; Reinhardt and Herrmann, 2019). Herrmann et al. (2010) highlighted the distinction of
soil and relief classes in Thailand using this technique. Moonjun et al. (2017), emphasized the
importance of the technique to understand soil formation processes. These authors, combine
gamma spectrometry to digital elevation model and generated pedological maps.

Gamma spectrometry is a geophysical technique that generates data from gamma
radiation emitted by naturally occurring radionuclides in rocks, minerals, soils and sediments
(Minty, 1988). Radionuclides are natural radioactive elements, mainly by thorium, uranium
and potassium, that emit radiation and are governed by the law of radioactive decay, a process
that generates gamma rays and are of short wavelength electromagnetic spectrum.

The quantification and understanding of the radionuclides distribution (eTh, eU and
K) in rocks, sediments, soils and on the landscape can provide insights about
pedogeomorphological processes. It also indicate chemical composition of rock constituent
minerals and mineralogical composition which may describes secondary minerals weathering
products (Wilford et al. 1997). However, due to the complexity of the quantities and
distribution of radionuclides in soils and landscape, for each environment, a conceptual model
of behavior and understanding of radionuclides, as well as they relationship with
environmental variables should be elaborated, due to the particular geological and
pedogeochemical differences of each environment.

Recent researches has been carried out using the gamma-spectrometric technique
with emphasis on the prediction of soil attributes such as texture and hydraulic properties
(Beamish, 2013; Priori et al. 2014; Heggemann et al. 2017; Read et al. 2018; Pinheiro et al.
2019; Morais et al. 2019), precision agriculture (Dierke and Werban, 2013; Dennerley et al.
2018; Meyer, 2019) and digital soil mapping (Herrmann et al., 2010). However, the results of
most studies show the limitations of sensors and technique for prediction and correlation with
certain soil attributes, digital soil mapping and understanding of landscape dynamics, due to

the poor information about how radionuclides are distributed in the environment and the
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natural processes that determine this distribution (Laubenstein et al., 2013). Therefore, to
advances in gamma-spectrometry technique applied to soil science, it is necessary to go
forward on understand of the radionuclide variation along landscape and its relationship with
environmental processes in pedosphere, as well as the relationship with soil attributes and
their applications.

The radionuclides present in soil parent material, after release in soil solution by
weathering, it can have many pathways in soil profile and on landscape. The behavior of
radionuclides dependent of geochemical proprieties of each element. Due to this, the
hypothesis of this research assumes that the concentration and distribution of radionuclides on
the landscape has a direct relation with geomorphological, geochemical and pedogenetic
processes that occur in the pedosphere and some of its attributes.

Given the above, the present research aims to underline the fundamentals of emitted
gamma radiation along relief, by pedogeomorphological, pedogeochemical and
physicochemical point of view, as well as its relationship with some soil attributes. We expect
to provide a basis for understanding the distribution and concentration of radionuclides in the
relief and the integrated soil processes evolved, allowing improves in soil attribute prediction
modeling, pedogeoenvironmental reconstruction, geological infers, geochemical history,
pedogenesis processes related to soil classes and digital soil mapping. With this information,
it is possible to determine the appropriate use and management of soil in order to achieve

sustainable land use.

2.2. MATERIAL AND METHODS

2.2.1. Study area, soil sampling and physicochemical analysis

The study area has 183 hectares and is located in Raffard County, Sdo Paulo State,
southwest of Brazil, between the geographic coordinates 23° 0° 31.37” to 22° 58 53.97” S
and 53° 39’ 47.81” to 53° 37° 25.65” W, in the Capivari river basin, Tieté sub-basin (Fig. 1),
with the predominance of sugarcane cultivation. Geomorphologically, this area is inserted in
the Paulista Peripheral Depression, with predominance of ancient Paleozoic sedimentary
rocks, relatively less resistant to weathering and erosion, than the formations of the oldest
neighboring plateaus (Atlantic Plateau to the east and Western Plateau to the west). The
altitude and slope range from 474 to 567 meters and 0 to 35%, respectively (Fig. 2a and 2d).
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Figure 1. a) Study area, collected points and selected topossequences and Gamma-ray spectrometer
(RS 230) reading soil surface and GPS attached to sensor.

The geology pertaining to Itararé formation (Tubardo group), which is composed by
siltstone and metamorphic siltstones, as well as, intrusive diabase dykes of the Serra Geral
Formation (Séo Bento group) and fluvial sediments deposited by the Capivari River in ancient
fluvial terraces (Fig. 2b). According to the Koppen classification, the region's climate is
subtropical mesothermal (Cwa), with average winter temperatures of 18 ° C (July) and
summer temperatures of 22 ° C (February). Regarding the average annual precipitation, the
volumes vary between 1100 and 1700 mm (Alvares et al., 2013; Nanni and Dematté, 2006).

Due to geological complexity and heterogeneous relief, the soils that occur in the
area (Fig. 2c) were allocated into several classes. For soil classification, 16 profiles were
evaluated (Fig. 1), and were classified according to (Bazaglia Filho et al. 2013; Nanni and
Dematté, 2006) in: Cambisols, Phaeozems, Nitisols, Acrisols e Lixisols (IUSS Working
Group WRB, 2015). In addition to the profiles, soil samples were collected for the
physicochemical analyzes, through augers, in 89 points (0 - 20 cm layer), distributed
according to Fig. 1.
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Figure 2. a) Digital elevation model. b) Geological compartments of landscape. ¢) Soil classes: CX:
Haplic Cambisols, CY: Fluvic Cambisols, MT: Luvic Phaozem, NV: Rhodic Nitisol: PA: Xanthic
Acrisol, PVA: Rhodic Lixisol. The geological and Soil classes maps were adapted from Bazaglia Filho
et. al. (2012). d) Slope.

The sand, silt and clay contents were determined by the densimeter method,
according to Camargo, et al. (1986) and the textural groups following EMBRAPA, (2011).
The dry and wet color of the samples was determined using the Munsell color chart. For the
determination of exchangeable cations, Calcium (Ca), Magnesium (Mg), Potassium (K) and
sum of bases (SB), as well as, the other chemical attributes, base saturation (V%), aluminum
saturation (m%), electrical conductivity (ECC), pH in water and KCI, total and effective

acidity and organic matter content were determined according to EMBRAPA, (2017).

2.2.2. Geophysical data collection
Game-spectrometric measurements were performed using the near-gamma-

spectrometer (GM) model Radiation Solution RS 230 (Fig. 1). The main captured energy by
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sensor originates from soil depth of 30 to 60 cm, depending on bulk density and wetness
(Wilford et al. 1997; Taylor et al. 2002; Beamish, 2015). Automatic GM calibration was
performed by switching on and leaving the sensor on the ground surface for approximately 5
minutes until the readings of the eU, eTh and K contents were stable, where the mean values
are graphically demonstrated and the sensor outputs, which a beep, indicating that the device
is properly calibrated (Radiation Solutions, 2009). Measurements were taken in the ‘assay-
mode’, the highest precision, which radionuclide contents are quantified in parts per million
(ppm) for eU and eTh, whereas for K the unit of measurement is in percent (%). Gamma-
spectrometric readings of eU, eTh and K contents, were maintained during the interval of 2
minutes by each point, allowing enough time to establish a stable spectrum (Fig. 1). The GM
has an own GPS that was coupled to the equipment, which allowed georeferencing with
altimetric dimensions of the collected points. The collected data were stored in the memory of
the equipment itself, where they were later transferred to a computer, where tables were
generated, in a format compatible with the geoprocessing software and, where these data were
concatenated with their respective information from the physicochemical analyzes of all

collection points for later geoprocessing.

2.2.3. Generation of digital elevation model, slope and maps
The digital elevation model (DEM) and slope (S) models were extracted from the
database, crated from GPS data and tabulated on the computer, using the SAGA GIS (2.1.2)
software and the terrain analysis tool. In order to analyze the behavior of radionuclide
contents distributions in relation to geology, soil classes and relief, four topossequences were
also established, using ArcGIS 10.3 software (ESRI, 2011), with length ranging from 850 m
to 1180 m and altitudes ranging from 550 m to 477.2 m (Fig. 1), spanning four geological

compartments and six soil classes (Fig. 2a 2b and 2c, respectively).

2.2.4. Statistical analysis
Descriptive statistical analysis was performed using the software R (R Core Team,
2015), boxplot function corrplot package, where the values of maximum, minimum, mean,
median, standard deviation (SD) and coefficient of variation (CV) were obtained for
radionuclide contents in relation to geology, topossequences and soil classes. Also, a Pearson
correlation analysis was performed between all soil attributes and radionuclide contents.
Analysis of variance (ANOVA) with type 11 error was performed by comparing radionuclide

contents between lithology and soil classes (Fig. 4 b and c). At this stage, the R emmeans
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(Estimated Marginal Means) package was also used to consider the averaging for unbalanced
levels. The ANOVA was performed using the sums of squares type Il proposed by (Fisher,
1925) and described by (Yates, 1934). Subsequently, the means were compared using the
Simultaneous Inference in General Parametric Models (R) multcomp package, to verify
statistically significant differences between radionuclide concentrations over the lithological
compartments and soil classes using marginal contrasts adjusted by Tukey.

