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ABSTRACT

Soil magnetic susceptibility (k) has potential to be used as a pedoenvironmental indicator from which miner-
alogy, pedogeochemical, pedogeomorphological and pedogenic 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 aimed to analyze how pedogenesis and geochemical processes affect the x and some of its attributes, as
well as its potential use in discriminating soil great groups, following the digital soil mapping approach. The
study area is located in Sdo Paulo State - Brazil. Soil samples were collected for physical-chemical analysis from
79 locations (0-20 cm depth). At these sites, magnetic susceptibility was measured with a portable field in-
strument and analyzed in terms of geology, relief and soil class. The results showed that geology strongly affects
¥, mainly in diabase derived soils, followed by metamorphosed siltstone and siltstone. In fluvial sediments, the
exhibits different behaviors due to different sediments deposited by the Capivari River. In less evolved soils, such
as Cambisols, lithology is a more important contributor to x than pedogenesis. In more evolved soils, pedogenesis
increases k, whereas argilluviation/ferralitization reduces it. The k values did not decrease significantly or even
increase downslope, due to the presence of diabase on the lower parts. Differences in k where observed between
diabase bedrock located in different parts of the study area, indicating more of an influence by geomorphic
processes rather than lithology. With respect to soil attributes, positive correlations between k and base sa-
turation, cation exchange capacity, organic matter, and iron and clay content were found, whereas a negative
correlation was found between k and sand content. The x correlates with changes in lithology and soil class
demonstrating its application as a potential tool for the discrimination of soil great groups and digital soil
mapping.

1. Introduction

pedogeochemical and pedogenesis.
Pedogeomorphological processes such as denudation, erosion and

World population is expected to reach nine billion people by 2050,
and the production of food and fiber to meet their demand is expected
to double (Godfray et al. 2010). Knowing that worldwide agroforestry
activities depend on soil as a primary resource for production of crops
(FAOSTAT, 2003), recognition of soil as an essential environmental
component for the maintenance of human life and the production of
fiber and food is vital (Robinson et al. 2017).

There is a tendency to expand agricultural frontiers into new areas,
with consequent environmental impact and degradation of agroeco-
systems (Godfray et al., 2010). The main environmental processes that
occur in the pedosphere are weathering, pedogeomorphological,
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infilling of canyons are related to landscape evolution (Atalay et al.,
2018). Pedogeochemical processes are geochemical pathways that re-
sult in mineral formation and soil profile differentiation (Paisani et al.,
2013). Pedogenesis is related to geochemical and biological pathways
resulting in differentiation of soil classes and horizons (Breemen and
Buurman, 2003). Therefore, knowledge of soil attributes and the nat-
ural processes that occur in the pedosphere are essential to evaluate the
soifs capacity for land use and management, as well as mitigation or
prevention of environmental degradation (Li and Heap, 2008; Foley,
2011).

Among soil attributes, k is one of the closest related to processes that
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occur in the pedosphere (Singer et al., 1996; Sarmast et al., 2017).
Magnetic susceptibility is the degree to which a substance can be
magnetized (Rochette et al., 1992) and is defined as M = [k] x H,
where M is the induced magnetization of the material and H is the
inductive magnetic field. Magnetic susceptibility is used to study
geology (Shenggao, 2000), texture and organic carbon (Camargo et al.,
2014; Jiménez et al., 2017), soil degradation (Mokhtari Karchegani
et al, 2011), soil pollution (Yurtseven-Sandker & Cioppa, 2016;
Rachwat et al., 2017), water balance (Valaee et al., 2016) and soil
survey (Grimley et al., 2004). Thus, pedologists use soil magnetism to
understand pedogenetic and pedogeomorphological processes
(McFadden and Scott, 2013; Sarmast et al., 2017).

Magnetic susceptibility is important for the study of tropical soils,
especially in areas on top of basaltic spills (Da Costa et al., 1999),

because it allows quick, safe and nondestructive means of iron-con-
taining minerals in rocks, soils and sediments (Dearing, 1994).