The interpolations of the three radionuclides were performed aiming to compare the
punctual values and analyses the spatial distribution on study area, using the software ArcGIS
10.3 (ESRI, 2011) and the interpolation tool (IDW), inverse square of distance method.

2.3. RESULTS AND DISCUSSION
2.3.1. Distribution of radionuclides and relationship with geology, mineralogy
and pedogeochemical processes
The mean contents of the radionuclides eU, eTh and K, on the lithological
compartments, diabase, metamorphosed siltstone, siltstone and fluvial sediments are shown in
Table 1.

Table 1. Descriptive statistics for the analyzed radionuclides by geological compartments

o eU?! eTh? K3

Summary Statistics

MS S FS D MS S FS D MS S FS
Mean 2.28 2.93 2.95 2.94 6.70 749 697 681 033 0.76 0.21 0.38
Standard deviation 0.72 0.58 0.71 0.61 1.62 194 271 251 0.25 042 0.16 0.16
Minimum 11 2 1.9 2.1 3 3.8 35 4.5 0 03 0 01
Maximum 3.6 3.8 5.1 3.8 10 121 172 102 11 14 08 05
Count 24 15 31 5 24 15 31 5 24 15 31 5

2 3

! Equivalent Uranium. Equivalent Thorium. Equivalent Potassium. D: Diabase, MS:
Metamorphosed Siltstone, S: Siltstone, FS: Fluvial sediments.

The highest contents of the eU and eTh radionuclides (Table 1) were observed on
the areas located on sedimentary rocks (metamorphic siltstone and siltstone) and fluvial
sediments. These results disagree with those obtained by Berkowitz et al. (2008), Dickson &
Scott, (1997) and Sturchio, (2003), who observed the lowest contents of these elements on
sedimentary rocks. This behavior can be explained by the nature of these rocks. In this case,
the particles from sedimentary rocks were originated from pre-weathered sediments.
Consequently, they tend to have lower levels of these radionuclides, compared to igneous and

metamorphic rocks. The higher levels of eU and eTh radionuclides on sedimentary rocks can
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be explained by the fact that the concentrations of each radionuclide primarily reflect the
mineralogy of each rock or sediment in the landscape. Metamorphosed siltstone and siltstone
consist, mineralogically, in quartz, feldspar and micas, which in turn have trace minerals,
torite (ThSiQ,), uranite (UOy), thorogummite [Th (SiO4) 1-X (OH) 4X] and zirconium
(ZrSi0O4) (Mernagh and Miezitis, 2008). These minerals are rich in the silicon element which
is related to higher U and Th contents (Guagliardi et al. 2013). In fact, Dickson & Scott
(1997), Wilford et al. (1997) and Arnedo et al. (2017) found a positive correlation between
radionuclide contents and silicon concentration in igneous rocks (Fig. 5a). This also explains
the lower levels of eU and eTh radionuclides on diabase, which have low contents of these
elements due to their mineralogy (Dickson & Scott. 1997; Mernagh and Miezitis, 2008; Silva
et al. 2010 and Arnedo et al. 2017).

The radionuclide K concentrations were low in all geological compartments (Table
1). This radionuclide is present in greater quantity in the silicate minerals such as feldspars
and micas that constitute the metamorphic siltstones. Therefore, K concentrations are higher
on these rocks compared to diabase, with lower silicate mineral contents. These results are
also corroborated by works by Dickson & Scott, (1997) who demonstrated low K contents in
mafic igneous rocks.

The U has higher solubility and mobility compared to Th under oxidizing conditions
(Wilford, 2012), consequently, there was a depletion in the contents of the first and an
enrichment of the second in the geological compartment corresponding to the metamorphosed
siltstone (Table 1). Similar results were reported by Ribeiro et al. (2018), when they
investigated the levels of radionuclides eU, eTh and K in the igneous-metamorphic
pedogeoenvironment in Rio de Janeiro, Brazil. It is important to highlight that, in addition to
geology, the geochemical events that occurred in the area of each radionuclide act in
determining its concentration and distribution on the landscape (Dickson & Scott, 1997). In
fact, according to Wilford et al. (1997), in a tropical environment with highly chemically
weathered soils, moderately acidic pH and free drainage, the radionuclide K has high mobility
and is easily leached from the system and a small part is retained in soil CEC, contributing to
lower concentration and distribution of this element in the area. With respect to eU and eTh,
they present low mobility and are more stable during the weathering process, being adsorbed
to iron, aluminum and titanium oxides, tending to concentrate in soil waste materials
(Dickson & Scott, 1997; Wilford, 2012).

Regarding fluvial sediments, the mean eU and eTh contents were 2.94 and 6.81 ppm,

respectively, while the K content was 0.38% (Table 1). The low K and moderate eU and eTh
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contents can be explained by the higher Capivari river transport of sediments which are
derived from sedimentary rocks. Additionally, a smaller fraction of sediments derived from
igneous and metamorphic rocks, since this region would have been covered by Resende
Formation sediments where in a later and more recent geomorphological event, the river
carved out crystalline rocks (Ab’Saber, 1957; Oliveira and Santos, 2008). These results agree
with those obtained by Wilford et al. (1997), who reported a higher presence of zircon mineral
in the old sandy river deposits and high levels of eU and eTh, while the levels of K were low.
Boyle (1982) also found eU levels ranging from 0.5 to 5 ppm in fluvial sediments, which
according to Taylor et al. (2002) is due to the presence of weathering-resistant minerals.

The Fig. 4 shows mean comparison test and boxplot for radionuclides and
environmental variables. According to the Tukey test (Fig. 4a) the significant statistical
differences were for radionuclides K and U, on the different lithological compartments. This
probably is due to the high mobility of K and lower mobility of eTh, in addition to
mineralogical composition of lithology, as explained above (Dickson & Scott, 1997).

2.3.2. Variability of radionuclides on landscape and pedogeomorphological
processes

Analyzing topossequence 1 (T1) (Fig. 3), the highest levels of eU and eTh (3.8 and

9.1 ppm, respectively) occur at an altitude of 496.2 m (P3), where there was a slight
depression in relation to surrounding relief and, situated on the siltstone geological
compartment. In addition, the highest K contents (0.6%) occur in the lower part of T1, at P6
(513.4 m). Radionuclides contents and distribution on the landscape depend of many factors.
The most important ones are the parent material, the balance and intensity of weathering and
pedogenesis processes, as well as landscape denudation processes (Wilford et al. 1997).
Higher levels of eU and eTh on the depression along T1 can be explained by erosive
processes, where materials containing these elements were eroded and transported from the
highest parts and deposited on this depression, thus, the landscape denudation is higher active
in relation to weathering and pedogenesis. Schuler et al. (2011), found similar results when
studied the behavior of U, Th and K in soil classes in Thailand, where in a depressed area
there was an increase in the levels of these radionuclides. These researchers explained the
phenomenon by the selective transport of materials containing these elements. Thus, erosive
and depositional geomorphological phenomena were more relevant to determine the levels
and distribution of eU and eTh at this point than lithology. Similarly, Cattle et al. (2003)
explained how the erosive and depositional processes in Australian soils, affect the
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distribution of radionuclides on the landscape. The low K content at this point P3 (0.1%) can
be explained by the high leaching rates, and on a micro scale can be considered depositional
and stable surface. Similarly, Bierwirth et al. (1996) and Wilford et al. (1997), studied
radionuclide contents in soils derived from meta sedimentary rocks with low K contents in
highly weathered environment and stable geomorphic surface. The authors justified the lower
levels of this radionuclide by the high K mobility in this environment in relation to eU and
eTh.

The null value of eTh (0 ppm) at altitude 496.8 m (T1 - P4) (Fig. 3) over siltstone
explains the discrepancy from the mean value of the boxplot (Fig. 4b). This point is a slight
elevation from the left and right micro-depression of the rest of the topossequence and is an
area of erosive material loss, a phenomenon that may explain the null value of eTh.

The highest K contents in the lower parts (0.6%) at P5 and P6 and, the lowest K
content in the highest parts P1, P2, P3 and P4 (varying between 0.1 - 0.2%) of T1 (Fig. 3) can
be explained either by the mineralogy of the silt-rich parent material (minerals containing K
feldspars and micas), or by transporting this element through erosion or leaching to the
landscape lower parts (Broschat, 1995; Sharma, 1998). These results are also reported by
Khan and Fenton, (2010) who found a depletion of the K contents in the higher parts of the
landscape and higher levels in the lower parts. They attributed these results to the different
intensities of weathering at each part of the landscape.
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Similar to T1, T2 presented higher concentrations of eU (3.3 ppm) occurring at an
approximate altitude of 496.9 m (P9), also on siltstone (Fig. 3). In relation to eTh the highest
concentrations (10.2 ppm) occur in the lower parts of the landscape (489.4 and 477.2 m) at
P10 and P12, on siltstone and fluvial sediments, respectively. Higher K concentration (0.3 and
0.4%), occurs in the lower parts of the landscape at P11 and P12 (483.7 and 477.2 m,
respectively), on siltstone and fluvial sediments. The high levels of eU and eTh are governed
mainly by pedogenesis processes that are associated with the Lixisol class. In this case there is
formation and translocation of clay (argilluviation) from superficial horizons to subsurface
horizons, mainly at the top of B horizon. Such process result in greater adsorption of these
radionuclides to clay minerals. According to Dickson & Scott, (1997), both uranium and
thorium released in the weathering process are adsorbed to silicate and/or oxide clayey
colloids. Herrmann et al. (2010) found similar results when studying the behavior of
radionuclides in Thai Acrisols. The authors observed an increase in U and Th contents and a
reduction in K, as the soil was weathered and oxide and clay minerals formation occurred in
Lixisols and Ferralsols. Studying the behavior of radionuclides in Australia soils, Dickson &
Scott, (1997), reported redistribution of Th and U within the soil profile. The authors
described an increase in the concentration of eTh and eU at the top of B horizon in soils.
According to them, this is due to increases in the clay content on this horizon and attributed
this behavior to the adsorption of these radionuclides to the surface of the silicate and oxide
clay mineral colloids.

Points located at 493 and 493.4 m altitude at P4 and P5 (Fig. 3), had slight
depression in relation to the surrounding relief. Different from T1, in these points the erosion
processes are more intensified and the area corresponding to the points are under Cambisol,
shallow soil and less pedogenetically evolved. Thus, the levels of U, Th and K are closely
related to the mineralogy of the parent material (siltstone), which justifies, for example, an
abnormal pattern for the contents of K (0.3%). Wilford et al. (1997) report that in soils poorly
evolved and thin, such as Cambisols and Leptosols, the gamma-spectrometric response is
directly associated with rock mineralogy, especially the K response.

The higher eU (3.3 ppm) (P9) and lower eU (2.3 ppm) (P1) at T2 (Fig. 3) explain the
out layers in the statistical analysis. This is related to the area of material loss (point
corresponding to the lowest value) and the area of onset of accumulation, resulting this wide
range variation from one point to another along T2.

At T3 (Fig. 3) the highest eU (P1) and eTh (P2) contents (3.3 and 9.2 ppm,
respectively) were found at the highest altitudes (535.2 and 534.4 m, respectively), with eU
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over siltstone and eTh over metamorphosed siltstone. The diabase lithology presented the
lowest eU contents (1.4 ppm — P5) at the intermediate altitude of the topossequence (516.7
m). On the other hand, the highest K values (1.4%) were found in the lower part (486.15 m —
P7) on fluvial sediments. The high levels of eU and eTh, similarly to T2 can be explained by
the action of the top of the landscape with lower erosion rates. Both points are over the area of
Lixisol, which due to clayey the top of B horizon presents higher clay contents capable of
adsorbing these radionuclides increasing its concentration. Similar results were obtained by
Dickson & Scott, (1997) when studying the behavior of radionuclides in depth in argic
horizons.

The top of the landscape in T3 (Fig. 3) tends to flat and erosion rates are lower than
those of pedogenesis and weathering. The relatively low K values at these higher altitude
points are also evidence of the high weathering rates. However, it is important to realize the
parent material has higher potassium-containing minerals in its chemical composition and, as
a result the levels of K are not too overly low. Wilford et al. (1997), explain the association of
U and Th with silicate and sesquioxide clay minerals where these elements tend to
concentrate in weathered soils due to the formation of fine particles, while depleting K
contents due to leaching. Furthermore, this behavior of radionuclides in relation to
pedogenesis and weathering was observed by Koons et al. (1980) and Wilford, (2012).

The higher K contents in lower parts of T2 (0.3, 0.4% - P11 and P12, respectively)
and T3 (1.4% - P7) (Fig.3) can also be explained by the fact that these points are located on a
more recent depositional surface of the Capivari river, where these sediments, also come from
the higher parts of the landscape. The sediments carried by the Capivari River, which flows in
a sedimentary environment, are rich in silt and sand, which in turn, contain K-rich minerals,
such as feldspar and muscovite, contributing to the higher levels of this radionuclide in the
fluvial depositional environment. Erosion and leaching of highland water flows also carry this
element through both erosion and leaching, and K tends to settle and/or precipitate into river
deposits. According to Wilford et al. (1997), on active depositional surfaces weathering rates
occurs at a lower intensity and its influence on radionuclide distribution decreases. On the
other hand, depositional processes govern the distribution of radionuclides, being the most
important for K in this environment.

Regarding topossequence 4 (T4) (Fig. 3), the highest values of eU (P2) and eTh (P1)
(3.3 and 12.1 ppm, respectively) were found in the highest parts of the landscape (550.6 m
eTh and 548.9 m eU), similar to T3. Differently to the others topossequences, the highest K
values (1.4 and 1% - P7 and P8, respectively) are associated with the intermediate altitudes of
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522 m and 518.5 m, respectively, and on metamorphosed siltstone, which is a slight
depression, as in T1 and T2. The highest values of eU and eTh are related to the geology and
mineralogy of the parent material of soil (diabase), as well as to the pedogenesis (nitidization)
processes with formation and translocation of clays and iron oxides in the formation of the
nitic B horizon, associated with the class of the Nitisols (Wispelaere et al. 2015). At these
points the highest levels of eU and eTh were recorded, possibly due to the adsorption of these
elements to clays and iron oxides (Wilford et al. 1997; Herrmann et al., 2010; Wilford, 2012).

In relation to the higher K contents at intermediate altitudes at T4 (1.4% - P7) (Fig.
3), these values may be associated with surface transport through erosive processes and
deposited in this micro depression in the relief. In fact, the lithology below is the diabase and
this rock has minerals with low levels of this element, it being insufficient to explain higher
levels of K, compared to neighboring points that present low levels in this radionuclide. It is
possible to observe this wide variation in the K contents (Fig. 3c), due to the higher contents
in that point, where the high values create a variation too different from the average of the K
content. On the other hand, at P10, the low K concentration (0.5%) and high eU (2.9 ppm)
eTh (10 ppm) contents at the lower T4 (513.4 m) may indicate that the deposition processes
are smaller than weathering rates and that the Capivari River may have changed its course.
According to studies by Ab’Saber, (1957) and Oliveira and Santos, (2008), this occurred by a
process of river capture or impact of a meteorite.

The Fig. 4b shows the Boxplot for topossequences for three radionuclides. It is
possible to realize that the main variation occurred for K between the four topossequences.
Also, the great variability was observed for U. It is probably due to geochemical behavior of
each radionuclide and more or less parent material influence along each topossequence
(Dickson & Scott, 1997).

2.3.3. Relationship between eU, eTh and K contents and distribution with
weathering and pedogenesis processes

The descriptive statistics of the levels of eU, eTh and K for main soil classes are
presented in Table 2. For Haplic Cambisols (CX) and Fluvic Cambisols (CY), the mean,
maximum and minimum values, reflect the mineralogy of the original rock (metamorphosed
siltstone, siltstone, diabase or fluvial sediments), since these soils are shallow, weathered and
pedogenetically evolved, where erosive processes predominate over the pedogenetic ones.
These values in radionuclide contents are outside the maximum and minimum limits found by

Schuler et al. (2011) in Cambisols derived from limestone in Thailand, due to the different
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parent materials. These authors reported gradual increases in the levels of the three
radionuclides in poorly evolved soils following the change of the parent material. Wilford et
al. (1997) confirm these results by explaining that the radionuclide response on unstable
geomorphic surfaces with active erosion is directly correlated with the parent material
mineralogy and geochemistry.

The Fig. 4c demonstrates the differences by mean comparison test for the three
radionuclides and soil classes. The main differences could be highlighted for K and U, due to

the greater mobility during pedogenesis processes, mainly in more evolved soil classes.
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In CY, located in alluvial deposits the mean K content (0.45%) was higher compared
to CX (0.30%) (Table 2). According to Moonjun et al. (2017), this is related to recent
depositional areas, where higher K contents are associated with silt and clay particle
mineralogy rich in this element. These results are also supported by Dickson & Scott, (1997)
and Rawlins et al. (2007) by studying the behavior of radionuclides in soils developed on
recent colluvial sediments.

The values of the average radionuclide contents found in the soils of Rhodic Lixisol
(PVA) and Rhodic Nitisol (NV) classes (Table 2) may be associated with the intense action
of chemical weathering and pedogenesis, mainly on the U and Th (Fig. 3e) that redistribute
these elements in the landscape (Cook et al., 1996). For the Lixisol class, these values were
similar for K and lower for eU and eTh found Schuler et al. (2011). These authors studied
radionuclides in soils in Thailand. They attributed this difference to the parent material
(limestone). According to Viscarra Rossel et al. (2014), Nitisols originated from mafic rock
on stable geomorphic has weathering favored. As a result, it has low gamma radiation
emissions by radionuclides due to intense weathering mantle and K leaching. For PVA and
NV, the predominant pedogenetic processes are the formation of clays and clayey with
formation of iron oxides. These pedogenetic processes alter the concentrations and
distribution of the three radionuclides in the soil and make the concentrations of eU, eTh and
K not present similar levels to those found in the parent material. These results are
corroborated by Moonjun et al. (2017), who explain the inconsistencies between the
radionuclide levels found in soils and rocks, due to the action and interaction of weathering

and pedogenesis processes.