Iron containing minerals can be classified as: ferromagnetic, ferri-
magnetic, paramagnetic or anti-ferromagnetic (Dearing, 1999). Mag-
netic properties of the soil as determined by geophysical techniques,
such as «, reflect the presence of ferrimagnetic minerals in the clay and
sand fractions, such as maghemite and magnetite, respectively, as well
as other minerals such as ferrihydrite and hematite. (Valaee et al.,
2016). Magnetic susceptibility also allows inference of soil formation
processes and source materials (Mullins, 1977; De Jong et al., 2000;
Jordanova, 2016). Soil magnetometry is applied in geosciences and
environmental sciences to detect presence of ferrimagnetic minerals
(Ayoubi and Mirsaidi, 2019; Hu et al., 2020; Jordanova et al., 2019).

The composition of the source material and consequently the
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mineralogy of the rocks and sediments that formed the soils, are the
main parameters influencing magnetic properties (Ayoubi et al., 2018).
However, there are many environmental variables acting in the x
pedosphere, such as the stage of landscape evolution, soil formation
processes, source material, biological activity, soil hydrology, physi-
cal-chemical properties and human activities (Spassov et al., 2004).

Some studies used laboratory methods to identify soil magnetic
signatures (Grimley et al., 2004; Van Dam et al., 2004; Siqueira et al.,
2010; Marques et al., 2014; Jordanova et al., 2016; Jiménez et al.,
2017; Kanu et al., 2019;) . However, the most studies focused on the
results of xk without relating it to naturally occurring processes in the
pedosphere (pedogeochemical, pedogenesis and pedogeomorpholo-
gical) (Cervi et al., 2019). In addition, there is also a paucity of research
demonstrating how k can be used as a tool in soil classification and
digital soil mapping (Sarmast et al., 2017; Cervi et al., 2019). In Brazil,
there is little data of soil k (Samuel-Rosa et al., 2020). By contributing
to this knowledge gap, it is possible to improve k applications in soil
science (Grunwald et al., 2011; Brevik et al., 2016), similar to research
undertaken by Santoso et al. (2019), who correlated soil pH and « to
soil fertility levels. More research is necessary to verify the potential use
of soil magnetic signatures, in the field to distinguish variations in li-
thology and their relation to pedosphere processes, soil classes and
water regimes (Cervi et al., 2019).

This research is based on two hypotheses: i) natural occurring
processes in the pedosphere lying on different parent material and relief
affect soil k and its attributes and; ii) the field sensors detect variability
in soil x according to the characteristic of the pedoenvironment.

Given this, the research aimed to assess the relationship between
surficial soil k and natural processes in the pedosphere along with soil
attributes across a heterogeneous tropical environment in Brazil. For
that, we 1) characterized x in the top soil (0-20 cm depth), 2) related k
to soil attributes (texture, base saturation, cation exchange capacity,
total iron content and organic matter) and 3) used « to discriminate soil
class.

This research may provide the basis for improving techniques in soil
surveys and digital soil mapping (Cervi et al., 2019), through greater
understanding of pedogenetic, geochemical, pedogeomorphological
and environmental processes that occur in soil (Rahimi et al. 2013;
Ayoubi et al. 2019; Govedarica et al. 2019).

2. Material and methods
2.1. Study area, soil samples and laboratory analysis

The study site lies within Peripheral Depression of Sao Paulo in the
Capivari River watershed. The area occupies 183 ha and is currently
cultivated with sugar-cane. (Fig. 1). The lithology is composed of se-
dimentary (siltstones) and metamorphic rocks (metamorphosed silt-
stones), diabase intrusive dikes and river sediments (Fig. 2a). The relief
is variable, with altitudes ranging from 474.83m to 567.69m and a
maximum slope of 35%. According to the Koppen classification, the
climate is subtropical mesothermal (Cwa), with an average annual
precipitation of 1200 mm (Alvares et al., 2013), and average tempera-
tures of 18 °C in winter and 22° C in summer.

Due to the lithological variability and heterogeneous relief, the di-
versity of soils in the area fall into several taxonomic classes, which in
previous works by Bazaglia Filho (2012) 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 the distribution of soil classes
and « patterns.