Table 2. Descriptive statistics for the analyzed radionuclides by soil classes

o eu?! eTh? K3

Summary Statistics

CX CY PVA NV CX CY PVA NV CX CY PVA NV
Mean 248 245 303 252 6.75 9375 823 715 030 045 024 054
Standard deviation 094 049 035 050 128 117 1.07 215 014 0.07 016 0.40
Minimum 14 2.1 2.7 15 51 8.55 6.9 4.8 0.1 0.4 0.1 0.1
Maximum 3.4 2.8 3.8 33 81 10.2 102 121 04 0.5 0.6 1.4
Count 4 2 11 13 4 2 11 13 4 2 11 13

I Equivalent Uranium. * Equivalent Thorium.  Equivalent Potassium. CX: Cambisol, CY: Fluvic
Cambisol, PVA: Rhodic Lixisol, NV: Rhodic Nitisol.
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The Fig. 5 demonstrates the behavior of radionuclides according to mineralogy of
soil parent material and weathering/pedogenesis processes. The Fig. 5¢ demonstrates the
general behavior of U, Th and K according to variability of weathering and pedogenesis
processes by soil classes. It is possible to realize that, increases in weathering and pedogenesis
process, result in soil classes evolution and increases in U, Th content, whereas K decreases.
According to Dickson & Scott, (1997), the formation and claying of oxide clays during
pedogenesis, favors adsorption and accumulation of U and Th in these clay minerals,
especially at the top of the textural B horizon (argic horizon) (Santos-Francés et al., 2018). It
Is important to realize that, both PVA and NV are on a stable geomorphic surface (Fig. 3),
which favors weathering and pedogenetic processes of clay and oxide formation, where U and
Th contents tend to increase by the action of pedogenesis while the K levels decrease by the
action of weathering and leaching, as proposed by Schuler et al. (2011) (Fig. 5b). Herrmann
et al. (2010); Schuler et al. (2011) and Moonjun et al. (2017) fond similar results for K
depletion when studying soils developed on stable terraces in Thailand where in this

environment intense K leaching and claying occurred.
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There is a significant negative correlation (-0.32) between eU and altitude (Fig. 6).

This negative correlation was expected due to the fact that the highest levels occur at the

lowest points of the landscape and the lowest levels at the highest parts (Fig. 7a). Besides,

these results agree with the geology (Fig. 7b), since the highest levels of eU are located on the

lithological compartments metamorphosed siltstone and siltstone.
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Figure 6. Pearson's correlation coefficient for soil physical and chemical attributes, magnetic
susceptibility and radionuclides (uranium, thorium and potassium). Values overlapped with an “X” are
not statistically significant at the 0.1 significance level.

The eTh presented negative correlation with sand (-0.21) and significant and positive

correlation with clay (0.22) (Fig. 6). These results agree with those of Becegato et al. (2019)
who found correlation for eTh (0.86) and eU (0.92) with the clay content. The eTh is the least

mobile among radionuclides and, due to this, it was probably adsorbed to clay minerals and
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iron oxides (Filistovi¢ et al. 2015; Santos-Francés et al. 2018) formed mainly in the
pedogenesis processes, especially on textured soils to very clayey PVA and NV (Fig.7c).
Schuler et al. (2011), when studying the behavior of radionuclides on Acrisols in Thailand,
found similar results with eU and eTh enrichment due to the incorporation of these elements
into the oxidic clay minerals that were formed by pedogenesis.

In relation to K, there was a significant and positive correlation with base saturation
(BS) and CEC (both 0.42) (Fig. 6). This correlation was expected since K tends to occupy and
become adsorbed on soil CEC as well as calcium and magnesium. This theory is corroborated
by the correlation between K and clay (0.35) and sand (-0.39), where the higher the clay
content, the higher the soil CEC. These results agree with those obtained by Schuler et al.
(2011) who analyzed the correlation of K with CEC and obtained a r = 0.59 and a negative
correlation between K and eU and K and eTh. In addition, it is possible to observe in Fig. 7e,
that higher K contents are distributed over clayey soils and higher CEC (Nitisols and
Lixisols). The high K levels on Cambisols (Fig. 7e), in turn, can be explained by the greater
presence of weatherable primary minerals and less to do with texture, according to the model
proposed by (Wilford et al. 1997) on the behavior of radionuclides in geomorphic processes
on the landscape.

Although the correlations (Fig. 6) were not high, it allowed to satisfactorily correlate
the contents of eTh and K with the soil texture. In fact, according to Ferreira et al. (2018), the
concentrations of eTh and K along the profiles and in the landscape are also correlated with

other soil attributes.
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2.3.5. Concentrations of eU, eTh and K and pedological digital mapping

According to Fig. 4c, significant variations can be observed by the mean comparison
test for K and eU contents between distinct soil classes and practically zero variation for eTh
contents. The biggest differences for K contents may be related to the great solubility and
mobility of this element in the soil profile. Uranium, in turn, depends beyond the clay and
iron oxide content, on the hydrodynamics of the soil, because under reducing conditions U
predominates in the insoluble and low mobility form U*" (Wilford, 2012). In CX, PA
(Xanthic Lixisol), PVA and MT (Luvic Phaozem) soils, water infiltrates and tends to saturate
the topsoil due to some subsurface impediment such as argic horizon (Jung et al. 2007) or
poor effective soil depth, and consequently water flow (Wang et al. 2012). In this way the
U®* (soluble and mobile) is reduced to U**, making this element longer in some soil classes,
which may explain part of the differences found.

At T1 it is possible to observe that there was a sudden variation in eTh content from
5.8 ppm to 9.1 ppm from point 2 (P2) to point 3 (P3), respectively, concomitant with the
change of soil class (NV to PVA) and geology (from diabase to siltstone) (Fig. 2b). The
sensor reading detected this sudden radionuclide variation, indicating that some
environmental factor/soil formation, changed at this point and affected the concentration of
eTh. Since the climate does not vary on a micro scale, neither the vegetation, there are two
factors which can be considered: relief and the parent material. The relief did not show
significant variations for the change point in radionuclide content (493.4 m to 493 m, leaving
only the lithological variation, corresponding to the parent material and originating NV and
PVA.

For T2 (Fig. 3), two points draw attention to significant changes in eTh values. The
change from point 4 (P4) to point 5 (P5) from 5.8 ppm to 8.3 ppm, and the change from point
11 (P11) to point 12 (P12) from 7.3 ppm to 10.2 ppm. In the transition between P4 and P5
both are under the same parent material and under the indifferent action of the other soil
formation factors, and in P5, probably the pedogenesis processes that led to the formation of
silicate and/or oxide clay and minerals and eTh retention. This fact, leads us to question
whether really at this point (P5), still according to traditional soil mapping carried out in the
area, predominates the soil class CX, which is characterized by its poor pedogenetic evolution
and under the strong influence of the parent material. This same fact would lead us to dispute
the occurrence of more intense pedogenetic processes, the high eTh content in the transition
corresponding to P12 (10.2 ppm) too high for fluvial sediments. According to Reinhardt and
Herrmann, (2019), this anomaly can be explained due to the lower sensor accuracy in the
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quantification of radionuclides on developed over transported sediments relative to insitu
developed soils. These results are in agreement with those obtained by Alomari et al. (2019)
who obtained the lowest radionuclide readings in soils developed over unconsolidated
sediments over Jordan geological formations.

With respect to T3, a significant variation in eTh levels occurred in the transition
from point 3 (P3) to point 4 (P4) from 8.1 ppm to 5.1 ppm (Fig. 3), corresponding to the
Cambisol area, over diabase lithology. Since for mafic rocks the expected levels of eTh are
low (Dickson & Scott, 1997), the high content in P3 could indicate a higher pedogenetic
evolution of this soil, which does not corroborate the current classification in the order of the
Cambisols, where perhaps the soil class would still be a continuation of the Lixisol or a
transitional area between the soil classes. This is a high potential and higher sensor accuracy
in soil class delimitation, especially those where argilluviation processes occur and/or
identification of transition areas helping the delimitation between one soil classes (Herrmann
et al., 2010; Reinhardt and Herrmann, 2019).

Finally, at T4 (Fig. 3), significant variations in eTh contents occurred at the
transitions between point 1 (P1) and 2 (2), and between points 9 (P9) and 10 (P10). From P1
to P2 eTh values were 12.1 to 7.2 ppm, respectively, and from P9 to P10 from 6.1 to 10 ppm.
In the first case, both points P1 and P2 are located on the same geology (metamorphosed
siltstone) and soil class (Nitisol) (Fig. 2b). Too high eTh levels in P1 may have occurred due
to the formation of this Nitisol from a Ferralsol, according to the model proposed by Cooper
et al. (2010). This manner, the high levels of residual eTh in the Nitisol would be an
inheritance of the parent material (Ferralsol). It is also possible to verify a higher K content
(1.4%), which is not expected in mafic rocks derived Nitisol (Dickson & Scott, 1997). With
respect to the points 9 and 10, the geological bases change between the points of diabase (P9)
to fluvial sediments (P10). Therefore, changes in radionuclide contents are expected. The
sudden change in eTh levels between points may indicate a different soil class on fluvial
sediments, not corresponding to the order of the Nitisols, similar to what may be occurring in
the first case.

It is important to realize that, gamma sensor detected variations between transitions
of some soil classes, which were not considered in traditional pedological mapping (Fig. 3).
Thus, gamma spectrometry has a high potential for distinguishing some soil classes, being a
useful and promising tool for digital soil mapping, especially when associated with other field
sensors. Schuler et al. (2011) and Moonjun et al. (2017) highlight the potential and

importance of the technique in pedological digital mapping. However, these researchers



70

warned to limitation of the sensor to a depth of 30 cm to 40 cm and little understanding of the
concentration and distribution of radionuclides in the landscape, as well as, the factors that
affecting this distribution and concentrations, which was the main objective of this research.
Reinhardt and Herrmann, (2019) suggest the detection capability of the gamma sensor at
depths of up to 60 cm in mineral soils and 1 m in organic soils. On the other hand, (Rossel et
al. 2007) reinforces the importance and ability of the sensor to predict soil attributes in this
surface layer (0-15 cm and 15-50 cm), which contribute to the pedological digital mapping.
According to Viscarra Rossel et al. 2014) another sensor limitation would be that for soils
formed over environments with wide geological variation, the prediction of attributes
becomes more difficult, especially in areas where there have been no previous studies on the
distribution and distribution and concentration of radionuclides. Furthermore, these authors
report that radionuclide sources in the soil are still poorly explored for pedological mapping

purposes.

2.4. CONCLUSIONS

The pedogeoenvironmental variable that most contributed to the levels and
distribution of eU, eTh and K were lithology, especially in soils such as Cambisols, poorly
evolved.

Pedogeomorphological processes associated with landscape denudation and river
deposition contributed to the distribution and differentiation of radionuclides, mainly for soils
located in relief micro depressions and in the lower parts of the landscape.

More weathered and evolved soils (Lixisols and Nitisols), did not present good
compatibility with geology due to redistribution of radionuclides caused by pedogeochemical
and pedogenesis processes, mainly K leaching by the first process and retention to U and Th
silicate and oxidized clay minerals for the second one.

Correlations between radionuclide contents and soil attributes were low, but it was
sufficient to explain the texture relationship for eTh and K.

Nearby gamma spectrometry is a promising tool to be used for pedological digital
mapping, especially if associated with other field sensors. For each area, it is necessary to
establish a specific theoretical model that represents the distribution and concentration of
radionuclides in the landscape, associated with other environmental factors such as geology,

geochemical history, microclimate, soil class and relief.
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Abstract
The soil magnetic susceptibility (MS) has potential to be wused as a
pedoenvironmental indicator from which mineralogy, pedogeochemical,

pedogeomorphological and pedogenesis processes can be inferred. It can be used in
pedosphere studies, as an auxiliary information for appropriate and sustainable soil use and
management. This research was performed aiming to analyze how pedogenesis and
geochemical processes can affect the soil magnetic susceptibility and some of its attributes, as
well as the potential use in soil great group discrimination, following the digital soil mapping
approach. The study is located in a site at Sdo Paulo State - Brazil. Soil samples were
physico-chemical analyzed at 89 locations (0 - 20 cm). At these sites, MS were collected with
KT 10 — Terraplus (portable field instrument) and analyzed in function of geology, relief and
soil classes. The results showed that geology strongly affects MS, mainly on diabase segment,
followed by metamorphosed siltstone and siltstone. On fluvial sediments, the MS has
different behavior due to different sediments deposited by the Capivari river. In less evolved
soil class, such as Cambisols, lithology has more important contribution than pedogenesis. In
more evolved soil classes, nitidization increases MS, whereas argilluviation reduce it. The MS
values did not decrease significantly or even increase downslope, due to presence of diabase
on the lower parts. It was found difference of MS between diabase west and diabase east in
study area, indicating major influence of geomorphic processes than lithology. With respect to
soil attributes, it was found positive correlation between MS and Base Saturation, Cation
Exchange Capacity, Organic Matter, and Fe,O3; and clay content, whereas a negative
correlation was found to MS and sand content. The MS has identified changes in lithology
and soil classes compartments on landscapes demonstrating to be a potential tool on the
discriminating soil great group classes and digital soil mapping.

Keywords: magnetic susceptibility, pedosphere processes, soil classes, digital soil mapping,
remote sensing.
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3.1. INTRODUCTION

The world population will achieve more than 9 billion people by 2050, and the
production of food and fiber to meet this demand is expected to nearly double (Godfray et al.
2010). Knowing that worldwide agroforestry activities depend on the soil resource as a means
of production (FAOSTAT, 2003), its recognition as an environmental component for the
maintenance of human life and support, the production of fiber and food, is fundamental
(Robinson et al. 2017).

There is a tendency to expand agricultural frontiers to new areas, with consequent
environmental impact and degradation of agroecosystems (Godfray et al. 2010). The main
environmental processes that occur in pedosphere system are pedogeomorphological,
pedogeochemical and pedogenesis. Pedogeomorphological are processes related to landscape
evolution (Atalay, 2018). Pedogeochemical is the geochemical pathways that result in
mineral formation and soil profile features (Paisani et al. 2013). Pedogenesis is related to
geochemical and biological pathways resulting in different soil classes or horizons
differentiation (Van Breemen and Buurman, 2003). Therefore, knowledge of soil attributes,
as well as the pedogenetic, pedogeomorphological and biogeochemical processes that occur in
the pedosphere, is essential to determine the soils capacity for a proper land use and
management, with the consequent mitigation or prevention of environmental degradation (Li
and Heap, 2008; Foley, 2011).

Among soil attributes, magnetic susceptibility (MS) is one of the closest related to
pedogenesis processes (Singer et al. 1996; Sarmast et al. 2017), geology (Lu et al., 2000),
texture and organic carbon (Camargo et al. 2014; Jiménez et al. 2017), soil degradation
(Mokhtari Karchegani et al. 2011), water balance (Valaee et al. 2016) and soil survey
(Grimley et al. 2004). Thus, pedologists have used soil magnetism studies to understand
pedogenetic and pedogeomorphological processes along the soil evolution (McFadden and
Scott, 2013; Sarmast et al., 2017).

Magnetization is strong and significantly important for a high percentage of Brazilian
soils, especially in areas over basaltic spills (Costa et al. 1999). MS allow the quantification of
the magnetization intensity of iron-containing minerals in rocks, soils and sediments, quickly,
safely and non-destructively (Dearing, 1994). The minerals can be classified into:
ferromagnetic, ferrimagnetic, paramagnetic and anti-ferromagnetic (Dearing, 1999). This
classification has been established according to how they respond to an applied magnetic field

in relation to their relative susceptibility ranging from 10 to 10 SI (Snnecker, 2000).
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Magnetic properties of the soil determined by geophysical techniques reflect the
presence of ferrimagnetic minerals from the clay and sand fraction, such as maghemite and
magnetite, respectively, as well as other minerals such as ferrihydrite and hematite. (\VValaee et
al. 2016). It also allows inference to the soil formation processes and source material
(Mullins, 1977; De Jong et al. 2000). MS technique is applied to geosciences and
environmental sciences efficiently to detect presence of ferrimagnetic minerals (Ayoubi and
Mirsaidi, 2019). The geology and consequently the mineralogy of rocks and sediments that
originate the soils, are the main conditioners of its magnetic properties (Ayoubi et al. 2018).
Moreover, in the pedosphere there are many environmental variables acting on the MS, such
as the stage of landscape evolution, soil formation processes, source material, biological
activity, soil hydrology, physical chemical properties and human activities (Spassov et al.
2004). In tropical environments such as Brazil, the climate, temperature and soil water regime
act concurrently with geology to determine magnetic properties by converting ferrimagnetic
to paramagnetic minerals or the opposite (De Jong et al. 2000; Grimley et al. 2004;
Gholamzadeh et al. 2019).

Some works were carried out with the objective to identify soil magnetic signatures,
still using laboratory methods (Van Dam et al., 2004; Grimley et al., 2004; Siqueira et al.,
2010; Camargo et al., 2014; Marques et al., 2014; Jordanova et al., 2016; Jiménez et al., 2017,
Kanu et al., 2019). In addition, the most studies focus on results of MS without relate to
naturally occurring processes in pedosphere (pedogeochemical, pedogeochemical and
pedogeomorphological) (Cervi et al., 2019). There is also a paucity of research demonstrating
how MS can be used as a tool in soil classification and digital mapping (Sarmast et al. 2017;
Cervi et al. 2019). By contributing to this knowledge gap, it is possible to improve MS
applications in soil science (Grunwald et al. 2011; Brevik et al. 2016). So, it is necessary more
researches to verify the potential use of soil magnetic signatures, using field methods, in the
variety lithology and its relation to pedosphere processes, soil classes and water regimes
(Cervi et al. 2019).

The hypothesis of this research is based on naturally occurring processes in
pedosphere affect the soil MS and the attributes related to, as well as different parent material
and relief. Besides, we hypothesis if the field sensor (proximal remote sensing) detected
satisfactorily the variety of soil MS according to different pedoenvironment.