For the physical-chemical analysis, 79 soil samples were collected
across the area at a depth of 0-20 cm using an auger (Fig. 1). Each point
was georeferenced. The particle size analysis was performed using the
densimeter method following methodology proposed by Camargo et al.
(1986) in which the samples were air dried, ground and passed through
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a 2mm sieve. Subsequently the definitions of the textural groups were
determined according to EMBRAPA (2011). Both wet and dry colors of
the samples were determined using the Munsell chart. Exchangeable
cations, magnesium (Mg), calcium (Ca) and aluminum (AI*H), were
determined by atomic absorption spectrophotometer after extraction
with 1M KCl solution. The potassium cation (K*), was quantified by
Mehlich-1 using a flame photometer (EMBRAPA, 2017). Potential
acidity (H* + Al® *) was determined by the SMP method (Quaggio and
Raij, 2001) and the pH in water by EMBRAPA methodology (2017). The
organic matter (OM) content was determined following the Walkley-
Black method (Walkley and Black, 1934). Iron contents were de-
termined by sulfuric digestion (Lim and Jackson, 1986). Silicon (SiO,)
and titanium (TiO,) contents were determined following the metho-
dology of EMBRAPA (2017). Subsequently, the parameters, base sum
(BS) base saturation (V%), aluminum saturation (m%) and cation ex-
change capacity (CEC) were calculated using the analytical data ob-
tained.

2.2. Magnetic susceptibility (k)

Surface readings of k were recorded at all 79 points using a near
geophysical susceptibility sensor (SC), model KT10 - Terraplus (Fig. 1b),
which measures the soil k to a depth of 2 cm below the surface, with a
precision 107551 units, in m® kg ™.

First, the sensor was calibrated by determining the frequency of the
outdoor oscillator. Next the frequency directly above the ground was
measured with the SC and finally the frequency was measured again in
the open air. This procedure was necessary because the operating
principle of the device is based on the difference between the x of the
material in the ground and the ambient outdoor value. Scanner mode
readings were applied, which used the best geometric correlation to
direct x readings, providing fast and accurate quantification. The
average of three readings were made in triangulation around the auger
collection points to reduce noise.

2.3. Digital elevation model generation and maps

Using SAGA GIS (2.1.2) software (Terrain Analysis Tool), the digital
elevation model (DEM) was created from the tabulated database, using
altitude and georeferenced points. Four toposequences (T1 — T4) were
defined and plotted (Fig. 1a) using the ArcGIS 10.3 software (Esri,
2011), where lithology, soil class and relief information were con-
catenated in order to analyze the distribution of k with respect to the
landscape.

2.4. Statistical analysis

The soil data set originally contained 79 soil samples. However,
after carefully analyzing the data, some outliers related to sensor
readings noise were excluded. Thus, the final dataset used for statistical
analysis contained 71 valid samples.

Analysis of variance (ANOVA) and mean comparison by Tukey
(p < 0.05) using R software (R Core Team, 2015) were performed to
identify and evaluate significant differences between « values, litholo-
gical components and soil (more and less evolved). The ANOVA was
performed considering type III error to verify statistical differences be-
tween « of lithological components and soil classes. In this step, the R
emmeans (estimated marginal means) package was used to consider es-
timations for unbalanced data. The Tukey test was performed using
multcomp (Simultaneous Inference in General Parametric Models) package.
Additionally, descriptive statistics of k maximum, minimum, mean,
median, standard deviation (SD) and coefficient of variation (CV) were
calculated considering k, lithology and soil class. Pearson’s correlation
analysis was carried out between k and soil attributes to look for re-
lationships.

In ArcGIS 10.3 software (Esri, 2011), the spatial distribution of the x
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values (Fig. 3 and toposequences with predicted values) was obtained
by geostatistical Spatial Analyst Tools - Interpolation - Kriging method.
The experimental semivariogram was estimated as follows:

1 N(h)
_ ) — . 2
yh) = N Z; [z(x) — 206 + )]

y (h): semivariance;

N (h): number of pair of points separated by the distance

h; 2(x;): value of z in the position x;

z (x; + h): value of z in the position x; + h.

After calculating the semivariogram, the interpolation was under-
taken by ordinary kriging, estimated as:

N
2(xo) = ), 4iz(x)

i=1

Z (xo) is the kriging estimator at the point x;

2 (x;) represents the measured value at the point x;

A; is the kriging weight attributed to the z(x;) values closest to the
estimate 2 (xp).

3. Results and discussion
3.1. Relationship of magnetic susceptibility with lithology and mineralogy

The summary statistics of k values demonstrated significant
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Table 1
Descriptive statistics for the analyzed magnetic susceptibility by lithological
compartments.