Given this, the research was carried out with the purpose of analyzing the
relationship with pedogenesis and pedogeomorphological processes that occur in pedosphere,

considering the influence of geochemical comportment of minerals, lithology and relief in
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MS, in different pedological classes using field sensor. In addition, we analyzed the
potentiality of the MS by proximal remote sensing to discriminate soil attributes and large
groups of soils classes, contributing to the digital soil mapping. This research may provide the
basis for improving the technique in surveying and digital soil mapping (Cervi et al. 2019),
understanding of pedogenetic, biogeochemical and pedogeomorphological processes that
occur in the soil, as well as environmental studies such as identification of heavy metals
(Rahimi et al. 2013; Govedarica et al. 2019; Ayoubi et al. 2019), metal prediction modeling
work in intelligent artificial neural network systems, machine learning, decision trees
(Zolfaghari et al. 2015), algorithm CHILD (Abbaszadeh Afshar et al. 2016).

3.2. MATERIAL AND METHODS
3.2.1. Study area characterization and sample collection for physical chemical
analysis.

The study site is geomorphologically inserted in the Peripheral Depression of S&o

Paulo, in the Capivari River watershed, located in the interior of Sdo Paulo State, Brazil. The
area has 183 hectares currently cultivated with sugar-cane. (Fig. 1). The lithology is
composed of sedimentary rocks (metamorphic siltstones and siltstones), diabase intrusive
dikes and river sediments (Fig. 2a). The relief is quite heterogeneous, with altitudes ranging
from 474.83 m to 567.69 m and a maximum slope of 35%. The climate of the region,
according to the Koppen classification, is subtropical mesothermal (Cwa), with an average
annual precipitation volume of 1200 mm (Alvares et al. 2013), with average temperatures of

18 °C in winter and 22 ° C in the summer.
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Terraplus) reading soil surface and some of soil classes and minerals magnetically quantified.
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Due to lithological variability and heterogeneous relief, there is an important

diversity of soils in the area that fall into several taxonomic classes, which in previous works

were classified as: Acrisols, Lixisols, Nitisols, Cambisols and Phaeozems (IUSS Working

Group WRB, 2015) (Fig. 2d). We used a detailed soil class map as reference for investigating

the relationship between soil classes distribution and MS patterns.
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Bazaglia Filho et. al. (2012).
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For the physical and chemical analysis, soil samples were collected at a depth of 0-20
cm in 89 points, using an auger, distributed in the area (Fig. 1). Each point was georrefered.
The particle size analysis was performed by the densimeter method following the
methodology proposed by Camargo, (1986) wherein the samples were previously air dried,
ground and passed through a 2 mm sieve. Subsequently the definitions of the textural groups
was determined according to EMBRAPA, (2011). The wet and dry color of the samples was
determined using the Munsell chart. Exchangeable cations, magnesium (Mg), calcium (Ca)

and aluminum (AP

) were determined by atomic absorption spectrophotometer after
extraction with 1M KCI solution. Regarding potassium cation (K*), quantification was
performed via Mehlich-1 using a flame photometer (EMBRAPA, 2017). Potential acidity (H"
+ AP ") was determined by the SMP method Quaggio and Raij, (2001), whereas the pH in
water by the methodology (EMBRAPA, 2017). The organic matter (OM) content was
determined following the Walkley-Black methodology proposed by Pansu and Gautheyrou,
(2006). Iron (Fe,03) contents were determined by sulfuric digestion (Lim and Jackson, 1986).
Silicon (SiO,) and titanium (TiO;) contents were determined following the methodology
(EMBRAPA, 2017). Subsequently, the parameters were calculated, base sum (SB) base
saturation (V%), aluminum saturation (m%) and cation exchange capacity (CTC), using the

analytical data obtained.

3.2.2. Magnetic susceptibility data collection

At the 89 points (Fig.1), surface readings were performed with a near geophysical
susceptibility sensor (SC), for easy, rapid and high precision of measurements, model KT10 -
Terraplus (Fig. 1b), which measures the MS to a depth of 2 cm from the ground of the
minerals that constitute rocks and sediments, with precision 10 SI.

The sensor was properly calibrated by determining the frequency of the outdoor
oscillator, then determining the frequency with the SC directly above ground and finally
measuring the frequency again in the open air. This procedure is necessary since the operating
principle of the device is based on the difference between the material MS (ground) and the
outdoor measurement. From there the scanner mode readings were applied, which uses the
best geometric correlation to the direct MS readings providing fast and accurate
quantification. The readings were made in triangulation around the auger collection points,
obtaining three readings that noted in a spreadsheet and the average of these three readings

was used. This procedure was performed to reduce noise.
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3.2.3. Digital elevation model generation and maps
In the SAGA GIS (2.1.2) software (Terrain analysis tool), the digital elevation model
(DEM) was created from the tabulated database, using altitude and georreferenced points.
Four toposequences were defined and plotted (Fig. 1a), using the software ArcGIS 10.3
(ESRI, 2011), where the lithology, soil classes and relief information were concatenated, in
order to analyze the distribution of MS considering the landscape.

3.2.4. Statistical analysis

Statistical analyzes were performed aiming to identify significant differences
between the MS values by lithology compartment and soil classes (more and less evolved).
To evaluate that, analysis of variance and mean comparison by Tukey test (p < 0.05) was
carried out in R software (R Core Team, 2015). The analysis of variance was performed
considering type Il error to verify statistical differences between MS on lithological
compartments and soil classes. In this step, the R emmeans (Estimated Marginal Means)
package was used to consider estimations for unbalanced data. The Tukey test was performed
using multcomp (Simultaneous Inference in General Parametric Models) package.
Additionally, descriptive statistics of MS maximum, minimum, mean, median, standard
deviation (SD) and coefficient of variation (CV) were calculated considering MS, lithology
and soil classes. Person’s correlation analysis was carried out between all MS and soil
attributes to analyze their relations. Thus, the statistical results assisted to relate the MS
spatial distribution with known soil physico chemical attributes, classes and pedogenesis
processes related to ferralitizattion (Nitisols) and argilluviation (Lixisols).

In ArcGIS 10.3 software (ESRI, 2011), the interpolation of the MS values (Fig. 3 and
toposequences with predicted values) was performed by the Spatial analyst - Interpolation -

Kriging method. The experimental semivariogram was estimated follow:
h ! o h)]?
V) = g D, 1200 — 2+ )]

y (h): semivariance;
N (h): number of pair of points separated by the distance
h; z(x;): value of z in the position x;;

z (xi + h): value of z in the position x; + h.
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After semivariogram performance, the interpolation was undertaken by ordinary
kriging, estimated as:

N
o) = ) i)

Z (Xo) Is the Kkriging estimator at the xo point;
z (x;) represents the measured value at the x; point;

i is the kriging weight attributed to closest z(x;) values to estimate Z (Xo).

3.3. RESULTS AND DISCUSSION
3.3.1. Relationship of magnetic susceptibility with lithology and mineralogy

The summary statistics of MS values demonstrated significant differences in function
of lithology (Tab. 1 and Fig. 3a). The mean value of MS for diabase is four times higher than
the second highest mean MS, i.e. for metamorphosed siltstone. These discrepancies was also
reported by Sarmast et al. (2017), in a landscape of Iran, which explained that the differences
occurred due to varying mineralogical and chemical compositions. The decrease of MS from
diabase to the other lithological compartments (Fig. 3a) can be explained by the higher
occurrence of ferrimagnetic minerals in diabase (mafic igneous rock) (Mullins, 1977), as well
as the strong influence of the iron minerals of this rock on the surrounding metamorphosed
siltstone (Sawyer, 1986), followed by the lower ferrimagnetic mineral content in siltstone and

river sediments (Fig. 1a).

Table 1. Descriptive statistics for the analyzed magnetic susceptibility by lithological compartments

MS
Summary Statistics

D Met. S S FS
Mean 60.65 13.69 3.37 6.24
Standard deviation 30.72 17.11 6.40 5.34
Minimum 21.9 0.42 0.35 0.63
Maximum 113 44.67 24.36 14.6
Count 20 12 28 5

MS: Magnetic Susceptibility. D: Diabase. Met. S: Metamorphosed Siltstone. S: Siltstone. FS: Fluvial
Sediments.

Some of outliers, can be observed with values above average of MS on the siltstone
(Fig. 3a). It can be explained by deposition and concentration of magnetite derived from

diabase in higher altitudes to lower altitudes, which was observed in field. In addition, it could
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be occurred due to the variability of transported sediments that originated this rock in the past,

along the sedimentary cycle. There was probably higher concentration of ferrimagnetic

minerals in specific erratic points of this rock, still formation of magnetite and hematite by

hydrothermal alterations (Hooper, 1987).
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It can be observed that the highest mean values of MS (60.65) (Tab. 1) occurred over
the areas of diabase. These results are corroborated by Ayoubi and Adman (2019), who found
higher MS values in basic rocks compared to sedimentary rocks in Iranian soils. Singer and
Fine, (1989), Shenggao, (2000) and Damaceno et al. (2017), analyzed MS in soils derived
from different source materials and also found higher values in soils derived from this same
mafic basic rock. This is because mafic rocks are rich in ferromagnesian minerals (Aydin et
al. 2007) and, it releases iron into the system through weathering (De Jong et al. 2000; Cervi
et al. 2019), and free and hot drainage environment, favoring the formation of ferrimagnetic
minerals such as magnetite and maghemite (Schwertmann, 1988; Grimley and Vepraskas,
2000; Maxbauer et al. 2016).