Summary Statistics k(x 1073m® kg™

D Met. S S FS
Mean 53.81 12.02 2.40 6.24
Standard deviation 35.10 16.33 4.82 5.34
Minimum 2.99 0.42 0.07 0.63
Maximum 111.33 44.67 24.36 14.6
Count 22 12 32 5

k: Magnetic susceptibility units (x 1072 m>® kg™'). D: Diabase. Met. S:
Metamorphosed Siltstone. S: Siltstone. FS: Fluvial Sediments.

differences as a function of lithology (Table 1 and Fig. 3a). The mean
value of k for diabase is four times the mean value of x for metamor-
phosed siltstone (Table 1). These discrepancies were also reported by
Sarmast et al. (2017) and Rachwat et al. (2017), who attributed these
differences to variability in mineralogical and chemical compositions of
rocks and minerals, as well as the geochemical behavior of minerals.
The decrease in k from diabase to other lithological components
(Fig. 3a) can be explained by the higher occurrence of ferrimagnetic
minerals in the diabase (mafic igneous rock) (Mullins, 1977). Inter-
mediate values of k are due to the strong influence of the iron minerals
in diabase on the surrounding metamorphosed siltstone (Sawyer,
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1986). The lowest values can be explained by the low ferrimagnetic
mineral content in siltstone and river sediments (Fig. 1a).

Some outliers were observed with above average k values for the
siltstone (Fig. 3a). This can be explained by transport and concentration
of magnetite derived from diabase at higher altitudes to lower altitudes,
which was observed in the field. In addition, it could occur due to the
variability in the source material of the sediments transported along the
sedimentary cycle. There may have been higher concentrations of fer-
rimagnetic minerals at specific places in this rock, still formation of
magnetite and hematite by hydrothermal alterations (Hooper, 1987).

The highest mean value of k (53.81 x 10~ 3 m®kg™") (Table 1) was
observed in soils derived from diabase. Singer and Fine (1989),
Shenggao (2000), Damaceno et al. (2017) and Su et al. (2015) analyzed
k in soils derived from different source materials and found higher
values in soils derived from this same rock. This is because mafic rocks
are rich in ferrimagnetic minerals (Aydin et al., 2007) which release
iron into the system through weathering (De Jong et al., 2000; Cervi
et al., 2019), especially in free and hot drainage environments, favoring
the formation of ferrimagnetic minerals such as magnetite and ma-
ghemite (Schwertmann, 1988; Grimley and Vepraskas, 2000; Maxbauer
et al., 2016).

According to Dearing et al. (1996) and Maher et al. (2003), the
climate associated with iron release rates from parent materials, under
the weathering action and regional pedoclimate controls are de-
termining factors in k variability in soil. This is due to the formation of
pedogenic ferrimagnetic minerals, such as magnetite and maghemite in
soils developed on the same lithology (Shenggao, 2000). However, the
interpolated x map (Fig. 2b) reveals discrepancies between the east and
west diabase areas, which also revealed in the summary statistics
(Table 2). The explanation for this difference is probably related to the
persistence of ferrimagnetic minerals (Lourenco et al., 2014; Grison
et al., 2016); different mineralogical compositions of diabase and/or
ferralitization operating at different rates (Smith and Rose, 1975).

Intermediate mean values of x (12.02 X 1072 m® kg™') (Table 1)
were found in the metamorphosed siltstone. Due to the influence of a
diabase intrusion into the siltstone which may have enriched iron-
bearing minerals due to the mobility of this element during meta-
morphism (Sawyer, 1986), repositioning on metamorphic rocks
(Hooper, 1987) and/or magnetite formation from metamorphosed
rocks (GRANT U.S., 1900). According to Hooper (1987), this iron en-
richment occurs as a mixed mass of magnetite and hematite in frac-
tures. In addition, according to Schwertmann (1988), Roman et al.
(2013) and Jordanova et al. (2019), maghemite and magnetite can form
as a result of past fires which produce higher temperatures, reduce OM
and oxygen in soil pores, thus, allowing the formation of magnetite
through reduction of hematite and subsequent reoxidation to maghe-
mite: both minerals have high k (Le Borgne, 1955; Le Borgne, 1960;
Tunstall et al., 1976).

The lower « values (2.40 x 103 m® kg™ !) (Table 1) in soils over
siltstones is likely due to low content of ferri and antiferrimagnetic
minerals in the parent material and predominance of para and dia-
magnetic minerals. The low « values reaffirm the silica rich mineralogy

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

Summary Statistics k(x 107 m®kg™")

Diabase east Diabase west

Mean 66.51 19.94
Standard deviation 31.45 17.76
Minimum 13.07 2.99
Maximum 111.33 49.4
Count 16 6

k: Magnetic susceptibility units (X 102 m® kg™ 1).
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and low iron content because lower readings are associated with mi-
nerals of low iron content and consequently, more silicate minerals like
feldspar, mica and quartz (Hunt et al., 1995). Moreover, according to de
Souza Junior et al. (2010), soil k indicates the presence of ferrimagnetic
minerals such as magnetite and maghemite. In addition, according to
Santos et al. (2011). Magnetic susceptibility values may indicate evo-
lution of pedogenetic processes in different soil fractions, which may

act by decreasing « if the pedoenvironmental conditions favor the for-
mation of antiferrimagnetic minerals.

In relation to river sediments, the mean value of x was 6.24 x 103
m? kg~! (Table 1), slightly higher than mean value of siltstone. In
fluvial depositional environments, there is a heterogeneous source of
magnetic minerals, which explains the increase in x values in this
landscape component which, according to results obtained by Sarmast
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et al. (2017), the k value should decrease with altitude (Ghilardi et al.,
2008).

3.2. Magnetic susceptibility variability in toposequences and the effect of
altitude on pedogeomorphological processes

In T1 (Fig. 4), an abrupt change in k values between P2
(11.23 x 103 m® kg™") and P3 (0.58 x 10~ % m® kg ~') was observed.
This variation is attributed to changes in lithology (diabase/siltstone)
and/or soil class Rhodic Nitisol (NV) to Rhodic Lixisol (PVA), because
there was little variation in altitude and distance between these points
(Fig. 1a). On the other hand, P2 (altitude 496.2 m) consists of a slight
depression in relation to neighboring points, and thus is an active de-
positional site (Fig. 4). Here, the pedogenesis of magnetite and ma-
ghemite neoformation is less than the depositional rate of new species,
therefore is not 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 are dependent on the chronology of
these processes on geomorphic surfaces (Shenggao, 2000; Spassov
et al., 2004; Camargo et al., 2014), and x can be used to estimate
erosion rates (Menshov et al., 2018). Moreover, Curi and Franzmeier
(1984), highlighted the importance of geochemical processes in the
crystallization of iron oxides, and consequently their k. Geomorphic
surfaces that favor leaching in tropical environments promotes weath-
ering of magnetite and maghemite, resulting in lower values of k.

Regarding T2 (Fig. 4), the k values tended to decrease from the
upper to the lower parts of the landscape. These results agree with those
obtained by De Jong et al. (2000); Blundell et al. (2009) and Sarmast
et al. (2017), who analyzed the influence of relief on variability of k.
The variability of k values is related to the variation of two factors:
drainage (Mathé and Lévéque, 2003) and particle transport (Rahimi
et al., 2013). The top of the landscape (Fig. 1a) is flatter with deep soil
and good infiltration on NV, favoring higher infiltration rates and better
drainage. On the other hand, the downstream water flows across the
lower parts characterized by CX and PVA, in which shallow and re-
stricted drainage predominates. Grimley and Vepraskas (2000) and
Maxbauer et al. (2016), emphasized that for the formation of magnetite
and pedogenic maghemite, good drainage conditions are necessary, a
fact that occurs mostly at higher altitudes. In addition, Mullins, (1977)
and Han and Zhang (2013), stressed that under restricted drainage
conditions, the occurrence of a hypoxic environment is favored and,
consequently, iron is bio-reduced thus impairing the formation of fer-
rimagnetic minerals, a fact that would explain the lower values in the
lower parts of the toposequence.

De Wispelaere et al. (2015) and Rivas et al. (2006) stated that weak
temporary recurrent hydromorphism in some soil classes, resulted in
redistribution of Fe-Mn oxides, and this also would contribute to re-
duction of k values. At the same time, the transport and redistribution
of particles through erosion make minor contributions to k values be-
cause the fine particles tend to be carried out to the watercourse and the
sand fraction tends to accumulate in the lower parts of the landscape.
This fact helps to explain the lower values of « in the lower parts of the
landscape because ferrimagnetic minerals exist in the sand fraction
(Mullins, 1977; Maher and Taylor, 1988; Zhou et al., 1990).