In addition, according to Dearing et al. (1996) the climate associated with iron
release rate, under the weathering action and pedoclimate control on a regional scale, are
determining factors in soil MS variability due to the formation of pedogenic ferrimagnetic
minerals such as magnetite and maghemite (Shenggao, 2000), on soils settled in the same
lithology. However, the interpolated map (Fig. 2b) shows discrepancies between the east and
west diabase areas, which can be observed also in the descriptive statistics by the mean,
minimum and maximum values (Tab. 2). The explanation for this difference is probably
related to persistence of ferrimagnetic minerals and / or variables in soil formation factors
(Lourenco et al. 2014; Grison et al. 2016), different mineralogical composition of diabases or

ferralitization operating in different rates (Smith and Rose, 1975).

Table 2. Descriptive statistics for the analyzed magnetic susceptibility by two diabase areas (east and
west)

Summary Statistics MS

Diabase east Diabase west
Mean 65.77 19.94
Standard deviation 30.91 17.76
Minimum 9.2 2.99
Maximum 113 494
Count 17 6

Intermediate mean value of MS (13.69) (Tab. 1) was found on metamorphosed
siltstone. This value may be related to the influence of diabase intrusion in the siltstone
metamorphism process, where iron-rich minerals may have been enriched due to the mobility
of this element during metamorphism (Sawyer, 1986) and repositioning on metamorphic

rocks (Hooper, 1987) and/or magnetite formation from metamorphosed rocks (Grant, 1900).
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According to Hooper, (1987) this iron enrichment occurs as a mixed mass of magnetite and
hematite that line fractures in metamorphic rocks. In addition, according to Schwertmann,
(1988), Roman et al. (2013) and Jordanova et al. (2019) maghemite and magnetite can be
formed in soils derived from low iron materials through past fires that are common in tropical
regions where high temperatures and the presence of OM allow the formation of pedogenic
iron oxides with high MS.

The lower MS values (3.37) (Tab. 1) in soils over siltstones is due to the non-
influence of diabase on this lithological compartment (Sawyer, 1986), associated with the
absence or low content of ferrimagnetic minerals in the parent material or their non-
persistence in the soil by environmental factors, or the complete alteration via pedogenetic
processes (Fontes et al. 2000). The low MS values reaffirm the silica rich mineralogy and low
iron content, because the lower readings are associated with minerals with low magnetizable
iron content and, consequently higher silicate minerals like feldspars, micas and quartz. On
the other hand, on diabase geological compartment occurs the opposite, due to this rock be
rich in ferrimagnetic minerals (magnetite and maghemite, for example) where the highest MS
values were recorded. Second Souza Junior et al. (2010), soil MS indicates the presence of
ferrimagnetic minerals such as magnetite and maghemite and that according to Santos et al.
(2011) MS values may indicate evolution of pedogenetic processes in different soil fractions,
which may act by decreasing MS if the pedoenvironmental conditions favor the formation of
antiferrimagnetic minerals.

In relation to fluvial sediments, the mean value of MS was 6.24 (Tab. 1), little high
than siltstone mean value. In fluvial depositional environments, there is a combination of
concentrated and dispersed sources of magnetic minerals from different source materials,
which explains mean nonconforming values of MS on this landscape segment, which
according to results obtained by Sarmast et al., (2017), the MS value decrease with altitude
(Ghilardi et al. 2008).

3.3.2. Magnetic susceptibility variability in toposequence and altitude affect by
pedogeomorphological processes

In toposequence 1 (T1) (Fig. 4) an abrupt change in the MS values between points

P2(11.23 x 10 SI) and P3 (0.58 x 107 SI) can be observed. This wide variation is attributed

to changes in lithology (diabase / siltstone) and / or soil classes Rhodic Nitisol to Rhodic

Lixisol (NV / PVA), since there was little variation in altitude and distance between these

points. On the other hand, point 2 (altitude 496.2 m) consists of a slight depression in relation
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to neighboring points, being an active depositional environment. In this place the pedogenetic
processes of magnetite and maghemite neoformation are lower than the deposition rates of
new species and, there is no enough time to form ferrimagnetic pedogenic minerals. The
neoformation of ferrimagnetic minerals through the release of iron from the source material
via weathering and neoformation of secondary minerals via pedogenesis is dependent on the
time of action of these processes on geomorphic surfaces (Shenggao, 2000; Spassov et al.
2004; Camargo et al. 2014). Moreover, Curi and Franzmeier (1984), highlight the importance
in geochemical processes throughout the landscape that affect the crystallinity of iron oxides
and consequently their MS, where on geomorphic surfaces that favor leaching in tropical
environments, occurs the weathering of magnetite and maghemite, resulting in lower values
of MS.

Regarding toposequence 2 (T2) (Fig. 4), it can be observed that the MS values tend
to decrease from the top of the landscape to the lower parts. These results are in agreement
with those obtained by De Jong et al. (2000); Blundell et al. (2009); Sarmast et al. (2017),
who analyzed the influence of relief on the variation of MS. The fact is related to the variation
of two factors along the toposequence, drainage (Mathé and Lévéque, 2003) and particle
transport (Rahimi et al. 2013). The top of the landscape (Fig. 1a), flatter, predominant deep
soil and good infiltration Rhodic Nitisol (NV), favors higher infiltration rate and better
drainage On the other hand, the downstream water flow goes to lower parts over Cambissols
areas (CX) and Lixisols (PVA), shallow and restricted drainage soils as a function of limited
effective depth and textural gradient, respectively. Grimley and Vepraskas (2000) and
Maxbauer et al. (2016) emphasize that for formation of magnetite and pedogenic maghemite,
good drainage conditions are necessary, a fact that occurs only in the upper relief. In addition,
Mullins, (1977) stresses that under restricted drainage conditions, the occurrence of a hypoxic
environment is favored and, consequently, iron is bio-reduced and impairs the formation of
ferrimagnetic minerals, a fact that would explain the lower values in the lower parts of
toposequence.

De Wispelaere et al. (2015), stated that, weak temporary recurrent hydromorphism in
some soil classes, resulted in redistribution of Fe-Mn oxides, and this also would contribute to
reduction of MS. At the same time, the transport and redistribution of particles throughout
erosion, where the fines tend to be carried to the watercourse and the sand fraction tends to
accumulate in the lower parts of the landscape, MS values contribute to minor MS values.
This fact contributes to the explanation of the lower values of MS in the landscape in the

lower parts of the landscape, because although MS ferrimagnetic minerals exist in the sand
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fraction, the contents are higher in the clay fraction (Mullins, 1977; Maher and Taylor, 1988;
Zhou et al. 1990).

It is possible to observe a significant and positive correlation of 0.39 between MS
and altitude (Fig. 5a). Although the results agree with those obtained by De Jong et al. (2000)
and Sarmast et al. (2017), disagree with those obtained by Thompson and Oldfield (1986)
who found higher susceptibility levels in the lower parts of the landscape. The likely
explanation is the greatest influence of geology, which according to com Ayoubi et al. (2018)
is the main determining factor of MS. The representative soil class profile in different
altitudes (Fig. 5b), correspond to correlation map between MS and Digital Model Elevation.
The relationship between these variables is not always directly proportional. At various points
on the map, high MS values are observed in the lower parts of the landscape, resulting in an
inversely proportional correlation between these quantities. This may be due to the fact that
the lower altitude area is over the diabase (west) lithology, where geology and / or
pedogenesis processes exerted the greatest influence on the formation and permanence of
ferrimagnetic minerals (Lu et al. 2009).

In toposequence 3 (T3) and toposequence 4 (T4) (Fig. 4) the elevation and relief
variations little explained the variations in the MS values along the landscape. In T3,
significant variations in MS values occurred between points P1 / P2, P2 / P3, P5/ P6 and P6 /
P7 (Fig. 4), concurrently with changes in lithology, identifying the transition points between a
geological compartment and another. In T4, in turn, the largest variations occurred between
the points P2 / P3, P6 / P7, P8 / P9 and P9 / P10, also indicating the lithological transitions
(Fig. 3). These results reaffirm the conclusions of Shenggao, (2000); Vepraskas, (2000);
Grimley and Hanesch et al. (2007); Camargo et al. (2014); Sarmast et al. (2017); Ayoubi and
Adman, (2019) that geology is one of the factors that most affect soil MS. In addition, for
certain sites, especially in T4 (on NV), pedogenetic processes such as argilluviation may have
strongly influenced the MS values along these toposequences (Zhou et al. 1990; Shenggao,
1998; Asgari et al. 2018). In T3, the predominant soil is CX, with little expression of
pedogenesis and greater influence of lithology. Importantly, it is difficult to separate which
factor (lithology or pedogenetic processes) most influences MS, as previously reported in
Hanesch et al. (2007) studying the effects of lithology and pedogenesis on MS in soils in
Austria.
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3.3.3. Pedogenesis processes, soil classes and magnetic susceptibility
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The highest values were found for Rhodic Nitisols (NV), followed by the Haplic
Cambisols (CX), both located mostly over the diabase lithological compartment (Tab. 3).
Smaller MS values were found for the Fluvic Cambisol (CY) and Rhodic Lixisol (PVA) soils
classes (Tab. 3). The mean comparison test (Fig. 3b) demonstrates this difference, where NV
and CX belong to the same group and CY and PVA to another. Importantly, the soils NV and
CX are clayey in texture while CY and PVA are sandy in texture (PVA in the upper layers).
According to Grimley et al. (2004) Soil MS, among other factors, is affected by the surface
texture of the soil. Thus, processes that lead to clay formation and clay texture, from source
materials rich in ferromagnesian minerals where NV and CX occur, contribute to higher MS

values.