It was observed a significant and positive correlation between k and
altitude (r = 0.39, Fig. 5a). Although the results agree with those ob-
tained by De Jong et al. (2000) and Sarmast et al. (2017), they disagree
with those obtained by Thompson and Oldfield (1986), who found
higher magnetic susceptibility values in the lower parts of the land-
scape. The most likely explanation is the influence of geology on k
values (Ranganai et al., 2015; Ayoubi et al., 2018).

The representative soil class profiles in different altitudes (Fig. 5b),
correspond to the correlation map between «k and the Digital Elevation
Model. The relationship between altitude and « is not always directly
proportional. At various points on the map, high k values were observed
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in the lower parts of the landscape, resulting in a negative correlation,
contrary to results reported in Sarmast et al., (2017). This may be due to
the fact that lower altitude areas are in the west over diabase, where the
geology and/or pedogenesis exerted the greatest influence on the for-
mation and stability of ferrimagnetic minerals (Lu et al., 2009).

In T3 and T4 (Fig. 4) variations in elevation and relief offer little to
explain the variations in k across the landscape. In T3, significant
variations in k occurred between points P1 and P2, P2 and P3, P5 and
P6, and P6 and P7 (Fig. 4), concurrently with changes in lithology,
highlighting the transition points between one geological component
and another. In T4, the largest variations occurred between points P2
and P3, P6 and P7, P8 and P9, and P9 and P10, also indicating litho-
logical 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) and Ayoubi and
Adman (2019), that geology is one of the factors that most affects soil k
. In addition, for certain sites, especially T4 (on NV), pedogenetic
processes such as argilluviation may have strongly influenced the x
values in these toposequences (Zhou et al., 1990; Shenggao, 1998;
Asgari et al., 2018; Rosowiecka and Nawrocki, 2018). In T3, the pre-
dominant soil is CX, with little expression of pedogenesis and great
influence by lithology. However, it is difficult to separate which factor
(lithology or pedogenesis) most influences x, as previously reported in
Hanesch et al. (2007) who studied the effects of lithology and pedo-
genesis on k values in soils of Austria.

3.3. Pedogenesis processes, soil classes and magnetic susceptibility

The highest k values were found for NV, followed by the CX, both
developed on the diabase lithological component (Table 3). Smaller «
values were found for the Fluvic Cambisol (CY) and Rhodic Lixisol
(PVA) (Table 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. The NV and CX are clayey in texture while CY and PVA are
sandy (PVA in the upper layers), which is important for k values. Ac-
cording to Grimley et al. (2004), soil k is affected by the soil’s surface
texture. Thus, processes that lead to clay formation and clay texture,
from source materials rich in ferrimagnetic minerals where NV and CX
occur, contribute to higher k values.

The pedogenetic processes that occur in the superficial layers of soil
lead to the formation of autogenic ferrimagnetic minerals and exert
great influence on k values. In evolved and weathered soils such as NV,
ferrimagnetic minerals are not derived directly from the source mate-
rial, but through pedogenetic processes such as the secondary neo-
formation of magnetite and maghemite, which increase k (Shenggao,
2000; Ayoubi et al., 2018). In addition, ferralitization occurred in this
soil type and likely affected the distribution of magnetic minerals in the
soil profile, due to accumulation of iron oxides on the soil aggregates
(Driessen et al., 2001). On the other hand, in CX soils (clay texture), the
ferrimagnetic minerals were derived directly from the parent material
and produced the highest k values (Shenggao, 2000), because this soil is
poorly evolved and there is less expression of pedogenesis of secondary
ferrimagnetic minerals.

In the PVA (Table 3), the pedogenetic process with the greatest
influence on k values was argilluviation. According to Breemen and
Buurman (2003), in PVA soils, translocation of clay from superficial to
subsurface layers occurs, so the prevailing surface has a sandy texture
and thus lower k (Ayoubi et al., 2018). These results are corroborated
by works of Fine et al. (1992) and Singer and Fine (1989), who reported
differences in x values related to pedogenetic processes such as argil-
luviation and ferralitization. However, Jordanova et al. (2014) found
opposite results in the magnetic behavior in Chernozem profiles in
Bulgaria. In CY, the sandy texture prevailed due to the deposition of
coarse sediments of different ferrimagnetic materials by the river,
which is not related to pedogenesis but rather to depositional processes.
In CY, magnetite probably dominates the sand fraction.
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Fig. 5. a) Pearson's correlation coefficient for soil physical and chemical attributes and magnetic susceptibility. Values overlapped with an “X” are not statistically
significant at the 0.1 significance level. b) Correlation map between magnetic susceptibility and digital model elevation and representative soil profiles: CX: Haplic
Cambisol (soil profile 10), CY: Fluvic Cambisol (soil profile 11), NV: Rhodic Nitisol (soil profile 3): PVA: Rhodic Lixisol (soil profile 10).