Table 3. Descriptive statistics for the analyzed magnetic susceptibility by soil classes

Summary Statistics

CX CY PVA NV
Mean 17.97 4.68 4.16 52.84
Standard deviation 21.82 5.10 6.79 31.9
Minimum 0.07 0.6 0.35 6.29
Maximum 65.23 14.6 24.36 104.8
Count 12 7 24 20

MS: Magnetic Susceptibility. CX: Haplic Cambisol, CY: Fluvic Cambisol, PVA: Rhodic Lixisol. NV:
Rhodic Nitisol.

The pedogenetic processes that occur in the superficial layers of the soil, lead to the
formation of autogenic ferrimagnetic minerals and exert greater influence on MS values. In
evolved and weathered soils such as NV, ferrimagnetic minerals are not directly derived from
the source material but by pedogenesis processes such as the secondary neoformation of
magnetite and maghemite, which increase the MS values (Shenggao, 2000; Ayoubi et al.
2018). Besides, ferralitization occur in this soil class and likely affect the distribution of
magnetic minerals in soil profile, due to accumulation of iron oxides on the soil aggregates
(Driessen et al, 2001). On the other hand, in the clay texture CX, the ferrimagnetic minerals
derived directly from the parent material, influenced the highest MS values (Shenggao, 2000),
since this soil is poorly evolved and there is less expression of pedogenesis of secondary
ferrimagnetic minerals.

In the Rhodic Lixisol (PVA) class soils (Tab. 3), the pedogenetic process that had
the greatest influence on MS was argilluviation. According to Breemen and Buurman, (2003),

in these soils, besides inheritance of the source material, translocation of clay from superficial
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to superficial layers occurs, prevailing the surface sandy texture and lower DM values
(Ayoubi et al. 2018). These results are corroborated by works of Fine et al. (1992) and Singer
and Fine, (1989), reported differences in MS values related to claying processes, like
argilluviation and ferralitization. In CY, in turn, the sandy texture prevails due to the
deposition of different river sediments, with different ferrimagnetic materials, which is not
related to pedogenesis processes but rather to depositional processes. In this soil, magnetite
probably predominates in the sand fraction, so the mean values (Tab. 3) are higher than those
of PVA.

Analyzing toposequences T1 (between points P2 / P3), T2 (P3/P4) and T3 (P2 / P3;
P6 / P7) (Fig. 4) transitions occur between lithologies, soil classes, pedogenetic processes,
degree of evolution and texture variations. Thus, identifying transitional boundaries between
soil classes, MS has a high potential to contribute, in addition to soil classification, to
pedological digital mapping. In fact, Jordanova et al. (2016) used MS data quantitatively to
improve soil classification and field pedological recognition in Bulgarian soils and obtained
satisfactory results. Moreover, Marques et al. (2014) separated large groups of soils using MS
and concluded that the technique can reproduce with high accuracy the spatial distribution of
soil physical and chemical attributes. Pedogenesis processes, mainly argilluviation and
ferralitization had greater influence than lithology in more evolved soils, where the MS values
were higher, where these processes acted on the variations of ferrimagnetic mineral types in
these soil classes, which allows the separation of some taxonomic groups. Ayoubi et al.
(2018) reached the same conclusion after examining the possibility of stratifying large soil

groups in Iran via MS.

3.4 Relationship between soil attributes and magnetic susceptibility
It was found a positive correlation of MS with clay (0.62) and Fe,O3 (0.77)
(Fig. 5a). These results express correlation values close to those obtained by Siqueira et al.
(2010) to clay (0.68) and Fe,O3 (0.82), where this correlation was expected due to the soils of
most of the area being highly weathered, originated from materials of iron rich origin, where
pedogenesis processes and relief conditions favored the permanence and formation of
ferrimagnetic minerals via mineral formation of colloidal particles (maghemite) or ferrinydrite
but not goethite (Michel et al. 2010), mainly in the clay fraction.
For sand, the negative correlation found (-0.55) (Fig. 5a) may indicate a higher
presence of quartz minerals with low ferrimagnetic mineral contents, in other words, low

magnetite content in the silt and sand fraction. Besides, Siqueira et al. (2010), further explains
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that surface pedogenic ferrimagnetic minerals may have their MS suppressed by the effects of
pedogenic ferrimagnetic minerals or, magnetite crystals in the sand-silt fraction may be
directly oxidized to antiferrimagnetic minerals, lowering the MS values (Fabris et al. 1997).

There was a positive correlation between MS and BS (0.57) (Fig. 5a). These values
are concatenated with the correlation values between Ca, Mg and K and MS (0.66, 0.39 and
0.5, respectively). In fact, as exchangeable cations (Ca, Mg and K) increase, the BS value also
increases (Kelly et al.1977). On the other hand, the significant and positive correlation
between CEC and MS (0.56) (Fig. 5a) is associated with the correlation between clay and MS
(0.62). The higher the clay content in the soil, the higher the CEC, due to the larger specific
surface and there is a tendency for higher amounts of ferrimagnetic minerals in the clay
(maghemite) fraction, originating from the source material (De Jong et al. 2000) or
pedogenesis processes (Ayoubi et al. 2018). These results are similar to those obtained by
Maher, (1998) and Siqueira et al. (2010), who reported a positive correlation between MS and
CEC, and obtained correlation values of 0.68 and 0.62, respectively.

The significant and positive correlation with OM (0.53) (Fig. 5a) was not
geochemically expected since, according to Schwertmann (1988) high OM levels favor iron
complexation and consequently reduce the formation of ferrimagnetic minerals or their
precursors. This tends to form antiferrimagnetic minerals such as goethite if conditions are
higher (Schaetzel and Anderson, 2005). These results disagree with those obtained by Ayoubi
and Adman, (2019), which obtained negative correlation values for soil organic carbon (SOC)
and MS, attributing this fact to the diamagnetic character of OM reducing the values of MS.
However, Ayoubi et al. (2019) found positive correlation values between MS and SOC, which
second Rodriguez Martin et al. (2006), this can be explained by the higher CEC of OM and

high adsorption of some ferrimagnetic metals.
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The magnetic characterization on soil surface, throughout geophysical techniques
present low cost, simple execution and precise. Despite of sensors detect ferrimagnetic
minerals on soil surface, it is possible to infer soil depth attributes and processes, once the
processes and environmental factor (as lithology, relief, mineralogy etc.) that affect them is
known, which in turn was the purpose of this research.

The understanding of which and how environmental processes in pedosphere affect
the MS in different soil classes, can provides information about soil attributes. This
information can be used in soil mapping, farming planning and appropriate land use and
management in a sustainable way, as well as attribute prediction modeling works and map

generation.

3.4. CONCLUSIONS

It was not possible to consider each pedoenvironmental factor isolated to study soil
MS, which lithology, relief, pedogenesis, in addition to geochemical comportment of iron
element and minerals. All of them act concomitantly to determine soil MS.

The geology and consequently the mineralogy of the source material exerted the
greatest influence on MS in the less evolved soil classes (Fluvic and Haplic Cambisols), while
for the more evolved classes (Rhodic Nitisol and Lixisol) pedogenesis processes had the
greatest influence.

The ferralitization and argilluviation processes (NV and PVA, respectively),
probably had more influence in these more evolved soil classes, in addition to pedogenesis of
ferrimagnetic minerals pathway.

Geology affected MS by providing ferrimagnetic minerals directly from the source
material via weathering, while pedogenesis by the neoformation of ferrimagnetic minerals, as
well as their redistribution on the soil surface.

Relief variations act on the distribution of granulometric fractions containing
ferrimagnetic minerals on the soil surface and the points of greatest slope, exerted less
influence on geology and pedogenetic processes in the determination of MS.

MS identified the transition areas between soil classes along the toposequences and
is an important tool for delimiting and classifying soils in large groups, contributing to the
pedological digital mapping.

MS had valuable significant correlation with soil texture, CEC and Fe,03, which can

help to discriminate soil great groups in soil mapping processes.
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The field sensor detected satisfactorily variations in soil MS, allowing to identify soil
classes and lithology variations, it being a potential tool for digital soil mapping.

For each particular environment a conceptual model to interpret soil MS and its
relation with pedosphere processes, need to be stablish, once many variables, with different

characteristics affect MS values.
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