Analyzing T1 (between P2 and P3), T2 (between P3 and P4) and T3 addition to soil classification and digital soil mapping (Teixeira et al.,
(between P2 and P3; and between P6 and P7) (Fig. 4), it is clear that, 2018; Silvero et al., 2019). In fact, Jordanova et al. (2016) used k data

transitions occur with respect to lithology, soil type, pedogenesis, de- to improve soil classification and field pedological recognition in Bul-
gree of evolution and texture. Thus k has a high potential to contribute garian soils and obtained satisfactory results. Moreover, Marques et al.
to identification of transitional boundaries between soil classes, in (2014) separated large groups of soils using k and concluded that the
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Table 3
Descriptive statistics for the analyzed magnetic susceptibility by soil classes.

Summary Statistics k(x 10 *m®kg™h)

CX CY PVA NV
Mean 22.96 4.16 2.60 50.94
Standard deviation 33.72 4.95.10 4.86 33.60
Minimum 0.07 0.53 0.35 3.59
Maximum 111.33 14.6 24.36 104.8
Count 11 8 31 21

k: Magnetic Susceptibility units (x 10~2 m® kg~ !). CX: Haplic Cambisol, CY:
Fluvic Cambisol, PVA: Rhodic Lixisol. NV: Rhodic Nitisol.

technique can reproduce the spatial distribution of physical and che-
mical attributes with high accuracy. Pedogenesis, mainly argilluviation
and ferralitization had a greater influence on k compared to the li-
thology of more evolved soils, where k values were higher. These
processes acted on variations in ferrimagnetic mineral types in these
soil to allow the separation of taxonomic groups. Ayoubi et al. (2018)
reached the same conclusion after examining the possibility of strati-
fying large soil groups in Iran using «.

3.4. Relationship between soil attributes and magnetic susceptibility

A positive correlation of k and clay (r = 0.73), as well as x and iron
content (r = 0.89) was found (Fig. 5a). When applied to a regression
model (Fig. 6), the same data resulted in a high coefficient of de-
termination for clay (R®> = 0.62) and iron content (R*> = 0.79). These
results are close to those obtained by Siqueira et al. (2010) for clay
(r = 0.68) and iron content (r = 0.82). This correlation was expected
because the soils in most of the area are highly weathered and, origi-
nated from materials of iron rich origin. For these materials pedogen-
esis and relief conditions favored the formation and stability of ferri-
magnetic minerals through mineral formation of colloidal particles such
as maghemite and maghemite (Morgan and Smith, 1981) or ferrihy-
drite, but not goethite (Michel et al., 2010; Gorka-Kostrubiec et al.,
2016), mainly in the clay fraction. It is important to realize that mag-
netite can be present in the clay fraction and thereby increase « values.
Magnetite in the clay fraction can form in soil environments (Taylor
et al., 1987) mainly under high temperatures and low oxidizing con-
ditions (Tunstall et al., 1976).

A negative correlation was found for sand and x (r = -0.66) (Fig. 5a)
which may indicate a higher quantity of quartz minerals with low
ferrimagnetic mineral contents. In other words, silt and sand fractions
tend to have low magnetite content. Despite that, the ferrimagnetic
minerals in the sand fraction are more stable than those found in the
clay fraction (Han and Zhang, 2013). Siqueira et al. (2010) further
explained that surface pedogenic ferrimagnetic minerals may have their
k suppressed by the effects of magnetite crystals in the sand-silt fraction
which can be directly oxidized to antiferrimagnetic minerals, thus
lowering the x values (Fabris et al., 1997). In addition, we applied the
same data to a regression model and found a lower predictive potential,
R? = 0.45 (Fig. 6). This result can be attributed to soils with low sand
content and consequently higher clay content and thus low k values.
These clayey soils may be a consequence of an environmental condition
that did not favor ferrimagnetic minerals.

There was a positive correlation between « and base saturation (BS)
(r = 0.67) (Fig. 5a). These values are concatenated to the correlation
values between Ca, Mg and K and « (r = 0.64, 0.40 and 0.42, respec-
tively). In fact, as exchangeable cations (Ca, Mg and K) increase, the BS
value also increases (Kelly et al.,1977). On the other hand, the sig-
nificant positive correlation between CEC and « (r = 0.66) (Fig. 5a) is
associated with the correlation between clay and « (r = 0.73). The
higher the clay content in the soil, the higher the CEC due to the larger
colloid specific surface. There is a tendency for greater amounts of
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ferrimagnetic minerals (maghemite) to occur in clay fraction origi-
nating either from the source material (De Jong et al., 2000) through
process of pedogenesis (Ayoubi et al., 2018). In addition, the occur-
rence of small sub-micron grains of primary magnetite as inclusions
within silicate minerals in clay fraction, was observed by Morgan and
Smith, (1981). These results are similar to those obtained by Maher
(1998) and Siqueira et al. (2010), who reported a positive correlation
between k and CEC, obtaining correlation coefficients of 0.68 and 0.62,
respectively.

The significant positive correlation of k with OM (r = 0.58) (Fig. 5a)
was not expected because, according to Schwertmann (1988), high OM
levels favor iron complexation and consequently reduce the formation
of ferrimagnetic minerals and their precursors. As a result, it tends to
form antiferrimagnetic minerals such as goethite if conditions are fa-
vorable, as high levels of OM (Schaetzl and Anderson, 2005). These
results disagree with those obtained by Ayoubi and Adman (2019), who
obtained negative correlation values for soil organic carbon (SOC) and
k, and attributed this fact to the diamagnetic character of OM which
reduced the x. However, Ayoubi et al. (2019) and Gérka-Kostrubiec
et al. (2016) found positive correlation values between k and SOC,
which can be explained by OM properties that stimulate the pedogen-
esis of ferromagnetic minerals. Besides, according to Rodriguez Martin
et al. (2006), by the higher CEC of OM and high adsorption of some
ferrimagnetic minerals. Due to complex comportment of OM, the re-
gression model present low R? = 0.28 (Fig. 6).

The magnetic characterization of the soil surface, using geophysical
techniques requires low investment, simple execution and high preci-
sion. Despite of the sensor detects ferrimagnetic minerals on soil sur-
face, 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
the pedosphere affect the x in different soil types, can provides in-
formation about soil attributes. This information can be used in soil
mapping, farming planning, appropriate land use and sustainable
management, as well as in digital modeling and map generation.

4. Conclusions

Although the sensor collects the information about the surface,
variability in «k across the area was able to identify some transitional
areas between map units, mainly with respect to soil texture, which is
related to soil class.

With the data obtained through the field sensor, it was possible to
reach the same conclusions as the analysis of data produced in the la-
boratory, without the need to collect, transport and prepare samples. In
addition, less time is required to obtain the data.

In this study, the x of the soils studied exhibited significant corre-
lations between soil texture, CEC and iron content. In addition, the field
sensors detected variations in soil k that allowed us to identify soil
classes and lithological variations, thus demonstrating its potential as a
tool to discriminate soil great groups and delimit soil types in the soil
mapping process.

It was not possible to consider each pedoenvironmental factor in
isolation from the soil’s k. Lithology, relief, pedogenesis and geo-
chemical comportment of iron acted concomitantly to determine soil «.

The lithology and mineralogy of the parent material exerted the
greatest influence on « values in less evolved soil in our study area (CY
and CX), while for more evolved soils, ferralitization and argilluviation
(NV and PVA, respectively) had the greatest influence.

A large difference was found within the same lithological compo-
nent located in different geographical positions. Diabase in the eastern
presented part of the study area presented higher k values probably due
to different intensities of ferralitization indexes (pedogenic processes),
because the area is too small to present significant mineralogical
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differences between diabase east and west.

Geomorphological processes work by redistributing ferrimagnetic
minerals on the soil surface. Thus, changing soil k values over time,
with a decrease in k values with altitude. However, in our study area,
due to the influence of the west diabase in the lower parts of landscape,
the k values decreased slightly with altitude, with some points showing
a slight increase.
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